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Preface

Riemannian geometry is characterized, and research is oriented towards and shaped
by concepts (geodesics, connections, curvature, ...) and objectives, in particular to
understand certain classes of (compact) Riemannian manifolds defined by curvature
conditions (constant or positive or negative curvature, ...). By way of contrast,
geometric analysis is a perhaps somewhat less systematic collection of techniques, for
solving extremal problems naturally arising in geometry and for investigating and
characterizing their solutions. It turns out that the two fields complement each other
very well; geometric analysis offers tools for solving difficult problems in geometry, and
Riemannian geometry stimulates progress in geometric analysis by setting ambitious
goals.

It is the aim of this book to be a systematic and comprehensive introduction to
Riemannian geometry and a representative introduction to the methods of geometric
analysis. It attempts a synthesis of geometric and analytic methods in the study of
Riemannian manifolds.

The present work is the sixth edition of my textbook on Riemannian geometry
and geometric analysis. It has developed on the basis of several graduate courses
I taught at the Ruhr-University Bochum and the University of Leipzig. The main
new feature of the present edition is a systematic presentation of the spectrum of the
Laplace operator and its relation with the geometry of the underlying Riemannian
manifold. Naturally, I have also included several smaller additions and minor
corrections (for which I am grateful to several readers). Moreover, the organization
of the chapters has been systematically rearranged.

Let me now briefly describe the contents:

In the first chapter, we introduce the basic geometric concepts of Riemannian
geometry. We then begin the treatment of one of the fundamental objects and tools
of Riemannian geometry, the so-called geodesics which are defined as locally shortest
curves. Geodesics will reappear prominently in several later chapters. Here, we
treat the existence of geodesics with two different methods, both of which are quite
important in geometric analysis in general. Thus, the reader has the opportunity to
understand the basic ideas of those methods in an elementary context before moving
on to more difficult versions in subsequent chapters. The first method is based on the
local existence and uniqueness of geodesics and will be applied again in Chapter 9
for two-dimensional harmonic maps. The second method is the heat flow method
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that gained prominence through Perelman’s solution of the Poincaré conjecture by
the Ricci flow method.

The second chapter introduces another fundamental concept, the one of a vector
bundle. Besides the most basic one, the tangent bundle of a Riemannian manifold,
many other vector bundles will appear in this book. The structure group of a vector
bundle is a Lie group, and we shall therefore use this opportunity to also discuss Lie
groups and their infinitesimal versions, the Lie algebras.

The third chapter then introduces basic concepts and methods from analysis.
In particular, the Laplace-Beltrami operator is a fundamental object in Riemannian
geometry. We show the essential properties of its spectrum and discuss relationships
with the underlying geometry. We then turn to the operation of the Laplace
operator on differential forms. We introduce de Rham cohomology groups and the
essential tools from elliptic PDE for treating these groups. We prove the existence
of harmonic forms representing cohomology classes both by a variational method,
thereby introducing another of the basic schemes of geometric analysis, and by the
heat flow method. The linear setting of cohomology classes allows us to understand
some key ideas without the technical difficulties of nonlinear problems. We also discuss
the spectrum of the Laplacian on differential forms. The important observation that
the spectra for forms of different degrees are systematically related I learned from
Johannes Rauh, whom I should like to thank for this.

The fourth chapter begins with fundamental geometric concepts. It treats the
general theory of connections and curvature. We also introduce important functionals
like the Yang-Mills functional and its properties, as well as minimal submanifolds. The
Bochner method is applied to the first eigenvalue of the Laplacian and harmonic 1-
forms on manifolds of positive Ricci curvature, as an example of the interplay between
geometry and analysis. We also describe the method of Li and Yau for obtaining
eigenvalue estimates through gradient bounds for eigenfunctions.

In the fifth chapter, we introduce Jacobi fields, prove the Rauch comparison
theorems for Jacobi fields and apply these results to geodesics. We also develop the
global geometry of spaces of nonpositive curvature.

These first five chapters treat the more elementary and basic aspects of the
subject. Their results will be used in the remaining, more advanced chapters.

The sixth chapter treats Kahler manifolds and symmetric spaces as important
examples of Riemannian manifolds in detail.

The seventh chapter is devoted to Morse theory and Floer homology.

In the eighth chapter, we treat harmonic maps between Riemannian manifolds.
We prove several existence theorems and apply them to Riemannian geometry. The
treatment uses an abstract approach based on convexity that should bring out the
fundamental structures. We also display a representative sample of techniques from
geometric analysis.

In the ninth chapter, we treat harmonic maps from Riemann surfaces. We
encounter here the phenomenon of conformal invariance which makes this two-
dimensional case distinctively different from the higher dimensional one.

Riemannian geometry has become the mathematical language of theoretical
physics, whereas the rigorous demonstration of many results in theoretical physics
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requires deep tools from nonlinear analysis. Therefore, the tenth chapter explores
some connections between physics, geometry and analysis. It treats variational
problems from quantum field theory, in particular the Ginzburg—Landau and Seiberg—
Witten equations, and a mathematical version of the nonlinear supersymmetric sigma
model. In mathematical terms, the two-dimensional harmonic map problem is coupled
with a Dirac field. The background material on spin geometry and Dirac operators is
already developed in earlier chapters. The connections between geometry and physics
are developed in more generality in my monograph [164].

A guiding principle for this textbook was that the material in the main body
should be self-contained. The essential exception is that we use material about
Sobolev spaces and linear elliptic and parabolic PDEs without giving proofs. This
material is collected in Appendix A. Appendix B collects some elementary topological
results about fundamental groups and covering spaces.

Also, in certain places in Chapter 7, we do not present all technical details, but
rather explain some points in a more informal manner, in order to keep the size of
that chapter within reasonable limits and not to lose the patience of the readers.

We employ both coordinate-free intrinsic notations and tensor notations dep-
ending on local coordinates. We usually develop a concept in both notations while we
sometimes alternate in the proofs. Besides the fact that i am not a methodological
purist, reasons for often preferring the tensor calculus to the more elegant and concise
intrinsic one are the following. For the analytic aspects, one often has to employ
results about (elliptic) partial differential equations (PDEs), and in order to check
that the relevant assumptions like ellipticity hold and in order to make contact with
the notations usually employed in PDE theory, one has to write down the differential
equation in local coordinates. Also, manifold and important connections have been
established between theoretical physics and our subject. In the physical literature,
usually the tensor notation is employed, and therefore, familiarity with that notation
is necessary for exploring those connections that have been found to be stimulating
for the development of mathematics, or promise to be so in the future.

As appendices to most of the sections, we have written paragraphs with the title
“Perspectives”. The aim of those paragraphs is to place the material in a broader
context and explain further results and directions without detailed proofs. The
material of these Perspectives will not be used in the main body of the text. Similarly,
after Chapter 5, we have inserted a section entitled “A short survey on curvature and
topology” that presents an account of many global results of Riemannian geometry
not covered in the main text. At the end of each chapter, some exercises for the
reader are given. We trust the reader to be of sufficient perspicacity to understand
our system of numbering and cross-references without further explanation.

I thank Miroslav Bacak and the copy editor for valuable corrections. I am
grateful to the European Research Council for supporting my work with the Advanced
Grant FP7-267087.

The development of the mathematical subject of Geometric Analysis, namely
the investigation of analytical questions arising from a geometric context and in turn
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the application of analytical techniques to geometric problems, is to a large extent
due to the work and the influence of Shing-Tung Yau. This book, like its previous
editions, is dedicated to him.

Jiirgen Jost
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Chapter 1

Riemannian Manifolds

1.1 Manifolds and Differentiable Manifolds

A topological space is a set M together with a family O of subsets of M satisfying the
following properties:

(1) Ql,Qg €0 :>Ql ﬂQQ S O,
(ii) for any index set A : (Qa)aca €O = Uyen Qa €0,
(i) 0, M € 0.

The sets from O are called open. A topological space is called Hausdorff if for
any two distinct points p1,pe € M there exist open sets 21,y € O with p; € Qq,p2 €
09,01 NQ = 0. A covering (24 )aca (A an arbitrary index set) is called locally finite
if each p € M has a neighborhood that intersects only finitely many .. M is called
paracompact if any open covering possesses a locally finite refinement. This means
that for any open covering (24 )ac 4 there exists a locally finite open covering (€23)se
with

VﬁGBﬂaeA:Q’ﬁCQa.

The condition of paracompactness ensures the existence of an important technical
tool, the so-called partition of unity, see Lemma 1.1.1 below.

A map between topological spaces is called continuous if the preimage of any
open set is again open. A bijective map which is continuous in both directions is
called a homeomorphism.

J. Jost, Riemannian Geometry and Geometric Analysis, Universitext,
DOI 10.1007/978-3-642-21298-7_1, (© Springer-Verlag Berlin Heidelberg 2011



2 Chapter 1 Riemannian Manifolds

Definition 1.1.1. A manifold M of dimension d is a connected paracompact
Hausdorff space for which every point has a neighborhood U that is homeomorphic
to an open subset € of R%. Such a homeomorphism

z:U—Q

is called a (coordinate) chart.
An atlas is a family {U,,x,} of charts for which the U, constitute an open
covering of M.

Remarks.

1. A point p € U, is determined by z,(p); hence it is often identified with x,(p).
Often, also the index « is omitted, and the components of z(p) € R? are called
local coordinates of p.

2. It is customary to write the Euclidean coordinates of R? as
z=(z',...,2%), (1.1.1)

and these then are considered as local coordinates on our manifold M when
x:U — Q is a chart.

As we shall see, local coordinates yield a systematic method for locally
representing a manifold in such a manner that computations can be carried out.
We shall now describe a concept that will allow us to utilize the framework of linear
algebra for local computations as will be explored in §1.2 and beyond.

Definition 1.1.2. An atlas {U,, 2, } on a manifold is called differentiable if all chart
transitions
rgo x;l c2q(Ua NUG) — 25Uy NUg)

are differentiable of class C*° (in case Uy NUg # ). A maximal differentiable atlas
is called a differentiable structure, and a differentiable manifold of dimension d is a
manifold of dimension d with a differentiable structure. From now on, all atlases are
supposed to be differentiable. Two atlases are called compatible if their union is again
an atlas. In general, a chart is called compatible with an atlas if adding the chart to
the atlas yields again an atlas. An atlas is called maximal if any chart compatible
with it is already contained in it.

Remarks.

1. One could also require a weaker differentiability property than C°°, for instance
C*, i.e., that all chart transitions be k times continuously differentiable, for
some k € N. C° is convenient as one never needs to worry about the order
of differentiability. The spaces C* for k € N, on the other hand, offer the
advantage of being Banach spaces.
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2. Since the inverse of xg oz ! is z, o x517 chart transitions are differentiable in
both directions, i.e. diffeomorphisms. In particular, their Jacobian (functional
determinant) is never 0.

3. It is therefore easy to show that the dimension of a differentiable manifold is
uniquely determined. For a general, not differentiable manifold, this is much
harder.

4. Since any differentiable atlas is contained in a maximal differentiable one,
it suffices to exhibit some differentiable atlas if one wants to construct a
differentiable manifold.

Definition 1.1.3. An atlas for a differentiable manifold is called oriented if all chart
transitions have positive functional determinant. A differentiable manifold is called
orientable if it possesses an oriented atlas.

FEzamples.

1. The sphere 8" := {(z',...,a"*1) e R+l . Y2 = 1} is a
differentiable manifold of dimension n. Charts can be given as follows: On
Uy .= 5"\{(0,...,0,1)} we put

frlat, 2™ = (At Y et )

.Z‘l "
T\t T gt

and on Uy := S™\{(0,...,0,—-1)}

fo(zh, oo ™Y = (fa (2t ™) (et 2 Th)
- l’l "
=T Taat )
2. Let wy,wa,...,w, € R™ be linearly independent. We consider z1,22 € R" as
equivalent if there are my, ms,...,m, € Z with

n
Z1 — 29 = E m;ws.
=1

Let 7 be the projection mapping z € R” to its equivalence class. The torus
T™ := w(R™) can then be made a differentiable manifold (of dimension n) as
follows: Suppose A, is open and does not contain any pair of equivalent points.
We put

Uy :=7(Ad),

Zo = (7r|Aa)_1.



4 Chapter 1 Riemannian Manifolds

3. The preceding examples are compact. Of course, there exist also noncompact
manifolds. The simplest example is R?. In general, any open subset of a
(differentiable) manifold is again a (differentiable) manifold.

4. If M and N are differentiable manifolds, the Cartesian product M x N
also naturally carries the structure of a differentiable manifold. Namely, if
{UasTataca and {V3,ys}gep are atlases for M and N, resp., then {U, x
Vi, (TasYs) } (a,8)cAx B is an atlas for M x N with differentiable chart transitions.

Definition 1.1.4. A map h : M — M’ between differentiable manifolds M and M’
with charts {Ua, 2o} and {U}, 2} is called differentiable if all maps xj; o h o x !
are differentiable (of class C'*°, as always) where defined. Such a map is called a
diffeomorphism if bijective and differentiable in both directions.

For purposes of differentiation, a differentiable manifold locally has the structure
of Euclidean space. Thus, the differentiability of a map can be tested in local coor-
dinates. The diffeomorphism requirement for the chart transitions then guarantees
that differentiability defined in this manner is a consistent notion, i.e. independent
of the choice of a chart.

Remark. We want to point out that in the context of the preceding definitions,
one cannot distinguish between two homeomorphic manifolds nor between two
diffeomorphic differentiable manifolds.

When looking at Definitions 1.1.2 and 1.1.3, one may see a general pattern
emerging. Namely, one can put any type of restriction on the chart transitions, for
example, require them to be affine, algebraic, real analytic, conformal, Euclidean
volume preserving, ..., and thereby define a class of manifolds with that particular
structure. Perhaps the most important example is the notion of a complex manifold.
We shall need this, however, only at certain places in this book, namely in §6.1
and §6.2.

Definition 1.1.5. A complex manifold of complex dimension d (dim¢ M = d) is a
differentiable manifold of (real) dimension 2d (dimg M = 2d) whose charts take values
in open subsets of C? with holomorphic chart transitions.

In the case of a complex manifold, it is customary to write the coordinates of
C? as ' _ '
z=(2'..2Y),  with 27 =27 4y’ (1.1.2)
with 7 := /=1, that is, use (z!,y,...,2% y?) as Euclidean coordinates on R2¢, We
then also put ) ' '
2 =a) — iy,
The requirement that the chart transitions 25 0 25 ' @ 24 (Us NUg) — 253(Us N Up) be
holomorphic then is expressed as 4
0z

o F = (1.1.3)
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for all j, k where

9 1/ 0 9
= == =) 1.1.4
ozk 2 ((’M’“ +Zayk> ( )

We also observe that a complex manifold is always orientable because holomor-
phic maps always have a positive functional determinant.

We conclude this section with a useful technical result.

Lemma 1.1.1. Let M be a differentiable manifold, (Uy)aca an open covering. Then
there exists a partition of unity, subordinate to (Uy). This means that there exists
a locally finite refinement (Vz)gep of (Ua) and C§° (i.e. C functions pg with
{x € M : pg(x) # 0} having compact closure) functions pg: M — R with

(i) supp g C Vg for all B € B,
(i) 0 < pg(z) <1 forallz e M, € B,

(1) Y pep pp(x) =1 for allz € M.

Note that in (iii), there are only finitely many nonvanishing summands at each
point since only finitely many g are nonzero at any given point because the covering
(V3) is locally finite.

Proof. See any advanced textbook on Analysis, e.g. J. Jost, Postmodern Analysis,
3rd edn, Springer, 2005. O

Perspectives. Bernhard Riemann’s habilitation address “Uber die Hypothesen, welche der
Geometrie zugrunde liegen”, reprinted in [299], laid the foundations for most concepts of what
is now called Riemannian geometry. In particular, Riemann was the first mathematician with
the concept of a (differentiable) manifold. This notion was then formally developed by H.
Weyl[297] and others.

The only one-dimensional manifolds are the real line and the unit circle S, the latter
being the only compact one. Two-dimensional compact manifolds are classified by their genus
and orientability character. In three dimensions, Thurston[287,288] had proposed a program
for the possible classification of compact three-dimensional manifolds. This was recently
resolved by Perel’'man with techniques from geometric analysis (that were rather different
from those that Thurston had developed); see the Survey on Curvature and Topology in the
middle of this book for references. In higher dimensions, the plethora of compact manifolds
makes a classification useless and impossible.

In dimension at most three, each manifold carries a unique differentiable structure,
and so here the classifications of manifolds and differentiable manifolds coincide. This is no
longer so in higher dimensions. Milnor[215,216] discovered exotic 7-spheres, i.e. differentiable
structures on the manifold S7 that are not diffeomorphic to the standard differentiable
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structure exhibited in our example. Exotic spheres likewise exist in higher dimensions.
Kervaire[186] found an example of a manifold carrying no differentiable structure at all.

In dimension 4, the understanding of differentiable structures owes important progress
to the work of Donaldson, see the monograph [82] for a systematic treatment of the theory
and its subsequent developments. Donaldson defined invariants of a differentiable 4-manifold
M from the space of selfdual connections on principal bundles over it. These concepts will
be discussed in more detail in §4.2. In particular, there exist exotic structures on R*. A
description can e.g. be found in [103].

1.2 Tangent Spaces

Let x = (z',...,2%) be Euclidean coordinates of R?,Q C R? open, zg € Q. The
tangent space of €2 at the point xg,

T:,92
is the space {zo} x E, where E is the d-dimensional vector space spanned by the
basis 8$1 ey agd Here, 821 s dgd are the partial derivatives at the point xq. If

Q C RYLQ C R® are open, and f : Q — Q' is differentiable, we define the derivative
df (zo) for zp € Q as the induced linear map between the tangent spaces

df(a'}()) . Ton — Tf(mg)le
0 - 8f3 ( )2 0
d ETEE

v=1"

Here and in the sequel, we use the Einstein summation convention: An index occurring
twice in a product is to be summed from 1 up to the space dimension. Thus, v” 8?& is
an abbreviation for
d
Z oxt PIRE

afs
Z _
Dt D7 stands for

d ¢
; Z Ozt 8 s
In the previous notations, we put
TQ:=Qx E~Q xR
Thus, T is an open subset of R% x R?, hence in particular a differentiable manifold.

m:TQ — Q, (projection onto the first factor)

(z,v) —x
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is called a tangent bundle of Q2. T is called the total space of the tangent bundle.

Likewise, we define

df : TQ — TS,
9 Of7 0
(x’vzaxi) — (f(x),vza—'il(:p)a—f]) .
Instead of
df (z,v)
we write
df (z)(v).

If in particular, f: Q2 — R is a differentiable function, we have for v = vi%
i Of o

In this case, we often write v(f)(x) in place of df (x)(v) when we want to express that
the tangent vector v operates by differentiation on the function f.

Let now M be a differentiable manifold of dimension d, and p € M. We want
to define the tangent space of M at the point p. Let  : U — R? be a chart with
p €U, U open in M. We say that the tangent space T}, M is represented in the chart
x by Tppya(U). Let o' : U — R? be another chart with p € U’, U’ open in M.
Q:=2(U),Q) := 2/(U’). The transition map

ozl :x(UNU) -2 (UNT)
induces a vector space isomorphism

L:=d(z' oz ") (2(p)) : Ty — Tor .

We say that v € Ty, and L(v) € Ty, represent the same tangent vector in T, M.
Thus, a tangent vector in T}, M is given by the family of its coordinate representations.
This is motivated as follows: Let f : M — R be a differentiable function. We then

want to define df (p) as a linear map from T, M to R. In the chart z, let w € T, M be

represented by v = v'-2; € Typz(U). We then say that

ozt
df (p)(w)
in this chart is represented by
d(f o ™) (x(p))(v).
Now
d(fox™")(z(p))(v) = d(f o’ oz’ oa™h)(x(p))(v)
=d(f oz’ Y (2'(p))(L(v)) by the chain rule
=d(f oa'™)(2'(p)) 0 d(a’ 0 2™ ")(x(p))(v)-
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Thus, in the chart 2/, w is represented by L(v). Here, a fundamental idea
emerges that will be essential for the understanding of the sequel. T),M is a vector
space of dimension d, hence isomorphic to R?. This isomorphism, however, is not
canonical, but depends on the choice of a chart. A change of charts changes the
isomorphism, namely at the point p by the linear transformation L = d(z’oz~1)(z(p)).
Under a change of charts, also other objects then are correspondingly transformed, for
example derivatives of functions, or more generally of maps. In other words, a chart
yields local representations for tangent vectors, derivatives, etc., and under a change
of charts, these local representations need to be correctly transformed. Or in still
other words: We know how to differentiate (differentiable) functions that are defined
on open subsets of R, If now a function is given on a manifold, we pull it back by
a chart, to an open subset of R? and then differentiate the pulled back function. In
order to obtain an object that does not depend on the choice of chart, we have to
know in addition the transformation behavior under chart changes. A tangent vector
thus is determined by how it operates on functions by differentiation.

Likewise, for a differentiable map F': M — N between differentiable manifolds,
dF is represented in local charts x : U ¢ M — R?%, y: V C N — R€ by

diyoFox™).

In the sequel, in our notation, we shall frequently drop reference to the charts and
write instead of d(y o F ox~!) simply dF, provided the choice of charts or at least the
fact that charts have been chosen is obvious from the context. We can achieve this
most simply as follows:

Let the local coordinates on U be

and those on V be (F!,...  F¢). We then consider F(z) as abbreviation for
(FY(zt, ... 2%, F(z!,... z%).
dF now induces a linear map
dr : ToM — Tr) N,
which in our coordinates is represented by the matrix

oF“«
axi a=1,...,c ’

i=1,...,d

A change of charts leads to a base change of the tangent spaces, and the transformation
behavior is determined by the chain rule. If

(@', ah) = (€Y
and (F', ... F¢) s (®',...,®°)
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are coordinate changes, then dF is represented in the new coordinates by

0P\ [ 99° 9F“ Oz’
o¢i ) \OF* oxt 9¢1 )"
Note that the functional matrix of the coordinate change of the image N, but the

inverse of the functional matrix of the coordinate change of the domain M appears
here. We also remark that for a function ¢ : N — R and a v € T, M,

(dF(v)(9))(F(z)) := de(dF (v))(F(x))
by definition of the application of dF'(v) € Tp)N to ¢ : N — R,

=d(¢ o F)(v)(z) by the chain rule
=v(po F)(z)

by definition of the application of v € T, M to po F : M — R.

Instead of applying the tangent vector dF(v) to the function, one may also apply
the tangent vector v to the “pulled back” function ¢ o F.

We want to collect the previous considerations in a formal definition:

Definition 1.2.1. Let p € M. On {(z,v) : 2 : U — Q chart with p € U,v € T}
(z,v) ~ (y,w) : < w = d(y oz~ ')v. The space of equivalence classes is called the
tangent space to M at the point p, and it is denoted by T, M.

T, M naturally carries the structure of a vector space:

The equivalence class of A1 (z,v1)+ A2 (z,v2) (A1, A2 € R) is the one of (x, \yv; +
Aov2). We now want to define the tangent bundle of a differentiable manifold of
dimension d. T'M is the disjoint union of the tangent spaces T,,M,p € M, equipped
with the following structure of a differentiable manifold: First let 7 : TM — M with
m(w) = p for w € T,M be the projection onto the “base point”. If z : U — R is a
chart for M, we let TU be the disjoint union of the T},M with p € U and define the
chart

de :TU — Tx(U), (= |J T,M)
pex(U)

where T'z(U) carries the differentiable structure of z(U) x R4
w = da(r(w))(w) € Tygauna(U):

The transition maps
da’ o (dx)™' =d(a’ ox™!)

then are differentiable. 7 is locally represented by
zomodz™!

and this map maps (zg,v) € Tz(U) to .
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Definition 1.2.2. The triple (T'M, 7, M) is called the tangent bundle of M, and TM
is called the total space of the tangent bundle.

Finally, we briefly discuss the case of a complex manifold M, to have it at our
disposal in §6.2. With the previous constructions and conventions in the real case
understood, we let z/ = 2/ 4+ i3y’ again be local holomorphic coordinates near z € M,
as at the end of §1.1. T®M := T, M is the ordinary (real) tangent space of M at z,
and

TEM = TRM @ C

is the complexified tangent space which we then decompose as
o 0

TEM = .
z C{GZJ’ 0zJ

Y= T'MaT'M,
where T/M = C{5%} is the holomorphic and TJ'M = (C{%} the antiholomorphic
tangent space. In T;CM , we have a conjugation, mapping % to %, and so,

T'M = T!M. The projection TRM — TEM — T'M is an R-linear isomorphism.

Perspectives. Other definitions of the tangent space of a differentiable manifold M are
possible that are more elegant and less easy to compute with.

A germ of a function at © € M is an equivalence class of smooth functions defined
on neighborhoods of z, where two such functions are equivalent if they coincide on some
neighborhood of x. A tangent vector at x may then be defined as a linear operator § on the
function germs at x satisfying the Leibniz rule

o(f-9)(x) = (6f(2))g(z) + f(2)dg(z).

This definition has the obvious advantage that it does not involve local coordinates.

1.3 Submanifolds

A differentiable map f: M — N is called an immersion, if for any x € M
df : TmM — Tf(w)N

is injective. In particular, in this case m := dim M < n := dim N. If an immersion
f M — N maps M homeomorphically onto its image in IV, f is called a differentiable
embedding. The following lemma shows that locally, any immersion is a differentiable
embedding:

Lemma 1.3.1. Let f : M — N be an immersion, dimM = m,dim N = n,z € M.
Then there exist a neighborhood U of © and a chart (V,y) on N with f(z) € V, such
that
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(i) fiu is a differentiable embedding, and
(ii) y"(p) = ... =y™(p) =0 for allp € f(U)NV.

Proof. This follows from the implicit function theorem. In local coordinates
(z%,...,2") on N, (x',...,2™) on M let, w.lo.g. (since df(x) is injective)

.....

be nonsingular.

We consider

F(z,x) := (2" = fi(x),...,2" — f*(z)),

which has maximal rank in ',...,2™,z™*1 ... 2". By the implicit function
theorem, there locally exists a map
(Zh 2™ e (M 2™, e (R 2™)
with
F(z,2) =0 <= zt = '(z', ..., 2™),... 2™ = p™(2}, ..., 2™),
2T = oML 2™, 2 = o (2. 2™,

for which (g%) ., has maximal rank.

As new coordinates, we now choose

(W y™) = (M ™), ™ (R 2™,

2L oML 2™, 2 = o (2L 2™).
Then
z = f(z)
< F(z,2) =0
S .y =(ah..,2™,0,...,0),
and the claim follows. O

If f: M — N is a differentiable embedding, f(M) is called a differentiable
submanifold of N. A subset N’ of N, equipped with the relative topology, thus is a
differentiable submanifold of N, if N’ is a manifold and the inclusion is a differentiable
embedding.

Charts on N’ then are simply given by restrictions of charts of N to N’, and
Lemma 1.3.1 shows that one may here always find a particularly convenient structure
of the charts.

Similarly, the implicit function theorem implies
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Lemma 1.3.2. Let f : M — N be a differentiable map, dim M = m, dimN =
n,m >mn, p € N. Let df (x) have rank n for all x € M with f(z) = p. Then f=1(p) is
a union of differentiable submanifolds of M of dimension m — n.

Proof. We again represent the situation in local coordinates around =z € M and
p = f(z) € N. Of course, in these coordinates df (z) still has rank n. By the implicit
function theorem, there exist an open neighborhood U of z and a differentiable map

g™t ™) Uy CR™ Uy CR™

with
U= U1 X U2
and
fx)=p <= (z',...,2") = g(a" T, ... ,z™).
With
Yy =% — gz, ™) fora=1,...,n,
y’ =’ fors=n+1,...,m,

we then get coordinates for which
fla)y=p <= y*=0 fora=1,...,n.

(y"*t1 ..., y™) thus yield local coordinates for {f(z) = p} and this implies that in
some neighborhood of z {f(z) = p} is a submanifold of M of dimension m —n. O

Let M be a differentiable submanifold of N, and let ¢ : M — N be the inclusion.
For p € M,T,M can then be considered as subspace of T, N, namely as the image
di(T,M).

The standard example is the sphere

S"={rcR"™ |z =1} c R"TL
By Lemma 1.3.2, S™ is a submanifold of R"*1.

Lemma 1.3.3. In the situation of Lemma 1.3.2, we have for the submanifold X =
fHp) and g € X
T,X = kerdf(q) C T,M.

Proof. Let v e T,X, (p,U) a chart on X with ¢ € U. Let v be any smooth curve in

(U) with 7(0) = ¢(q), (0) := ¥(t)ji=0 = dip(v), for example, 4(t) = p(q)+tdip(v).
¢ := ¢ !(v) then is a curve in X with ¢(0) = v. Because of X = f~1(p),

foc(t)y=p WV,
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hence df(q) o ¢(0) = 0, and consequently v = ¢(0) € kerdf(q). Since also T, X =
dim ker df () = m — n, the claim follows. |

For our example S™, we may choose
fiR SR, f(z) = |2,

Then o
T,58" = kerdf (x) = {v € R"™! . 2 - v(= 2"v") = 0}.

Perspectives. H. Whitney (1936) showed that any d-dimensional differentiable manifold

R24*+L Thus, the class of abstract differentiable manifolds is the same

can be embedded into
as the class of submanifolds of Euclidean space. Nevertheless, the abstract and intrinsic point
of view offers great conceptual and technical advantages over the approach of submanifold

geometry of Euclidean spaces.

1.4 Riemannian Metrics

We now want to introduce metric structures on differentiable manifolds. Again, we
shall start from infinitesimal considerations. We would like to be able to measure
the lengths of and the angles between tangent vectors. Then, one may, for example,
obtain the length of a differentiable curve by integration. In a vector space such a
notion of measurement is usually given by a scalar product. We thus define

Definition 1.4.1. A Riemannian metric on a differentiable manifold M is given by a
scalar product on each tangent space 7T, M which depends smoothly on the base point
p. A Riemannian manifold is a differentiable manifold, equipped with a Riemannian
metric.

In order to understand the concept of a Riemannian metric, we again need
to study local coordinate representations and the transformation behavior of these
expressions.

Thus, let z = (x!,. .. ,:Ed) be local coordinates. In these coordinates, a metric
is represented by a positive definite, symmetric matrix

(9ij())ij=1,....d

(ie. g = gji for all 4,7, g;€¢7 > 0 for all £ = (£4,...,&%) # 0), where the
coefficients depend smoothly on z. The transformation formula (1.4.5) below will
imply that this smoothness does not depend on the choice of coordinates. Therefore,
smooth dependence on the base point as required in Definition 1.4.1 can be expressed
in local coordinates.
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The product of two tangent vectors v,w € T,,M with coordinate representations

(vl . vd) and (wh,... w?) (le. v =05, w = wjaa]) then is

(v, w) := g;j(x(p))v'w. (1.4.1)
In particular, <%, %) = gij.
Similarly, the length of v is given by
1
[0l == (v, v)=.
Finally, we have the volume factor

= \/det(gij) (1.4.2)

used for the integration of functions F': M — R,

/ F(x)y/g(x)dz! ... dz". (1.4.3)
M
The linear algebra behind this will be clarified in Section 3.3.

We now want to study the transformation behavior. Let y = f(x) define different

local coordinates. In these coordinates, v and w have representations (o%,...,9%) and
(w! w?) with vj—v’%L 'J)j:wigxﬁi.
Let the metrlc in the new coordinates be given by hg(y). It follows that
e (f (2)) 0% 0" = (v, w) = gij(z)viw, (1.4.4)
hence
of% 0 . o
@) 2L 2L = gy
and since this holds for all tangent vectors v, w,
arfroft _
el () s 5 = g () (1.45)

Formula (1.4.5) gives the transformation behavior of a metric under coordinate
changes.
Likewise, the integral (1.4.6) of a function ® is invariant,

/ O(f(2))Vg(x)det ... dz? = /M d(y)/h(y)dy* ... dy?

The simplest example of a Riemannian metric of course is the Euclidean one.

Forv = (v!,...,v%),w = (w!,...,w?) € T,R? the Euclidean scalar product is simply

T B '
div'w! = v'w',

6“_{ 1 fori=j

where

0 fori##j

is the standard Kronecker symbol.
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Theorem 1.4.1. FEach differentiable manifold may be equipped with a Riemannian
metric.

Proof. Let {(24,U,) : @ € A} be an atlas, (pq)aca a partition of unity subordinate
t0 (Ua)aca, see Lemma 1.1.1 (for simplicity of notation, we use the same index set
for () and (Uy); this may be justified by replacing the original covering (U,) by a
locally finite refinement).

For v,w € T,M and a € A with p € U, let the coordinate representations be

(wl,...,vd) and (w),...,w?). Then we put
(v, w) = Z Vo (p)Viwl,.
acA
with peUq,

This defines a Riemannian metric. (The metric is simply obtained by piecing the
Fuclidean metrics of the coordinate images together with the help of a partition of
unity.) |

Let now [a,b] be a closed interval in R, : [a,b] — M a smooth curve, where
“smooth”, as always, means “of class C°°”.
The length of v then is defined as

/] —(t)||dt (1.4.6)

/ H \ dt. (1.4.7)

(In physics, E(v) is usually called the “action of 4” where ~ is considered as the orbit
of a mass point.) Of course, these expressions can be computed in local coordinates.
Working with the coordinates (z'(y(t)),...,z%(y(t))) we use the abbreviation

and the energy of v as

#(0) = 5 ( (1(1)).

Then

b
L(y) = / \/gij(x(v(t))):ﬁi(t)ﬂ'cj(t)dt (1.4.8)
and -
E(v):§/ 9ij (x(y(2)))a" (8) (¢)dt. (1.4.9)

We also remark for later technical purposes that the length of a (continuous and)
piecewise smooth curve may be defined as the sum of the lengths of the smooth
pieces, and the same holds for the energy.
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On a Riemannian manifold M, the distance between two points p,q can be
defined:

d(p,q) := inf{L(~) : v : [a,b] — M piecewise smooth curve with v(a) = p,v(b) = ¢}.

We first remark that any two points p,q € M can be connected by a piecewise
smooth curve, and d(p, ¢) therefore is always defined. Namely, let

E, :={q € M :pand ¢ can be connected by a piecewise smooth curve}.

With the help of local coordinates one sees that E), is open. But then also M\E, =
Uq¢r, Eq 1s open. Since M is connected and Ej, # 0(p € E,), we conclude M = E,.
The distance function satisfies the usual axioms:

Lemma 1.4.1.

(i) d(p,q) >0 for all p,q, and d(p,q) > 0 for all p # q,
(ii) d(p,q) = d(q,p),

(i) d(p,q) < d(p,r) + d(r,q) (triangle inequality) for all points p,q,m € M.

Proof. (ii) and (iii) are obvious. For (i), we only have to show d(p,q) > 0 for p # q.
For this purpose, let 2 : U — R be a chart with p € U. Then there exists ¢ > 0 with

De(z(p)) = {y € R?: |y — z(p)| < e} C 2(U)

(the bars denote the Euclidean absolute value) and

q ¢ 27" (De(x(p))). (1.4.10)

Let the metric be represented by (gi;(x)) in our chart. Since (g;;(x)) is positive
definite and smooth, hence continuous in z and D.(z(p)) is compact, there exists
A > 0 with

9ij ()€€ > ¢ (1.4.11)
for all y € D.(x(p)),& = (£4,...,&%) € RY Therefore, for any curve v : [a,b] — M
with v(a) = p,v(b) = ¢

L(y) = Liyna~" (D:(z(p))))

(1.4.12)
> X >0,

because x(y) by (1.4.10) has to contain a point z € 9D.(z(p)), i.e. a point whose
Euclidean distance from z(p) is €. By (1.4.11), z then has distance from z(p) at least
e w.r.t. the metric (g;5). |
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Corollary 1.4.1. The topology on M induced by the distance function d coincides
with the original manifold topology of M.

Proof. Tt suffices to show that in each chart the topology induced by d coincides with
the one of R, i.e. the one induced by the Euclidean distance function. Now for every
x in some chart, there exists ¢ > 0 for which D.(z) is contained in the same chart,
and positive constants A, i with

M€ < gi; ()€ < pl¢f? for all y € De(x),& € RY

Thus
Aly —z| <d(y,x) < ply — 2| forall y € Dc(x),

and thus each Euclidean distance ball contains a distance ball for d, and vice versa
(with
B(z,0) :={y e M :d(z,y) <0}

we have . S .
D)\é(x) C B(CL’,(S) C Dué(x)v
if po <e). O

We now return to the length and energy functionals.

Lemma 1.4.2. For each smooth curve 7 : [a,b] — M
L(v)* < 2(b - a)E(y), (1.4.13)

and equality holds if and only if ||%Z—|| = const.

Proof. By Holder’s inequality

b d’)/ 1 b 2 2
! <(b—=a)z
/a o H dt < (b—a) /a dt

with equality precisely if ||%} || = const. |

dry

dt

Lemma 1.4.3. Ifv: [a,b] — M is a smooth curve, and ¢ : [, 3] — [a,b] is a change
of parameter, then
L(yov) = L(y).

Proof. Let t = (7).
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By the chain rule,

Low = [ i (gij (=1 (¥(r)))) & (7)) & w}(r))(%)z) i

and by a change of variables,

=L(v).
O

Lemma 1.4.4. The Fuler—Lagrange equations for the energy E are

B (t) + Dl (x(t)d? (1)i"(t) =0, i=1,....d (1.4.14)
with L

k= 59“(9;'“ + Grej — Gike)s
where B _
(97)ij=t1,a = ()" (i-e. g"ge; = 6ij)

and

gjtk = @gﬂ-

The expressions F;k are called Christoffel symbols.

Proof. The Euler-Lagrange equations of a functional

b
I(m):/ ft,z(t),z(t))dt

are given by
ia,f, — 8f, =0, i=1,...
dt 0zt  Ox?

In our case, recalling

E(y) = %/gjk(m(t))ijjckdt,

we get
% (gin (2(£))" () + g5 (@(£))@ (1)) — gjr.i(())a (3" () = 0,
fori =1,...,d, hence
gikd* + g5’ + gin, e & + gji 033 — gjrad’ it = 0.
Renaming some indices and using the symmetry g;x = gri, we get

200m 3™ + (Genj + Gjok — Gike)B 2" =0, £=1,...,d, (1.4.15)
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and from this

nggemxm + —gw(g%,j + gjen — gjw)xjxk =0,i=1,...,d.

2
Because of ‘ 4 '
gzﬁme = 5im7 and thus gllgfmi’m = jz:
we obtain (1.4.14) from this. |

Definition 1.4.2. A smooth curve v = [a,b] — M, which satisfies (with i*(t) =
42 (y(t)) etc.)

E(t) + Dl (x(t)d? (1)3* (1) = 0, fori=1,....,d (1.4.16)
is called a geodesic.

Thus, geodesics are the critical points of the energy functional. By Lemma
1.4.3, the length functional is invariant under parameter changes. As in the Euclidean
case, one easily sees that regular curves can be parametrized by arc length. We shall
attempt to minimize the length within the class of regular smooth curves, and we shall
succeed and complete the program in Corollary 1.4.2 below. The length is invariant
under reparametrization by Lemma 1.4.3, therefore, if one seeks curves of shortest
length, it suffices to consider curves that are parametrized by arc length. For such
curves, by Lemma 1.4.2 one may minimize energy instead of length. Conversely, every
critical point of the energy functional, i.e. each solution of (1.4.14), i.e. each geodesic,
is parametrized proportionally to arc length.

Namely, for a solution of (1.4.14)

d

0, ) = gy ()8 ()3 (1)
&

= gi; @' + gi; 2T + gij 2B T

= (gm0 + gojk — gon )& TP + goj pi* it i
by formula (1.4.15), which is equivalent to (1.4.14)
=0

since gjx o@'a% i = gop ji'2% 37 by interchanging the indices j and /.

Consequently (&, %) = const, and hence the curve is parametrized proportionally to
arc length. We have shown

Lemma 1.4.5. Fach geodesic is parametrized proportionally to arc length. O
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Theorem 1.4.2. Let M be a Riemannian manifold, p € M,v € T,M. Then there
ezist € > 0 and precisely one geodesic

c:[0,e] = M

with ¢(0) = p, ¢(0) = v. In addition, ¢ depends smoothly on p and v.

Proof. (1.4.14) is a system of second order ODEs, and the Picard-Lindel6f theorem
yields the local existence and uniqueness of a solution with prescribed initial values
and derivatives, and this solution depends smoothly on the data. O

We note that if x(¢) is a solution of (1.4.14), so is x(\t) for any constant A € R.
Denoting the geodesic of Theorem 1.4.2 with ¢(0) = p, ¢(0) = v by ¢,, we obtain

co(t) = exo(£) for A> 0,2 € [0,¢].

In particular, cy, is defined on [0, £].

Since ¢, depends smoothly on v, and {v € T,M : |jv]| = 1} is compact, there
exists eg > 0 with the property that for ||v]] = 1, ¢, is defined at least on [0, ).
Therefore, for any w € T, M with ||w|| < &g, ¢, is defined at least on [0, 1].

Definition 1.4.3. Let M be a Riemannian manifold, p € M,

Vp :={v € T,M : ¢, is defined on [0,1]}
exp, :V, = M

v = ¢y (1)
is called the exponential map of M at p.

By the preceding considerations, the domain of definition of the exponential
map always at least contains a small neighborhood of 0 € T, M. In general, however,
Vp is not all of T,M, as is already seen in the example of a proper, open subset of
R?, equipped with the Euclidean metric. Nevertheless, we shall see in Theorem 1.5.2
below that for a compact Riemannian manifold, exp, can be defined on all of T}, M.

Theorem 1.4.3. The exponential map exp, maps a neighborhood of 0 € T,M
diffeomorphically onto a neighborhood of p € M.

Proof. Since T,,M is a vector space, we may identify ToT,M, the tangent space of
T,M at 0 € T,M, with T, M itself. The derivative of exp, at 0 then becomes a map
from T}, M onto itself:

dexp,(0) : T,M — T, M.

With this identification of ToT, M and T, M, for v € T, M
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dexp, (0)(0) = T en(Djeco
= Ecv(t)\t:O
= ¢,(0)

= .
Hence

depr(O) = ilep]w. (1417)

In particular, dexp,(0) has maximal rank, and by the inverse function theorem,
there exists a neighborhood of 0 € T}, M which is mapped diffeomorphically onto a
neighborhood of p € M. O

Let now eq,ez,...,eq (d = dim M) be a basis of T, M which is orthonormal
w.r.t. the scalar product on T,,M defined by the Riemannian metric. Writing for each
vector v € T, M its components w.r.t. this basis, we obtain a map

®:TyM — R?

v=1'e — (v1,... 0.
For the subsequent construction, we identify 7, M with R? via ®. By Theorem 1.4.3,
there exists a neighborhood U of p which is mapped by exp, ! diffeomorphically onto a

neighborhood of 0 € T, M, hence, with our identification 7}, M = R?, diffeomorphically
onto a neighborhood Q of 0 € R?. In particular, p is mapped to 0.

Definition 1.4.4. The local coordinates defined by the chart (exp, L U) are called
(Riemannian) normal coordinates with center p.

Theorem 1.4.4. In normal coordinates, we have for the Riemannian metric

9i3(0) = dsj, (1.4.18)
£(0) =0, (and also g;;x(0) = 0) for all i, j, k. (1.4.19)

Proof. (1.4.18) directly follows from the fact that the above identification & :
T,M = R? maps an orthonormal basis of T,M w.r.t. the Riemannian metric onto an
Euclidean orthonormal basis of R?.

For (1.4.19), we note that in normal coordinates, the straight lines through the
origin of R? (or, more precisely, their portions contained in the chart image) are
geodesic. Namely, the line tv,t € R,v € R?, is mapped (for sufficiently small #) onto
¢ (1) = ¢y (t), where ¢, (t) is the geodesic, parametrized by arc length, with ¢,(0) = v.
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Inserting now z(t) = tv into the geodesic equation (1.4.14), we obtain because
of Z(t) =0 , 4
Ll (tv)olv? =0, fori=1,....d. (1.4.20)

In particular at 0, i.e. for ¢t =0,
e (0)070F =0 for allv e RY i =1,... .d. (1.4.21)
We put v = 3(es + ey,) and obtain because of the symmetry I}, =T’}
I%,.(0) = 0 for alli.

Since this holds for all £,m, all T'%,(0) vanish. By definition of T, we obtain at
0€R? '
9" (gien + ghes — gjke) =0 Vi, g, k,

hence also
9jm,k + 9km,j — 9jkm = 0 vjv kvm'

Adding now the relation (obtained by cyclic permutation of the indices)
Gkjm + Gmjgk — Gkem,j = 0,

we obtain (with gi; = gjx)
Gjm,k(0) =0, for all j, k,m.

|

Later on (in Chapter 4), we shall see that in general the second derivatives of
the metric cannot be made to vanish at a given point by a suitable choice of local
coordinates. The obstruction will be given by the curvature tensor.

Further properties of Riemannian normal coordinates may best be seen by using
polar coordinates, instead of the Euclidean ones (obtained from the map ®). We
therefore introduce on R? the standard polar coordinates

(/ri 8017 st 7S0d_1)7

where ¢ = (1, ..., p9"1) parametrizes the unit sphere S~ (the precise formula for
¢ will be irrelevant for our purposes), and we then obtain polar coordinates on T), M
via ® again. We express the metric in polar coordinates and write g, instead of g11,
because of the special role of . We also write g, instead of gis,¢ € {2,...,d}, and
Jpe as abbreviation for (gis)k,e=2,...,q- In particular, in these coordinates at 0 € T, M
(this point corresponds to p € M)

9rr(0) = 1,9,,(0) =0 (1.4.22)

by (1.4.18) and since this holds for Euclidean polar coordinates.



1.4 Riemannian Metrics 23

After these preparations, we return to the analysis of the geodesic equation
(1.4.14). The lines ¢ = const. are geodesic when parametrized by arc length. They
are given by x(t) = (£,¢0), ¢o fixed, and from (1.4.14)

I%, =0 for all i
(we have written '’ instead of T'%;), hence

9" (2910 — Grrt) = 0, for all 4,

thus
2Gr0.r — grre = 0, for all £. (1.4.23)

For ¢ = r, we conclude

Grror = 07
and with (1.4.22) then

grr = 1. (1.4.24)
Inserting this in (1.4.23), we get

Grpr = 0,
and then again with (1.4.22)

gre = 0. (1.4.25)

We have shown

Theorem 1.4.5. For the polar coordinates, obtained by transforming the Euclidean
coordinates of R, on which the normal coordinates with center p are based, into polar
coordinates, we have

10 - 0
0
9i; = | . s
: Jop (rv 90)
0
where gp, (1, ) is the (d — 1) x (d — 1) matriz of the components of the metric w.r.t.
angular variables (o', ..., 0% 1) € §4-1 O

The polar coordinates of Theorem 1.4.5 are often called Riemannian polar
coordinates. The situation is the same as for Euclidean polar coordinates: For example
in polar coordinates on R?, the Euclidean metric is given by ( (1) 792). We point out
once more that in contrast to Theorem 1.4.4, Theorem 1.4.5 holds not only at the
origin 0 € T, M, but in the whole chart.

Corollary 1.4.2. For any p € M, there exists p > 0 such that Riemannian polar
coordinates may be introduced on B(p,p) := {q € M : d(p,q) < p}. For any such p
and any q € 0B(p, p), there is precisely one geodesic of shortest length (= p) from p
to q, and in polar coordinates, this geodesic is given by the straight line z(t) = (¢, o),
0 <t < p, where q is represented by the coordinates (p, o), po € S4~1. Here, “of
shortest length” means that the curve is the shortest one among all curves in M from

p to q.
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Proof. The first claim follows from Corollary 1.4.1 (and its proof) and Theorem 1.4.3.
For the second claim, let c(t) = (r(t),¢(t)),0 < t < T, be an arbitrary curve from
p to q. ¢(t) need not be entirely contained in B(p, p) and may leave our coordinate
neighborhood. Let

to :=inf{t < T :d(c(t),p) > p}

Then ¢ty < T, and the curve cjo 4, is entirely contained in B(p,p). We shall show
L(cjjo,t0]) = p with equality only for a straight line in our polar coordinates. This will
then imply the second claim. The proof of this inequality goes as follows:

L(cjon) = / (g (el at
> / (gerlet))ir) b

by (1.4.25) and since g, is positive definite

to to
:/ wdtz/ Fdt by (1.4.24)
0 0

= r(to)
= p by definition of ¢y,

and equality holds precisely if g,,¢¢ = 0, in which case ¢(t) is constant and 7 > 0
and c¢(t) thus is a straight line through the origin. O

In particular, under the assumptions of Corollary 1.4.2; the Euclidean ball
dy(0) :=={y €R": |y| < p} C T,M

is mapped under exp, diffeomorphically onto the Riemannian ball with the same
radius,

B(p, p).

Corollary 1.4.3. Let M be a compact Riemannian manifold. Then there exists
po > 0 with the property that for any p € M, Riemannian polar coordinates may be
introduced on B(p, po).

Proof. By Corollary 1.4.2, for any p € M, there exists p > 0 with those properties.
By Theorem 1.4.2, exp,, is smooth in p. If thus exp, is injective and of maximal rank
on a closed ball with radius p in T}, M, there exists a neighborhood U of p such that
for all ¢ € U,exp,, is injective and of maximal rank on the closed ball with radius p
in T,M.

Since M is compact, it can be covered by finitely many such neighborhoods and
we choose pg as the smallest such p. O
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Corollary 1.4.4. Let M be a compact Riemannian manifold. Then there exists pg >
0 with the property that any two points p,q € M with d(p,q) < po can be connected
by precisely one geodesic of shortest length. This geodesic depends continuously on p
and q.

Proof. po from Corollary 1.4.3 satisfies the first claim by Corollary 1.4.2. Moreover,
by the last claim of Corollary 1.4.2, the shortest geodesic from p to g € B(p,po)
depends continuously on p. Exchanging the roles of p and ¢ yields the continuous
dependence on p as well. O

We explicitly point out that for any compact Riemannian manifold there is
always more than one geodesic connection between any two points. (This will be
discussed in Chapter 7.) Only the shortest geodesic is unique, provided p and ¢ are
sufficiently close.

Let now M be a differentiable submanifold of the Riemannian manifold N. The
Riemannian metric of N then induces a Riemannian metric on M, by restricting the
former one to T, M C T),N for p € N. Thus, M also becomes a Riemannian manifold.

In particular, S® C R™*! obtains a Riemannian metric. We want to compute
this metric in the local chart of §1.1, namely

f( 1 n+1)__ xl z" £ n+1§£1
T,...,T A\ Tt or x
= (y',...,y") eR™.

In the sequel, a Latin index occurring twice in a product has to be summed from
1 to n+ 1, a Greek one from 1 to n. We compute

1= xixi _ yaya(l _ xn+1)2 +xn+1xn+1

hence o o
gt Yyt =1
yaya+1
and then )
) 2
ZJ:HL (:1, ,n)
yry
For g := f~! then
g’ 204 dggi . _
a—yk = T - (l—i—yayO‘)Q forj=1,....,n, k=1,...,n

agn+1 4yk

gk (1+yoye)?




26 Chapter 1 Riemannian Manifolds

Let a tangent vector to S™ be represented by w = (w?,...,w™) in our chart. Then

(w,w) = dg(w) - dg(w), where the point denotes the Euclidean

scalar product of R" !

_ 1 g @\2, 8,3 Y1 Ba0B eV
= Ty {4(1 + y*y*)*ww” — 16(1 + y*y*)y v’y w
+ 16;1/51,/5];“7uﬂy‘sw‘S + 16y5w5y7w7}

4

_ B,,8
= 7w w" .
(1+yoy)®

Thus, the metric in our chart is given by
4
(1+y?)
Definition 1.4.5. A diffeomorphism h : M — N between Riemannian manifolds is

an isometry if it preserves the Riemannian metric. Thus, for p € M,v,w € T, M, and
if (-,-)ar and (-, -)n denotes the scalar products in 7, M and Tj,,) N, resp., we have

(v, w)pr = (dh(v), dh(w)) N .

A differentiable map h : M — N is a local isometry if for every p € M there exists a
neighborhood U for which Ay : U — h(U) is an isometry, and h(U) is open in N.

9ij(y) =

If (9:5(p)) and (vag(h(p))) are the coordinate representations of the metric, an
isometry has to satisfy

o 8
gu(p)=:vag(h@g)§%;§£2§¥%£%L.

A local isometry thus has the same effect as a coordinate change. Isometries leave
the lengths of tangent vectors and therefore also the lengths and energies of curves
invariant. Thus, critical points, i.e. geodesics, are mapped to geodesics.

With this remark, we may easily determine the geodesics of S™. The orthogonal
group O(n + 1) operates isometrically on R+ and since it maps S™ into S, it also
operates isometrically on S™. Let now p € ™, v € T),S". Let E be the two-dimensional
plane through the origin of R"*!, containing v. We claim that the geodesic ¢, through
p with tangent vector v is nothing but the great circle through p with tangent vector
v (parametrized proportionally to arc length), i.e. the intersection of S™ with E. For
this, let S € O(n 4 1) be the reflection across that E. Together with ¢,, Sc, is also
a geodesic through p with tangent vector v. The uniqueness result of Theorem 1.4.2
implies ¢, = Sc¢,, and thus the image of ¢, is the great circle, as claimed.

As another example, we consider the torus 72 introduced in §1.1. We introduce
a metric on 72 by letting the projection 7 be a local isometry. For each chart of the
form (U, (m;;)~"), we use the Euclidean metric on 7! (U). Since the translations

z =z 4+ miwy +mews (M1, mo €7)
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are Euclidean isometries, the Euclidean metrics on the different components of 7=*(U)
(which are obtained from each other by such translations) yield the same metric on
U. Hence, the Riemannian metric on 72 is well defined.

Since 7 is a local isometry, Euclidean geodesics of R? are mapped onto geodesics
of T2. The global behavior of geodesics on such a torus is most easily studied in the
case where T? is generated by the two unit vectors w; = (1,0) and we = (0,1): A
straight line in R? which is parallel to one of the coordinate axes then becomes a
geodesic on 72 that closes up after going around once. More generally, a straight line
with rational slope becomes a closed, hence periodic geodesic on T2, while the image
of one with irrational slope lies dense in T2.

Before ending this section, we want to introduce the following important notion:

Definition 1.4.6. Let M be a Riemannian manifold, p € M. The injectivity radius
of p is

i(p) :=sup{p > 0 : exp, is defined ond,(0) C T,M and injective}.
The injectivity radius of M is

i(M) = plélj\f/[ i(p).

For example, the injectivity radius of the sphere S™ is m, since the exponential
map of any point p maps the open ball of radius 7 in T,,M injectively onto the
complement of the antipodal point of p.

The injectivity radius of the torus just discussed is %, since here the exponential
map is injective on the interior of a square with center 0 € T, M and side length 1.

Perspectives. As the name suggests, the concept of a Riemannian metric was introduced
by Bernhard Riemann, in his habilitation address [299]. He also suggested to consider more
generally metrics obtained by taking metrics on the tangent spaces that are not induced
by a scalar product. Such metrics were first systematically investigated by Finsler and are
therefore called Finsler metrics.

For a general metric space, a geodesic is defined as a curve which realizes the shortest
distance between any two sufficiently close points lying on it. Those metric spaces that
satisfy the conclusion of the Hopf-Rinow theorem (proved below) that any two points can
be connected by a shortest geodesic are called geodesic length spaces, and they are amenable
to geometric constructions as demonstrated by the school of Alexandrov. See e.g. [231], [18].

A Lorentz metric on a differentiable manifold of dimension d + 1 is given by an inner
product of signature (1, d) on each tangent space T, M depending smoothly on p. A Lorentz
manifold is a differentiable manifold with a Lorentz metric. The prototype is Minkowski
space, namely R equipped with the inner product

(@y) = =2y’ + 'y + .. +ay?

for z = (2%, 2',...,2%),y = %, %",...,y%). Lorentz manifolds are the spaces occurring in
general relativity. Let us briefly discuss some concepts. Tangent vectors V with negative,
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positive, vanishing ||V||* = (V, V) are called time-like, space-like, and light-like, resp. Length
and energy of a curve may be defined formally as in the Riemannian case, and we again
obtain geodesic equations. Geodesics whose tangent vectors all have norm zero are called
null geodesics. They describe the paths of light rays. (Note that in our above description
of the Minkowski metric, the conventions have been chosen so that the speed of light is
1.) Submanifolds of Lorentz manifolds whose tangent vectors are all space-like are ordinary
Riemannian manifolds w.r.t. the induced metric. For treatments of Lorentzian geometry, an
introduction is [248]. Deeper aspects are treated in Hawking and Ellis[141].

J. Nash proved that every Riemannian manifold M can be isometrically embedded
into some Euclidean space R*. For the proof of this result, he developed an implicit function
theorem in Fréchet spaces and an iteration technique that have found other important
applications. A simpler proof was found by Giinther[135].

Although on a conceptual level, Nash’s theorem reduces the study of Riemannian
manifolds to the study of submanifolds of Euclidean spaces, in practice the intrinsic point of
view has proved to be preferable (see Perspectives on §1.3).

In our presentation, we only consider finite dimensional Riemannian manifolds. It is
also possible, and often very useful, to introduce infinite dimensional Riemannian manifolds.
Those are locally modeled on Hilbert spaces instead of Euclidean ones. The lack of local
compactness leads to certain technical complications, but most ideas and constructions of
Riemannian geometry pertain to the infinite dimensional case. Such infinite dimensional
manifolds arise for example naturally as certain spaces of curves on finite dimensional
Riemannian manifolds. A thorough treatment is given in [190].

1.5 Existence of Geodesics on Compact Manifolds

In the preceding section, we have derived the local existence and uniqueness of
geodesics on Riemannian manifolds. In this section, we address the global issue
and show the existence of shortest (geodesic) connections between any two points of
arbitrary distance on a given compact Riemannian manifold. In fact, we shall be able
to produce a geodesic in any given homotopy class of curves with fixed endpoints, as
well as in any homotopy class of closed curves.

We recall the notion of homotopy between curves (see Appendix B):

Definition 1.5.1. Two curves 7p,y; on a manifold M with common initial and end
points p and ¢, i.e. two continuous maps

Y0,m1 : I =1[0,1] = M

with v(0) = 1(0) = p, v(1) = 1(1) = g, are called homotopic if there exists a
continuous map
r:IxI—M

with

3
=
&
Il
=
—

(1,s) =q forall s € I
['(t,0) = (), T'(t,1) =(t) forall t € I.
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Two closed curves cg, ¢y in M, i.e. two continuous maps
co,c1: 8V — M,

are called homotopic if there exists a continuous map
c:S'xI—-M

with
c(t,0) = ¢co(t),c(t,1) = ci(t) forall t € S

(S!, as usual, is the unit circle parametrized by [0, 27)).

Lemma 1.5.1. The concept of homotopy defines an equivalence relation on the set
of all curves in M with fized initial and end points as well as on the set of all closed
curves in M.

The proof is elementary. O

With the help of this concept, we now want to show the existence of geodesics:

Theorem 1.5.1. Let M be a compact Riemannian manifold, p,q € M. Then there
ezists a geodesic in every homotopy class of curves from p to q, and this geodesic may
be chosen as a shortest curve in its homotopy class. Likewise, every homotopy class
of closed curves in M contains a curve which is shortest and geodesic.

Since the proof is the same in both cases, we shall only consider the case of closed
curves. As a preparation, we shall first show

Lemma 1.5.2. Let M be a compact Riemannian manifold, pg > 0 as in Corollary
1.4.4. Let v9,7v1 : St — M be curves with

d(yo(t), 1 (t)) < po  forallt € S*.
Then ~o and 1 are homotopic.
Proof. For any t € S let ¢4(s) : I — M be the unique shortest geodesic from ~o(t)

to 11 (t) (Corollary 1.4.4), as usual parametrized proportionally to arc length. Since
¢t depends continuously on its end points by Corollary 1.4.4, hence on t,

I(t, s) == ci(s)

is continuous and yields the desired homotopy. O

Proof of Theorem 1.5.1. Let (Yn)nen be a minimizing sequence for arc length
in the given homotopy class. Here and in the sequel, all curves are parametrized
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proportionally to arc length. We may assume w.l.o.g. that the curves ~,, are piecewise
geodesic; namely, for each curve, we may find tp =0 < t; <ty < ... <ty < tm1 =
21 with the property that

L(Vnit;—1,t,1) < po/2 (po as in Corollary 1.4.4),

for j=1,...,m+ 1 witht,,41 := 27.

Replacing vy,_,,1,] by the shortest geodesic arc between 7, (t;—1) and v, (t;), we
obtain a curve which is homotopic to and not longer than -, (the same argument also
shows that each homotopy class does contain curves of finite length).

We may thus assume that for any +, there exist points pg ..., Pm,n for which
d(Pj—1,n,Pjn) < po (Pmt1n = DPon,J = 1,...,m + 1) and for which v, contains
the shortest geodesic arc between p;_1, and p;,. Since the lengths of the v, are
bounded as they constitute a minimizing sequence, we may also assume that m is
independent of n. After selection of a subsequence, by the compactness of M, the
points pon,...,Pm,n converge to points po,...,pm, for n — oco. The segment of v,
between p;_1, and p; , then converges to the shortest geodesic arc between p;_; and
pj, for example by Corollary 1.4.4. The union of these geodesic segments yields a
curve 7. By Lemma 1.5.2, v is homotopic to the ~,, and

L(y) = lim L(yn),

n—0o0

and since the curves 7, are a minimizing sequence for the length in their homotopy
class, v is a shortest curve in this class. Therefore, v has to be geodesic. Namely,
otherwise, there would exist points p and ¢ on 7 for which one of the two segments
of v between p and ¢ would have length at most pg, but would not be geodesic. By
Corollary 1.4.4, ~ could then be shortened by replacing this segment by the shortest
geodesic arc between p and ¢. By the argument of Lemma 1.5.2, this does not change
the homotopy class, and we obtain a contradiction to the minimizing property of ~.
~ thus is the desired closed geodesic. O

Corollary 1.5.1. On any compact Riemannian manifold My, any two points p,q can
be connected by a curve of shortest length, and this curve is geodesic.

Proof. Minimize over all curves between p and ¢ (and not only over those in a fixed

homotopy class) as in the proof of Theorem 1.5.1. O
We also show

Theorem 1.5.2. Let M be a compact Riemannian manifold. Then for any p € M,

the exponential map exp,, is defined on all of T,M, and any geodesic may be extended

indefinitely in each direction.

Proof. For v € T,M, let
A= {t € R" : ¢, is defined on [—t,t]},
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where ¢, is, as usual, the geodesic with ¢,(0) = p,¢é,(0) = v. It follows from
cy(—t) = c_y(t) that ¢, may also be defined for negative ¢, at the moment at least
for those with sufficiently small absolute value. Theorem 1.4.2 implies A # @. The
compactness of M implies the closedness of A. We shall now show openness of A : Let
¢y be defined on [—t,t]; for example ¢,(t) = w € T, M. By Theorem 1.4.2 there
exists a geodesic Yy, (s) with 74, (0) = ¢ (t), Y (0) = ¢,(t), for s € [0,¢] and € > 0.
Putting ¢, (t+5) = vw(s) for s € [0,¢], we have extended ¢, to [—t, t+¢]. Analogously,
¢, may be extended in the direction of negative ¢. This implies openness of A, hence
A = R*. The claims follow easily. O

Perspectives. For an axiomatic approach to the construction of closed geodesics on the
basis of local existence and uniqueness, see [174].

1.6 The Heat Flow and the Existence of Geodesics

In the preceding section, we have derived the global existence of geodesics from the
local existence and uniqueness of geodesic connections between points. In this section,
we shall present an alternative method that uses methods from partial differential
equations instead. This section thus serves as a first introduction to methods of
geometric analysis. A reader who wishes to understand the geometry first may
therefore skip this section. Conversely, for a reader interested in analytical methods,
this section should be a good starting point.

Our scheme developed here will use parabolic partial differential equations. The
idea is to start with some curve (in the homotopy class under consideration) and let
it evolve according to a partial differential equation that decreases its energy until
the curve becomes geodesic in the limit of “time” going to infinity (in fact, this will
constitute some gradient descent for the energy in an (infinite dimensional) space of
curves). This is the so-called heat flow method.

The methods we are going to present here can naturally prove all the statements
of Theorem 1.5.1. Since we do not wish to be repetitive, however, we shall confine
ourselves here to the existence of closed geodesics.

Theorem 1.6.1. Let M be a compact Riemannian manifold. Then every homotopy
class of closed curves in M contains a geodesic.

Proof. In order to conform to conventions in the theory of partial differential equa-
tions, we need to slightly change our preceding notation. The parameter on a curve
¢:[0,1] — M will now be called s, that is, the points on the curve are ¢(s), because we
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need t for the time parameter of the evolution that we now introduce. For technical
convenience, we also parametrize our closed curves on the unit circle S! instead of on
the interval [0, 1] because we do not have to stipulate the closedness as an additional
condition (¢(0) = ¢(1) in the preceding sections). We consider mappings

u:S' % [0,00) — M with arguments s € S*,0 <t (1.6.1)

and impose the partial differential equation

9 . 0% . , o 0

2 S i il (s, t)=—uF Lt>

pri (s,t) 5.2 (s,t) +ij(u(s,t))88u (s,t)asu (s,t) forse S7,t >0 (1.6.2)
u(s,0) = y(s) for s € St (1.6.3)

for some smooth curve v : S* — M in the given homotopy class. (1.6.2) can also be
abbreviated in obvious notation for partial derivatives as

ul =ul, + I‘;kuéuf (1.6.4)
The proof will then consist of several steps:

1. A solution of (1.6.2) exists at least on some short time interval [0,¢y) for some
to > 0. This implies more generally that the maximal interval of existence of a
solution is nonempty and open.

2. For a solution u(s,t), the “spatial” derivative %u(s,t) stays bounded (indepen-
dently of t). We may then rewrite (1.6.4) as

up —uly = f (1.6.5)

with some bounded function f and may apply the regularity theory for
linear parabolic differential equations as presented in §A.3 to obtain a time-
independent control of higher derivatives.

3. Therefore, when a solution exists on [0,T"), for ¢ — T, u(s,t) will converge to
a smooth curve u(s,T). This curve can then be taken as new initial values
to continue the solution beyond T. This implies that the maximal existence
interval is also closed. Consequently, the solution will exist for all time ¢ > 0.

4. E(u(-,t)) is a decreasing function of ¢, in fact £ E(u(-,t)) = — [ [lui(s,t)||*ds.
Since this quantity is also bounded from below, because nonnegative, we can
find a sequence t,, — oo for which u(-,t,) will converge to a curve with ul, +
I uluf =0, that is, a geodesic.

5. A convexity argument shows that this convergence not only takes place for some
sequence t,, — 0o, but generally for t — oo.

Step 1 is a general result from the theory of partial differential equations which follows
by linearizing the equation at t = 0 and applying the implicit function theorem in
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Banach spaces, see §A.3. Therefore, we shall not discuss this here any further.
For step 2, we compute, using the symmetry g;; = g;; repeatedly,

0? 0 ) )
R A ) (166)
- QQIJUSS ss + 29”( sss )’U, + 491] kUg u?s ss gi;‘,kufu;ug + gij,klufulsusug

From (1.6.4), we obtain

i
555

—uly = =T ululul — 2T%, ul uf (1.6.7)

u SSS

which we can insert into (1.6.6). In order to simplify our computations, it is natural
to use normal coordinates at the point under consideration so that all first derivatives
of the metric g;; and the Christoffel symbols F;'- i vanish. Moreover, we then have

, 1
Do = §(gij,kl + Gik,ji — Gjk,il)- (1.6.8)
Inserting this as well, we obtain altogether

0* 0
(832 815)(9” ul) = 2gijug ul, (1.6.9)

because the terms with the second derivatives of g;; cancel.! This implies

0? 0
(@ - at)(glj ) 2 07 (1.6.10)

that is, gj;ulul is a subsolution of the heat equation. The parabolic maximum
principle (Theorem A.3.1) then implies that

sup gij(u(s,t))ui(s,t)ug(s,t) (1.6.11)
sesSt

is a nonincreasing function of ¢. In particular,
gij (u(s, 0)ul (s, t)ul (s, t) < K (1.6.12)

for some constant that does not depend on ¢ and s. Thus, we have (1.6.5) with some
bounded function f. We also note that since M is assumed compact, our solution u
will automatically stay bounded. We may therefore apply the estimates of Theorem
A.3.2.2

1We shall see a deeper geometric interpretation of the computation leading to (1.6.9) in §8.2B
below.

2These estimates are local estimates on the domain, and therefore, we have to make sure that
for suitable regions Q X (¢1,t2) in S x [0,00), the image of u on such a region stays in the same
coordinate chart in which we write our equation (1.6.4). First of all, since we already have derived a
bound on ug, in particular u is uniformly continuous w.r.t. s. As a solution of the heat equation, u is
also continuous w.r.t. ¢t so that we may apply the estimates locally in time. The uniform continuity
w.r.t. ¢t will be derived shortly.
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By the first estimate in Theorem A.3.2, u(s,t) therefore has Hélder continuous first
derivatives with respect to s. Since f is given in terms of such first derivatives, f then
is also Holder continuous. By the second estimate in Theorem A.3.2, we then get
higher estimates. In fact, this procedure can be iterated. Higher order estimates on u
from the linear theory imply a corresponding control on f which in turn then yields
even higher estimates from the linear theory. (This is the so-called bootstrapping
method.) This completes step 2.

Step 3 is self-explanatory, and so we may now turn to step 4. The computation
to follow is a consequence of (1.6.9), but as it is easier than the derivation of that
formula, we do it directly.

GEE0) = 55 [ atuts. (s nuits.0

1 o o
k
= - (2giju§tu§ + Gij kU T
2 Ja

1 P o o
= 5/ (—2g;juL ul — Qgij7ku§u§u?s + gwkufuiujs) (integrating by parts)
Sl
= —/1giju§u{ by (1.6.4). (1.6.13)
s

Since E is nonnegative and the integrand also satisfies pointwise estimates by step 2,
we obtain the conclusion of step 4. Finally, we find by similar computations as above
(again in normal coordinates) from (1.6.13)

2 P s
GEEC0) = =5 [ i

_ i,

= _/ 29i5uguy
S1

_ i,

= _/ 2gijusstut
Sl

:/ 2giulyul, > 0. (1.6.14)
Sl

Thus, the energy E(u(-,t)) is a convex function of ¢, and since we already know that
4 E(u(-,t,)) — 0 for some sequence t, — oo, we conclude that % E(u(-,t)) — 0 for
t — oo. Thus, again invoking our pointwise estimates, us(s,t) — 0 for ¢ — oo. This
implies that u(s) = lim;—.o u(s,t) exists and is geodesic.

This completes the proof. O

We remark that the closed geodesic produced by the heat flow method need not
be the shortest curve in its homotopy class. The reason is simple: When the initial
curve v for the heat flow (1.6.2) happens to be a closed geodesic already, the heat
flow will stay there, that is u(s,t) = y(s) for all ¢ > 0. In particular, if v is a closed
geodesic that is not the shortest one in its homotopy class, the heat flow with those
initial values will fail to produce a shortest one.
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1.7 Existence of Geodesics on Complete Manifolds

In this section, we want to address the question whether the results of Theorem 1.5.2
continue to hold for a more general class of Riemannian manifolds than the compact
ones. Obviously, they do hold for Euclidean space which is not compact, but they
do not hold for any proper open subset of Euclidean space, essentially since such a
set is not complete. It will turn out that completeness will be the right condition for
extending Theorem 1.5.2.

Definition 1.7.1. A Riemannian manifold M is geodesically complete if for all p € M,
the exponential map exp,, is defined on all of T}, M, or, in other words, if any geodesic
c(t) with ¢(0) = p is defined for all ¢t € R.

We can now state the Theorem of Hopf—-Rinow.

Theorem 1.7.1. Let M be a Riemannian manifold. The following statements are
equivalent:

(i) M is complete as a metric space (or equivalently, it is complete as a topological
space w.r.t. its underlying topology, see Corollary 1.4.1).

(i) The closed and bounded subsets of M are compact.
(iii) There exists p € M for which exp,, is defined on all of T, M.

(iv) M is geodesically complete, i.e. for every p € M,exp,, is defined on all of T, M.

Furthermore, each of the statements (i) — (iv) implies

(v) Any two points p,q € M can be joined by a geodesic of length d(p,q), i.e. by a
geodesic of shortest length.

Proof. We shall first prove that if exp, is defined on all of T}, M, then any ¢ € M
can be connected with p by a shortest geodesic. In particular, this will show the
implication (iv) = (v).
For this purpose, let
r:=d(p,q),

and let p > 0 be given by Corollary 1.4.2, let pg € 9B(p,p) be a point where the
continuous function d(q,-) attains its minimum on the compact set dB(p, p). Then
po = exp,, pV, for some V' € T;, M. We consider the geodesic

c(t) := exp, tV,

and we want to show that
c(r) =q. (1.7.1)

¢|[o,-) Will then be a shortest geodesic from p to g.
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For this purpose, let
I:={tel0,r]:d(c(t),q) =r—t}.

(1.7.1) means r € I, and we shall show I = [0,r] for that purpose. I is not empty, as
it contains 0 by definition of r, and it is closed for continuity reasons. I = [0, r] will
therefore follow if we can show openness of I.

Let ty € I. Let p; > 0 be the radius of Corollary 1.4.2 corresponding to the
point ¢(tg) € M. W.lo.g. p1 <r —ty. Let p1 € dB(c(tg), p1) be a point where the
continuous function d(g,-) assumes its minimum on the compact set dB(c(to), p1).
Then

d(p,p1) > d(p,q) — d(q,p1)- (1.7.2)

Now for every curve 7 from ¢(ty) to g, there exists some

(t) € 9B(c(to), pr)-

Hence

=p1+d(y(t),q)

> p1+d(p1,q) because of the minimizing property of p;.
Hence also

d(g,c(to)) = p1 +d(p1,q) (1.7.3)
and by the triangle inequality, we then actually must have equality. Inserting (1.7.3)
into (1.7.2) and recalling d(q, c(tp)) = r — to gives

d(p,p1) > 1 —(r—to—p1) =to + p1.

On the other hand, there exists a curve from p to p; of length ¢ty + p1; namely one
goes from p to c(tp) along ¢ and then takes the geodesic from c(tg) to p; of length p;.
That curve thus is shortest and therefore has to be geodesic as shown in the proof of
Theorem 1.5.1. By uniqueness of geodesics with given initial values, it has to coincide
with ¢, and then

p1 = c(to + p1).-

Since we observed that equality has to hold in (1.7.3), we get

d(g,c(to +p1)) =1 — (to + p1),

hence
to+p1 €1,

and openness of I follows, proving our claim.

It is now easy to complete the proof of Theorem 1.7.1:
(iv) = (iii) is trivial.



Exercises for Chapter 1 37

(iii) = (ii) Let K C M be closed and bounded. Since bounded, K C B(p,r)
for some r > 0. By what we have shown in the beginning, any point in B(p,r) can
be connected with p by a geodesic (of length < r). Hence, B(p,r) is the image of
the compact ball in 7),M of radius r under the continuous map exp,, . Hence, B(p,)
is compact itself. Since K is assumed to be closed and shown to be contained in a
compact set, it must be compact itself.

(i) = (1) Let (pn)nen € M be a Cauchy sequence. It then is bounded, and,
by (ii), its closure is compact. It therefore contains a convergent subsequence, and
being Cauchy, it has to converge itself. This shows completeness of M.

(i) = (iv) Let ¢ be a geodesic in M, parametrized by arc length, and being
defined on a maximal interval I. I then is nonempty, and by Theorem 1.4.2, it is also
open. To show closedness, let (¢, )nen C I converge to t.

Since

d(c(tn); c(tm)) < [tn — tm|

as ¢ is parametrized by arc length, c(t,) is a Cauchy sequence, hence has a limit

p € M, because we assume M to be complete. Let p > 0 be as in Corollary 1.4.2.

Then B(p, p) is compact, being the image of the compact ball of radius r in 7, M under

the continuous map exp,,. Therefore, the argument of Corollary 1.4.3 and Corollary

1.4.4 applies to show that there exists pg > 0 with the property that for any point

q € B(p, p) any geodesic starting from ¢ can be extended at least up to length pg.
Since ¢(t,,) converges to p, for all sufficiently large m,n

d(c(tn), c(tm)) < tn — tm| < po/2
and

d(c(tn),p), d(c(tm),p) < po.

Therefore, the shortest geodesic from c(t,,) to ¢(t,,) can be defined at least on the
interval [—po, po]. This shortest geodesic, however, has to be a subarc of ¢, and ¢
thus can be defined up to the parameter value t, + pg, in particular for ¢, showing
closedness of I. O

Exercises for Chapter 1

1. Give five more examples of differentiable manifolds besides those discussed in
the text.

2. Determine the tangent space of S™. (Give a concrete description of the tangent
bundle of S™ as a submanifold of S™ x R"*1.)



38

Chapter 1 Riemannian Manifolds

. Let M be a differentiable manifold, 7 : M — M an involution without fixed

points, i.e. To7 = id,7(x) # x for all x € M. We call points = and y in M
equivalent if y = 7(x). Show that the space M /T of equivalence classes possesses
a unique differentiable structure for which the projection M — M/ is a local
diffeomorphism.

Discuss the example M = S™ C R" ™! r(z) = —z. M/7 is real projective space
RP™.

a: Let N be a differentiable manifold, f : M — N a homeomorphism.
Introduce a structure of a differentiable manifold on M such that f becomes
a diffeomorphism. Show that such a differentiable structure is unique.

b: Can the boundary of a cube, i.e. theset {x € R";max{|z;| :i=1,...,n} =
1} be equipped with a structure of a differentiable manifold?

. We equip R**! with the inner product

(x,y) == —2%° + 2yt + .. 4 2"y

L),y =0y, .., y"). We put

for z = (2%, x
H" :={z e R"" : (z,2) = —1,29 > 0}.

Show that (-,-) induces a Riemannian metric on the tangent spaces T, H" C
T,R"*! for p e H™. H™ is called hyperbolic space.

. In the notations of Exercise 5, let

s=(-1,0,...,0) € R**!

fla) = s — 2

(x — s,z —s)

Show that f : H® — {{£ € R" : [¢| < 1} is a diffeomorphism (here, R" =

{(0,2%,...,2™)} C R*1). Show that in this chart, the metric assumes the form
1 d¢' @ de¢*
(1 —1¢>)? '

. Determine the geodesics of H™ in the chart given in Exercise 6. (The geodesics

through 0 are the easiest ones.)

Hint for Exercises 5, 6, 7: Consult §5.4.

8. Determine the exponential map of the sphere S™, for example at the north pole

p. Write down normal coordinates. Compute the supremum of the radii of balls
in T, S™ on which exp,, is injective. Where does exp,, have maximal rank?
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10.

11.

12.

13.

Same as Exercise 8 for the flat torus generated by (1,0) and (0,1) € R%.

Let cp,c1 : [0,1] = M be smooth curves in a Riemannian manifold.

Show the following: If d(co(t),c1(t)) < i(co(t)) for all ¢, there exists a smooth
map c : [0,1] x [0,1] — M with ¢(¢,0) = ¢o(t),c(t,1) = c1(t) for which the
curves c(t,-) are geodesics for all ¢.

Consider the surface S of revolution obtained by rotating the curve (z,y =
e,z = 0) in the plane, i.e. the graph of the exponential function, about the
z-axis in Euclidean 3-space, equipped with the induced Riemannian metric from
that Euclidean space. Show that X is complete and compute its injectivity
radius.

Let M be a differentiable submanifold of the Riemannian manifold N. M then
receives an induced Riemannian metric, and this metric defines a distance
function and a topology on M, as explained in §1.4. Show that this topology
coincides with the topology on M that is induced from the topology of N.

Prove Corollaries 5.2.3 and 5.2.4 below with the arguments used in the proofs
of Theorem 1.4.5 and Corollary 1.4.2.






Chapter 2

Lie Groups and Vector
Bundles

2.1 Vector Bundles

Definition 2.1.1. A (differentiable) vector bundle of rank n consists of a total space
E, a base M, and a projection 7w : E — M, where F and M are differentiable
manifolds, 7 is differentiable, each “fiber” E, := 7 !(x) for + € M, carries the
structure of an n-dimensional (real) vector space, and the following local triviality
requirement is satisfied: For each x € M, there exist a neighborhood U and a
diffeomorphism

p:1  (U) - UxR"

with the property that for every y € U

by = im, By — {y} xR

is a vector space isomorphism, i.e. a bijective linear map. Such a pair (¢, U) is called
a bundle chart.

In the sequel, we shall omit the word “differentiable” for a vector bundle. Often,
a vector bundle will simply be denoted by its total space.

It is important to point out that a vector bundle is by definition locally, but not
necessarily globally, a product of base and fiber. A vector bundle which is isomorphic
to M x R™ (n = rank) is called trivial.

A vector bundle may be considered as a family of vector spaces (all isomorphic
to a fixed model R™) parametrized (in a locally trivial manner) by a manifold.

J. Jost, Riemannian Geometry and Geometric Analysis, Universitext,
DOI 10.1007/978-3-642-21298-7_2, (© Springer-Verlag Berlin Heidelberg 2011
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Let now (E,m, M) be a vector bundle of rank n, (Uy)aca a covering of M by
open sets over which the bundle is trivial, and ¢, : w‘l(Ua) — Uy X R™ be the
corresponding local trivializations. For nonempty U, NUg, we obtain transition maps

©ga : Uas NUg — Gl (n,R)
by
wp 0 9o (x,v) = (7, 0pa(x)v) forz € U, NUz,v € R, (2.1.1)
where Gl(n,R) is the general linear group of bijective linear selfmaps of R™. The
transition maps express the transformation behavior of a vector in the fiber under a

change of local trivialization.
The transition maps satisfy

Yaa(r) = idgn  for z € U, (2.1.2)
vap(T)ppa(x) = idgn for z€U,NUg (2.1.3)
Vary () py3(2)ppa(r) = idpn  for €U, NUgNTU,. (2.1.4)

These properties are direct consequences of (2.1.1).
A vector bundle can be reconstructed from its transition maps.

Theorem 2.1.1.
E= ][] UsxR"/~,
a€cA

where 11 denotes disjoint union, and the equivalence relation ~ is defined by

(z,v) ~ (y,w) : <= z=y and w = go(x)v (v € Uy,y € Ug, v,w € R™).

Proof. This is a straightforward verification of the properties required in Definition
2.1.1. A reader who does not want to carry this out him/herself may consult [150]. O

Definition 2.1.2. Let G be a subgroup of Gl(n,R), for example O(n) or SO(n), the
orthogonal or special orthogonal group. We say that a vector bundle has the structure
group G if there exists an atlas of bundle charts for which all transition maps have
their values in G.

Definition 2.1.3. Let (E,m, M) be a vector bundle. A section of E is a differentiable
map s : M — E with 7o s = idj;. The space of sections of E is denoted by I'(E).

We have already seen an example of a vector bundle above, namely the tangent
bundle T'M of a differentiable manifold M.

Definition 2.1.4. A section of the tangent bundle TM of M is called a vector field
on M.

Let now f : M — N be a differentiable map, (F,m, N) a vector bundle over N.
We want to pull back the bundle via f, i.e. construct a bundle f*FE, for which the
fiber over x € M is Ey(,), the fiber over the image of .
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Definition 2.1.5. The pulled back bundle f*FE is the bundle over M with bundle
charts (po f, f~1(U)), where (p,U) are bundle charts of E.

We now want to extend some algebraic concepts and constructions from vector
spaces to vector bundles by performing them fiberwise. For example:

Definition 2.1.6. Let (Eq, 7, M) and (Es,me, M) be vector bundles over M. Let
the differentiable map f : Fy — E5 be fiber preserving, i.e.

’ﬂ'gof:ﬂ'l,

and let the fiber maps f, : Ey , — Es, be linear, i.e. vector space homomorphisms.
Then f is called a bundle homomorphism.

Definition 2.1.7. Let (E,m, M) be a vector bundle of rank n. Let E/ C E, and
suppose that for any x € M there exists a bundle chart (¢, U) with = € U and

o ' U)NE)=U xR™(CU xR",m < n).
The resulting vector bundle (E, 7 g, M) is called a subbundle of E of rank m.

Let us discuss an example: S' = {z € R? : |z|* = 1} is a submanifold of R2. If
we restrict the tangent bundle TR? of R? to S!, we obtain a bundle E over S! that is
isomorphic to S' x R2. The tangent bundle of S* has fiber T,S' = {y e R : -y =
0} C R? (where the dot - denotes the Euclidean scalar product). T'S? is a subbundle
of TR?|S; the reader is invited to write down explicit bundle charts.

Definition 2.1.8. Let (Ey,71, M) and (E2, 72, M) be vector bundles over M. The
Cartesian product of E'y and Ey is the vector bundle over M with fiber Ey , x Es ,
and bundle charts (pq X ¢35, Uy NV3), where (¢q,Us) and (g, Va) are bundle charts
for E1 and F5 resp., and

(‘pa X Wﬁ)(% (U/LU)) = (99&(117”)71/],3(1'71”)) (1) € El,ﬂww € EQ,JE)’

Thus, the product bundle is simply the bundle with fiber over x € M being the
product of the fibers of E'; and E5 over x. By this pattern, all constructions for vector
spaces can be extended to vector bundles. Of particular importance for us will be
dual space, exterior and tensor product. Let us briefly recall the definition of the
latter:

Let V and W be vector spaces (as always over R) of dimension m and n, resp.,
and let (e1,...,em) and (f1,..., fn) be bases. Then V & W is the vector space of
dimension mn spanned by the basis (e; ® f;) imbm. There exists a canonical bilinear
map

L:VxW—=VaW

mapping (a'e;, b f;) onto a'ble; ® f;
One may then also define the tensor product of more than two vector spaces in
an associative manner.
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Definition 2.1.9. Let M be a differentiable manifold, € M. The vector space dual
to the tangent space T, M is called the cotangent space of M at the point x and
denoted by T M. The vector bundle over M whose fibers are the cotangent spaces of
M is called the cotangent bundle of M and denoted by T*M. Elements of T*M are
called cotangent vectors, sections of T*M are 1-forms.

We now want to study the transformation behavior of cotangent vectors. Let
(€i)i=1,....a be a basis of T, M and (wj)jzl,,,,7d the dual basis of T* M, i.e.

Wile;) = o = orr=

0 fori#j.
Moreover, let v = v'e; € T, M, n = njw’ € T:M. We have n(v) = n;v". Let the bases
(e;) and (w?) be given by local coordinates, i.e.

0

_ J — drd
= 55 w! =dz’.

€

Let now f be a coordinate change. v is transformed to

,0f% 0
fe(v) =0 927 Of
71 then has to be transformed to
ox

j
[ ()= mwdfﬁ

because in this case

ord ,0f
£ O0) = 1z G = oo’ = (o).

Thus a tangent vector transforms with the functional matrix of the coordinate change
whereas a cotangent vector transforms with the transposed inverse of this matrix. This
different transformation behavior is expressed by the following definition:

Definition 2.1.10. A p times contravariant and ¢ times covariant tensor on a
differentiable manifold M is a section of

TM®..TM @@ T"M®...T*M .
N————

p times q times

Actually, one should speak of a tensor field, because “tensor” often also means
an element of the corresponding fibers, in the same manner as a (tangent) vector is
an element of T, M and a vector field a section of T'M.

If f is a coordinate change, a p times contravariant and ¢ times covariant tensor
is transformed p times by the matrix (df) and ¢ times by the matrix (df ~!)*.
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Lemma 2.1.1. A Riemannian metric on a differentiable manifold M is a two times
covariant (and symmetric and positive definite) tensor on M.

Proof. From the formula (1.4.5) for the transformation behavior of a Riemannian
metric. O

A Riemannian metric thus is a section of T*M ® T* M. We consequently write
the metric in local coordinates as

gij(z)da' @ da’.
Theorem 2.1.2. The tangent bundle of a Riemannian manifold M of dimension d
has structure group O(d).
Proof. Let (f,U) be a bundle chart for TM,

f:n Y U)— U xR

Let e, ..., eq be the canonical basis vectors of R?, and let vy, ..., vy be the sections of
7~ Y(U) with f(v;) = e;,i = 1,...,d. Applying the Gram-Schmidt orthogonalization
procedure to vy (z),...,vq(z) for each x € U we obtain sections wy, ..., wq of 7~ 1(U)
for which wq(z), ..., wq(z) are an orthonormal basis w.r.t. the Riemannian metric on

T, M, for each x € U. By
fin Y U) - U x R?
Nawi(z) — (z,AL,..., 29

we then get a bundle chart which maps the basis wy (), ..., ws(x), i.e. an orthonormal
basis w.r.t. the Riemannian metric, for each x € U onto an Euclidean orthonormal
basis of R%. We apply this orthonormalization process for each bundle chart and obtain
a new bundle atlas whose transition maps always map an Euclidean orthonormal basis
of R? into another such basis, and are hence in O(d). |

We want to point out, however, that in general there do not exist local
coordinates for which w;(z) = % fori=1,...,d.

Corollary 2.1.1. The tangent bundle of an oriented Riemannian manifold of
dimension d has structure group SO(d).

Proof. The orientation allows to select an atlas for which all transition maps have pos-
itive functional determinant. From this, one sees that we also may obtain transition
functions for the tangent bundle with positive determinant. The orthonormalization
process of Theorem 2.1.2 preserves the positivity of the determinant, and thus, in the
oriented case, we obtain a new bundle atlas with transition maps in SO(d). |
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Definition 2.1.11. Let (E, 7, M) be a a vector bundle. A bundle metric is given by
a family of scalar products on the fibers F,, depending smoothly on z € M.

In the same manner as Theorem 2.1.2, one shows

Theorem 2.1.3. Each vector bundle (E, 7, M) of rank n with a bundle metric has
structure group O(n). In particular, there exist bundle charts (f,U), f : 7= (U) —
U x R™, for which for all x € U, f~(x,(e1,...,¢e,)) is an orthonormal basis of E,
(e1,...,en is an orthonormal basis of R™). O

Definition 2.1.12. The bundle charts of Theorem 2.1.3 are called metric.
In the same manner as Theorem 1.4.1, one shows
Theorem 2.1.4. Each vector bundle can be equipped with o bundle metric. O

It will be more important for us, however, that a Riemannian metric automati-
cally induces bundle metrics on all tensor bundles over M. The metric of the cotangent
bundle is given in local coordinates by

(w,n) = g9win; for w = widz’,n = nidz’. (2.1.5)

(We recall that (¢g*/) is the matrix inverse to (gi;).)
Namely, this expression has the correct transformation behavior under coordi-
nate changes: If w — z(w) is a coordinate change, we get

; ozt .
widr' = w; Ee dw® =: Ondw®,
while ¢ is transformed into

i Ow® ow”

oxt Oxi’

and N
h*P &ty = g win.
Moreover, we get
[w(@)|| = sup{w(z)(v) : v € T M, [jvo]| = 1}.

A Riemannian metric also induces an identification between T'M and T*M :

v = UZW corresponds to w = w;dx’
x

: i
with  w; = g;;v
b gt .

or v'=gw;.

(2.1.5) may also be justified as follows:
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Under this identification, to v € T, M there corresponds a 1-form w € Ty M via
w(w) = (v,w) for all w

and (2.1.5) means then that
]l = o]l

For example, on TM ® T'M, the metric is given by
(v@w,E@n) = gi;v'¢ grewtn'! (2.1.6)
(v =1v'52 etc. in local coordinates).

Definition 2.1.13. A local orthonormal basis of T, M of the type obtained in
Theorem 2.1.3 is called an (orthonormal) frame field.

We put

ANP(TEM):=T; MAN...NT;M  (exterior product).

p times

On AP(T;M), we have two important operations: First, the exterior product by
neTiM=AN(T:M):

AP(TF M) — APFY(T M)
wr— e(nw:=nAw.
Second, the interior product or contraction by an element v € T, M :
AP(TFM) — AP~Y(T* M)
wr— 1(v)w
with
w)w(vr, ..., vp-1) = w(v,v1,...,0p_1)

for v,v1,...,vp—1 € T M.

In fact, such constructions may be carried out with any vector space W and its dual
W= in place of T M and T, M. This will be relevant in §2.4.
The vector bundle over M with fiber AP (T M) over x is then denoted by AP (M).

Definition 2.1.14. The space of sections of AP(M) is denoted by QP(M), i.e.
OP(M) =T'(AP(M)). Elements of QP (M) are called (exterior) p-forms.

A p-form thus is a sum of terms of the form
w(z) = n(z)dz™ A...Adx'

where 7)(z) is a smooth function and (z!,...,2%) are local coordinates.



48 Chapter 2 Lie Groups and Vector Bundles

Definition 2.1.15. The ezterior derivative d : QP(M) — QP (M) (p = 0,1,...,
dim M) is defined through the formula

_ On(z)

D7 dad A dx™ AN date
r

d(n(x)dz™ A ... Adx')

and extended by linearity to all of QP (M).

Lemma 2.1.2. Ifw € QP(M),9 € QUM), then d(w A9) = dw AVY + (—1)Pw A d9.

Proof. This easily follows from the formula w A J = (—1)P%9 A w and the definition
of d. |

Let f: M — N be a differentiable map,
w(z) =n(2)dz"" A... Adz'" € QP(N).
We then define
or: dz®t NN o

Qp
Oz Ox» da.

fr(w)(@) =n(f(z))

This obviously is the correct transformation formula for p-forms.

Lemma 2.1.3.
d(f*(w)) = f*(dw).

Proof. This easily follows from the transformation invariance

(=) @) Of o @) .

077 0z1  Qz® Oz
|
Corollary 2.1.2. d is independent of the choice of coordinates.
Proof. Apply Lemma 2.1.3 to a coordinate transformation f. O

Theorem 2.1.5.
dod=0.

Proof. By linearity of d, it suffices to check the asserted identity on forms of the type

w(z) = f(z)dz™ A... Ada'.
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Now
dod(w(x)) = d(ﬁdl‘j A dz™ A /\dﬂcip)
B o
0 f X ) ) )
= J 11 ip
E)xjaxkdx Adx? ANdx™ A ... ANdx
=0,
since Bx:Bx’“ = 6362%]- (f is assumed to be smooth) and

dz? A dz® = —dz® A da .

|

Let now M be a differentiable submanifold of the Riemannian manifold
N;dim M = m,dim N = n. We saw already that M then also carries a Riemannian
metric. For x € M, we define

T+M c T,N
by
TIM = {v € T,N : Yw € T, M : (v,w) = 0},
where (.,.), as usual, is the scalar product given by the Riemannian metric.

The spaces T;-M are the fibers of a vector bundle T+M over M, and TM
and T+M are both subbundles of TN, the restriction of TN to M (in a more
complicated manner: TNy, = *T'N, where ¢ : M — N is the differentiable
embedding of M as a submanifold of N). In order to see this, one may choose the
first m basis vectors vy, ..., v, of TNjp in the orthonormalization procedure of the
proof of Theorem 2.1.2 in such a manner that they locally span T'M.

Then T'M is also locally spanned by wi,...,w,, (notation as in the proof of
Theorem 2.1.2), and the remaining basis vectors then span T M, and we have

(wi,wey=0fori=1,... ma=m+1,...,n.
Thus, T M is the orthogonal complement of TM in TN, |M -
Definition 2.1.16. T M is called the normal bundle of M in N.
For our example of the submanifold S* of R%, TS is the subbundle of T]R‘?S17
the restriction of TR? to S!, with fiber T;-S* = {\z: A € R} C R2

We conclude this section with a consideration of the complex case — again, we
remind the reader that is needed only in particular places, like §6.2.

Definition 2.1.17. A vector bundle E over a differentiable manifold M is called
a complex vector bundle if each fiber E, = 7 1(2) is a complex vector space, i.e.,
isomorphic to z x C*, and if that complex structure varies smoothly, that is, the local
trivializations are of the form

p:m YU) — U x CF.



50 Chapter 2 Lie Groups and Vector Bundles

We thus have transition maps
wga : Us NUz — Gl(k,C).

Here, in contrast to the Definition 1.1.5 of a complex manifold, we neither require that
the base M be complex nor that these transition maps be holomorphic. If, however,
these conditions are satisfied, that is, M is a complex manifold and the transition
maps are holomorphic, then we have a holomorphic vector bundle. On a complex
manifold M, in local holomorphic coordinates, we have the 1-forms

dz) = dx’ + idy’, dzF == da? — idy’

(recall (1.1.2)). We can then decompose the space QF of k-forms into subspaces Q2P+
with p + ¢ = k. Namely, QP? is locally spanned by forms of the type

w(z) =n(2)dz" A ... Adz' A dzI AL AN d2e.

Thus
QF(y = > ariM (2.1.7)
ptq=Fk

We can then let the differential operators

1/ 0 0 1/ 0 0 » 4
— _ 2 J J il I I iduyd
8—2 <8zﬂ aj)(dag +idy’) and 8—2 <8Ij+zayj>(da; idy’) (2.1.8)
operate on such a form by
Ow = g—ndz Adz AL N2 AdZ A LA dz (2.1.9)
and 5
ow = 877 dzd Adz AL AdZT AdET AN LA dRe (2.1.10)
27

The following important relations link them with the exterior derivative d:

Lemma 2.1.4. The exterior derivative d satisfies

d=0+0. (2.1.11)

Moreover,
80 =0, 00 =0, (2.1.12)
90 = —00. (2.1.13)

Proof. We have

- 1/ 0 13} 4 1/ 0 5} , ,
L Jaiduiy 4= (2 9 J_ il
0+0 2(8 8yj>(dx +zdy)+2(amj+zayj)(dx idy?)

0 0 .
- — dii =
d I+ yjdy d.
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Therefore,

0=d’*=(0+0)(0+09) =09+ 099 + 90 + 9*

and decomposing this into types yields (2.1.12) and (2.1.13). One may verify these
relations also by direct computation, e.g.

2 _ 2 _
00 = 8 _dz? NdZF = — 4 2 A d2d = —D0.

021 0zF 92%02i

2.2 Integral Curves of Vector Fields. Lie Algebras

Let M be a differentiable manifold, X a vector field on M, i.e. a (smooth) section of
the tangent bundle TM. X then defines a first order differential equation (or, more
precisely, if dim M > 1, a system of differential equations):

¢ = X(o). (2.2.1)

This means the following: For each p € M, one wants to find an open interval I = I,
around 0 € R and a solution of the following differential equation for ¢: I — M

dc
a(t) = X(c(t)) fort e I

c(0) =p.

(2.2.2)

One checks in local coordinates that this is indeed a system of differential equations:
in such coordinates, let ¢(¢) be given by

(e (t),...,c4t)) (d=dim M)

and let X be represented by
0

oxt’

i

Then (2.2.2) becomes
dc? ; .
E(t) = X"(c(t)) fori=1,...,d. (2.2.3)

Since (2.2.3) has a unique solution for given initial value ¢(0) = p by the Picard—
Lindelo6f theorem, we obtain
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Lemma 2.2.1. For each p € M, there exist an open interval I, C R with 0 € I, and
a smooth curve

cp: Iy — M
with
de
Lo (1) = X (o (1)
¢p(0) = p.

|

Since the solution also depends smoothly on the initial point p by the theory of
ODEs, we furthermore obtain

Lemma 2.2.2. For each p € M, there exist an open neighborhood U of p and an
open interval I with 0 € I, with the property that for all ¢ € U, the curve cq (éq(t) =
X(cq(t)),cq(0) = q) is defined on I. The map (t,q) — cq(t) from I x U to M is
smooth. O

Definition 2.2.1. The map (t,q) — c4(t) is called the local flow of the vector field
X. The curve ¢, is called the integral curve of X through g.

For fixed ¢, one thus seeks a curve through ¢ whose tangent vector at each point
coincides with the value of X at this point, i.e. a curve which is always tangent to
the vector field X. Now, however, we want to fix ¢t and vary ¢; we put

vi(q) := Cq(t)-

Theorem 2.2.1. We have

00 9s(q) = pivs(q), ifs,tit+s€ly, (2.2.4)

and if ¢ is defined on U C M, it maps U diffeomorphically onto its image.

Proof. We have
Cq(t 4 s) = X(cq(t + 9)),
hence
Cq(t + 8) = ch(s)(t).

Starting from ¢, at time s one reaches the point ¢4(s), and if one proceeds a time ¢
further, one reaches ¢q(t 4 s). One therefore reaches the same point if one walks from
g on the integral curve for a time ¢+ s, or if one walks a time ¢ from ¢,(s). This shows
(2.2.4). Inserting t = —s into (2.2.4) for s € I, we obtain

s 0ps(q) =po(q) =g

Thus, the map ¢ _ is the inverse of pg, and the diffeomorphism property follows. [
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Corollary 2.2.1. Fach point in M is contained in precisely one integral curve for

(2.2.1).

Proof. Let p € M. Then p = ¢,(0), and so it is trivially contained in an integral
curve. Assume now that p = ¢4(t). Then, by Theorem 2.2.1, ¢ = ¢,(—t). Thus, any
point whose flow line passes through p is contained in the same flow line, namely the
one starting at p. Therefore, there is precisely one flow line going through p. O

We point out, however, that flow lines can reduce to single points; this happens
for those points for which X (p) = 0. Also, flow lines in general are not closed even if
the flow exists for all ¢ € R. Namely, the points lim;_, 4 ¢p(t) (assuming that these
limits exist) need not be contained in the flow line through p.

Definition 2.2.2. A family (¢:)ier (I open interval with 0 € I) of diffeomorphisms
from M to M satisfying (2.2.4) is called a local 1-parameter group of diffeomorphisms.

In general, a local 1-parameter group need not be extendable to a group, since
the maximal interval of definition I, of ¢, need not be all of R. This is already seen by
easy examples, e.g. M =R, X(7) = 72L ie. é(t) = c*(t) as differential equation.

dr’
However

Theorem 2.2.2. Let X be a vector field on M with compact support. Then the
corresponding flow is defined for all ¢ € M and all t € R, and the local 1-parameter
group becomes a group of diffeomorphisms.

Proof. By Lemma 2.2.2, for every p € M there exist a neighborhood U and € > 0
such that for all ¢ € U, the curve ¢, is defined on (—¢,¢). Let now supp X C K, K
compact. K can then be covered by finitely many such neighborhoods, and we choose
€0 as the smallest such e.

Since for ¢ ¢ K, X (q) =0,

Pi(q) = cq()

is defined on (—&p,e9) X M, and for |s|, [t| < €9/2, we have the semigroup property
(2.2.4).

Since the interval of existence (—&g,ep) may be chosen uniformly for all ¢, one
may iteratively extend the flow to all of R. For this purpose, we write ¢t € R as

t:mg—;—l—p with m € 2,0 < p < g9/2

and put
Pt 1= (Peg/2)™ © Pp-
(p¢)ter then is the desired 1-parameter group. O
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Corollary 2.2.2. On a compact differentiable manifold, any vector field generates a
1-parameter group of diffeomorphisms. O

The preceding is a geometric interpretation of systems of first order ODEs on
manifolds. However, also higher order systems of ODEs may be reduced to first order
systems by introducing additional independent variables. As an example, we want to
study the system for geodesics, i.e. in local coordinates

B (t) + Dl (x(t)d? (1)d"(t) =0, i=1,...,d. (2.2.5)

We want to transform this second order system into a first order system on the
cotangent bundle T*M. As usual, we locally trivialize T*M by a chart

T*My ~U x R?
with coordinates (x!,...,2% p1,...,pq).
We also put
1 .. . .
H(z,p) = 59" (@)pip; (9" (x)gju(z) = 0}). (2.2.6)

(The transformation behavior of g% and p; implies that H does not depend on the
choice of coordinates.)

Theorem 2.2.3. (2.2.5) is equivalent to the following system on T*M :

., OH i
- = 9" (x)p;
g;l[i} 1 P (2.2.7)
), = ——— = —__gik . . Jjk . ik
Di oxt 29 Ji (I)pjpk (g g _81‘i g ) .

Proof. From the first equation

it = g (x)p; + g k(x)i"p;
=g"p; +g" pitgjeit

and with the second equation then

B=-39 g™ ipepk + 97 wgjeitit,
_ 5g”gemgmn,jgnkgérfprgksxs _ glmgmn,kgngeﬂﬁkl“[
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using g% 1 = —g"™ gymn g™ (which follows from g% g;), = 6} ),

= §gwgmn,j33mxn - glmgmn,k'flf "

1

= §gij (gmn,j — Y9jn,m — g]m,n)xmffn

k

since gmn, k2°2" = %gmn’k:fskﬂb” + %gmk’ni:k:t” and after renumbering some indices,

SE N L

|

Definition 2.2.3. The flow determined by (2.2.7) is called the cogeodesic flow. The
geodesic flow on TM is obtained from the cogeodesic flow by the first equation of
(2.2.7).

Thus, the geodesic lines are the projections of the integral curves of the geodesic
flow onto M.

The reason for considering the cogeodesic instead of the geodesic flow is that
the former is a Hamiltonian flow for the Hamiltonian H from (2.2.6).

We remark that by (2.2.7), we have along the integral curves

dH

dt
Thus, the cogeodesic flow maps the set E, := {(x,p) € T*M : H(x,p) = A} onto
itself for every A > 0. If M is compact, so are all Fy. Hence, by Corollary 2.2.2, the
geodesic flow is defined on all of Ejy, for every A. Since M = Uy>oFE), Theorem 2.2.3
yields a new proof of Theorem 1.5.2. If ¢ : M — N is a diffeomorphism between
differentiable manifolds, and if X is a vector field on M, we define a vector field

= H,:d" + Hp,p; = —pid" + 2'p; = 0.

Y =v.X
on N by
Y(p) = dy(X (¥~ (p))). (2.2.8)
Then
Lemma 2.2.3. For any differentiable function f: N — R
(e X)(f) () = X (f o) (¥ (p))- (2.2.9)
Proof.

(@ X)(F)(p) = (dy o X)(f)(p)
= (df ody o X) (¥~ (p))
=X(fop)(™ ().
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If ¢ : N — P is another diffeomorphism, obviously

(P o)X = pu(hu(X)). (2.2.10)

Lemma 2.2.4. Let X be a vector field on M, b : M — N a diffeomorphism. If the
local 1-parameter group generated by X is given by @y, the local group generated by

V. X is
Ppoprop!

Proof. 1 o @, 09~ is a local 1-parameter group, and therefore, by uniqueness of
solutions of ODEs, it suffices to show the claim near ¢ = 0. Now

d
E(i/fo@tm/)_l(}?))\t od1/1< @0t (p)je 0>
(where di is evaluated at g o ¥~ *(p) = ¢ *(p))

=dypX (¥~ (p))
= . X(p).

Definition 2.2.4. For vector fields X,Y on M, the Lie bracket

(X, Y]
is defined as the vector field
aYl 0 90Xt 0 ; 0 ;0
"o or g o X=X g =Y )

We say that the vector fields X and Y commute, if
[X,Y]=0.

Lemma 2.2.5. [X,Y] is linear (over R) in X and Y. For a differentiable function
[+ M — R, wehave [X,Y]|f = X(Y(f))—Y(X(f)). Furthermore, the Jacobi identity
holds:

(X, Y], Z] +[[Y, 2], X] + [[Z,X],Y] =0

for any three vector fields X,Y, Z.

Proof. In local coordinates with X = X? 8 Y = Yl o7, we have

oy'? af OX' Of B
o ot~ Y gar g = XYV () — Y (X(f)) (2.2.11)

and this is linear in f, X, Y. This implies the first two claims. The Jacobi identity
follows by direct computation. O

X, Y])f = XIS
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Definition 2.2.5. A Lie algebra (over R) is a real vector space V equipped with a
bilinear map [,-] : V x V' — V| the Lie bracket, satisfying:

(i) [X,X]=0 forall X eV.
(i) (X, Y, Z]|+[Y,[Z, X))+ [Z,[X,Y]]=0 forall X,Y,Z V.

Corollary 2.2.3. The space of vector fields on M, equipped with the Lie bracket, is
a Lie algebra. O

Lemma 2.2.6. Let ) : M — N be a diffeomorphism, X,Y wvector fields on M. Then
[6.X,6.Y] = 0. (X, Y] (2.212)

Thus, ¥, induces a Lie algebra isomorphism.

Proof. Directly from Lemma 2.2.3. O

We now want to investigate how one might differentiate tensor fields. A function
f+ M — R, if smooth, may simply be differentiated at a point x by comparing its
values at x with those at neighboring points. For a tensor field S, this is not possible
any more, because the values of S at different points lie in different spaces, and it
is not clear how to compare elements of different fibers. For this purpose, however,
one might use a map F' of one fiber onto another one, and an element v of the first
fiber may then be compared with an element w of the second fiber by comparing
F(v) and w. One possibility to obtain such a map at least between neighboring fibers
(which is sufficient for purposes of differentiation) is to use a local 1-parameter group
(¢)ter of diffeomorphisms. If for example X = X i% is a vector field, we consider
(—¢)+ X (¥ (x)). This yields a curve X; in T, M (for ¢t € I), and such a curve may be
differentiated. In particular,
ok, o

D0t Dok (evaluated at 1 (z)). (2.2.13)
xt Ox

0
(V—t)s 55 (Whe(2)) =
(In general, one has for ¢ : M — N, w*% = %‘a’;—f%, but in case M = N and x and
©(z) are contained in the same coordinate neighborhood, of course % = %.)
If w = w;da® is a 1-form, we may simply consider

() () = i) g, (2.2.14)

which is a curve in T M.
In general for a smooth map ¢ : M — N and a 1-form w = w;dz’ on N,

. 0z
prw = wi(tp(:ﬂ))%dmk; (2.2.15)

note that ¢ need not be a diffeomorphism here.
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Analogously, for a section h = h;jdz' @ dz7, of T*N @ T*N

02" 029

(¥ )h =h
Finally, for a function f : N — R of course
O f=fop. (2.2.17)
If ¢ : M — N is a diffeomorphism, and Y is a vector field on N, we put
OY = (7)Y (2.2.18)

in order to unify our notation.
©* is then defined analogously for other contravariant tensors.
In particular, for a vector field X on M and a local group (1:)ier as above:

(V)X = (h—4) X, (2.2.19)

Definition 2.2.6. Let X be a vector field with a local 1-parameter group (¥)ier of
local diffeomorphisms, S a tensor field on M. The Lie derivative of S in the direction
X is defined as

d .
Lx S = 2 (¥iS)j=0-
Theorem 2.2.4.
(i) Let f: M — R be a (differentiable) function. Then
Lx(f) = df(X) = X ().

(i) LetY be a vector field on M. Then

LxY =[X,Y].
(iii) Let w = wjdx’ be a 1-form on M. Then for X = X* 821'
8w]' i aXZ j
Lxw= (WX + i wi) dx?.

Proof.

(i) Lx(f) = S0} flumo = S foth,_, = 5EX" = X(f) (cf. (2.2.17)).
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(i) Y =Yi2.

LxY = 1/%( O Z)lt 0

.0
B E(w‘t)*(ylﬁ)\ho by (2.2.19)

. o J
— i Yi(4y) ¢Z* 9 5.7 =0 by (22.13), Lemma 2.2.3
_awk]a . 0XT 9 . d o
= 3. X 515‘ v +Yi(— 8xi )8xj’ since 1 = id, dtqb_t“:o =-X
kaY kaX

=X Oxk 00k ) g 8333
= [X, ]

(iii)
Lxw= i(ﬁw)u:o

(wg(zm)awt dz®)i=o by (2.2.14)

a . oX7 , o d

= %X 5i:dl‘k +CUJ Wdl‘k, simce ’l,[}o = ld, a?/)t‘tzu =X
Owl . 0X?

= - X"
™ o

w,)dx
O

In this manner, also Lie derivatives of arbitrary tensor fields may be computed.
For example for h = h;;dz' @ da?

dx ® dz®

G @007+ i (2.2.20)

0X
Lxh = hij X*da' @ da? + hyj—— oo

ox* ox*

= (hj, R X" + hyj—— p + hik—— 977 —Ydx' @ da?.

Remark. For vector fields X, Y, Z and ¢ = 1)y, the local flow of X, Lemma 2.2.6 yields
by differentiation at t =0

Lx[Y,Z] = [LxY,Z] +[Y,Lx Z],
and with Theorem 2.2.4 (ii), we then obtain the Jacobi identity

(X, [Y, 2] = [[X Y], Z] + [V, [X, Z]]
—Z, X Y] = [V, [Z, X]].
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Definition 2.2.7. Let M carry a Riemannian metric
g = gijdxi ® da’.
A vector field X on M is called a Killing field or an infinitesimal isometry if
Lx(g) =0. (2.2.21)

Lemma 2.2.7. A vector field X on a Riemannian manifold M is a Killing field if
and only if the local 1-parameter group generated by X consists of local isometries.

Proof. From (2.2.21)
d *
7 (Vi 9)je=0 = 0. (2.2.22)
Since this holds for every point of M, we obtain
Yvig=g foraltel.

Therefore, the diffeomorphisms v); are isometries. Conversely, if the 1); are isometries,
(2.2.22) holds, hence also (2.2.21). |

Lemma 2.2.8. The Killing fields of a Riemannian manifold constitute a Lie algebra.

Proof. The space of all vector fields on a differentiable manifold constitute a Lie
algebra by Corollary 2.2.3. The claim then follows if we show that the space of
Killing fields is closed under the Lie bracket [.,.], i.e. that for any two Killing fields
X and Y,[X,Y] is again a Killing field. This, however, follows from the following
identity which was derived in the proof of Theorem 2.2.4 (ii):

[(X,Y]=LxY = %dd}—ty(%)u:m

where (1¢)es is the local group of isometries generated by X. Namely, for any fixed
t,
w—t ©ps O 1/%7
is the local group for diy_;Y (¢:), where (¢s)ser is the local group generated by Y.
Since 1; and p, are isometries, so are ¥_; o g 0 ;.
It follows that

o2 )
Lixy)g = @W—t%wt) Gls=t=0 = 0.

Thus, [X,Y] indeed is a Killing field. O
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2.3 Lie Groups

Definition 2.3.1. A Lie group is a group G carrying the structure of a differentiable
manifold or, more generally, of a disjoint union of finitely many differentiable
manifolds for which the following maps are differentiable:

G x G — G (multiplication)
(9:h) = g-h

and

G — G (inverse)
g9t

We say that G acts on a differentiable manifold M from the left if there is a
differentiable map

GxM—M
(9,2) = g
that respects the Lie group structure of G in the sense that

glhx) =(g-h)x forall gh € G, z € M.

An action from the right is defined analogously.

The Lie groups we shall encounter will mostly be linear algebraic groups. In
order to describe the most important ones, let V' be a vector space over R of dimension
n. We put

Gl(V) :={A:V — V linear and bijective},
the vector space isomorphisms of V.
If V is equipped with a scalar product (-,-), we put

O(V):={A e GUV) : (Av, Av) = (v,v) for all v € V'}

and

SO(V) :={A € O(V) : the matrix (Ae;, e;); j=1,...» has positive

determinant for some (and hence any) basis eq, ..., e, of V}.

,,,,,

(In the terminology of §3.3 below, one might express the last condition as: A
transforms positive bases into positive bases.) Clearly SO(V) C O(V). GI(V), SO(V)
and O(V') become Lie groups w.r.t. composition of linear maps. Since bijectivity is an
open condition, the tangent space to Gl(V'), for example at the identity linear map,
i.e. the Lie algebra of GI(V'), can be identified with

gl(V) :={X :V — V linear},
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the space of endomorphisms of V. The Lie algebra bracket is simply given by
[X,)Y]=XY -YX.

The Lie algebra of SO(V') then is obtained by differentiating the relation (Av, Aw) =
(v, w), i.e. as

so(V) :={X € gl(V) : (Xv,w) + (v, Xw) =0 for all v,w € V},

the skew symmetric endomorphisms of V. (Of course, this is also the Lie algebra of
O(V), and therefore in the sequel, we shall sometimes write o(V') in place of so(V').)

The relation between a Lie algebra and its Lie group is given by the exponential
map which in the present case is simply

1

3
3!X 4.

1
eX:Id+X+§X2+

For t € R, we have
t2
etX=Id+tX+§X2+...

As the ordinary exponential map converges, this series converges for all ¢ € R, and
e'X is continuous in t.
For s,t € R, we have

e(s+t)X _ esXetX.

In particular
eXe X =1d.

Therefore, eX is always invertible, i.e. in GI(V), with inverse given by e~X. Thus,

for each X € gl(V),

tl—>etX

yields a group homomorphism from R to GI(V).
We assume that (-,-) is nondegenerate. Every X € gl(V') then has an adjoint
X* characterized by the relation

(Xv,w) = (v, X*w) for all v,w € V.

With this notation
Xeso(V) & X =-X".

For X € s0(V), then

() =Td+ X"+ (X*)2 +...

hence eX € SO(V).
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In fact, the exponential map maps so(V') onto SO(V'). However, the exponential
map from gl(V') is not surjective; its image does not even contain all elements of
Gl (V), the subgroup of automorphisms of V with positive determinant (w.r.t. some
basis).

Typically, (V,(-,-)) will be the Euclidean space of dimension n, i.e. R" with its
standard Euclidean scalar product. For that purpose, we shall often use the notation
Gl(n,R) in place of G1(V), gl(n), O(n), SO(n), o(n), so(n) in place of gl(V'), O(V),
SO(V), o(V), so(V) etc.

Sometimes, we shall also need complex vector spaces. Let Vi be a vector space
over C of complex dimension m. We put

Gl(Ve) := {A: Vo — Vi complex linear and bijective}.
If Vi is equipped with a Hermitian product (-, -), we put
UVe)(:=UVe, () :=={A4 € GI(V¢) : (Av, Aw) = (v,w) for all v,w € V}
SU(Ve) :={A € U(V) : det A = 1}.

The associated Lie algebras are

gl(Ve) := {X : V& — V¢ complex linear}

u(Ve) == {X € gl(Vg) : (Xv,w) + (v, Xw) =0 for all v,w € V}
(the skew Hermitian endomorphisms of V¢ ), and

su(Vp) :={X eu(Vgp) : tr X =0}

(the skew Hermitian endomorphisms with vanishing trace), where the trace tr is
defined using a unitary basis e, ..., ey of V¢, i.e. (e;,e;j) = d;;.

If V is C™ with its standard Hermitian product, we write Gl(m,C), U(m),
SU(m) etc. in place of Gl(V¢), U(Vr), SU(V¢) ete.

For A, B € GI(V), we have the conjugation by A:
Int (A)B = ABA™!. (2.3.1)
For X € gl(V), then the induced action of A is given by
(AdA)X = AXA™L,
and for Y € gl(V'), we obtain the infinitesimal version
(adY)X =YX — XY =[Y, X]

as follows by writing B = e*X, A = e*Y and differentiating (2.3.1) w.r.t. ¢ and s and
s=t=0.

Thus, Ad and ad associate to each element in GI(V') resp. gl(V) a linear
endomorphism of the vector space gl(V). Thus, Ad and ad yield representations
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of the Lie group GI(V) and the Lie algebra gl(V'), resp., on the vector space gl(V).
These representations are called adjoint representations.

The unit element of a Lie group G will be denoted by e.
For g € G, we have the left translation

L,:G—G
h+— gh
and the right translation
Ry:G—G
h — hg.

Ly and Ry are diffeomorphisms of G, (Lg)™! = Ly-1.
A vector field X on G is called left invariant if for all g,h € G

Lg. X (h) = X(gh)

(see (2.2.8) for the definition of Ly, ; note that we should write (L), for Lg.),
ie.

Ly X =XoL,. (2.3.2)
Theorem 2.3.1. Let G be a Lie group. For every V € TG,
X(g) == Lg.V (2.3.3)

defines a left invariant vector field on G, and we thus obtain an isomorphism between
T.G and the space of left invariant vector fields on G.

Proof.
X(gh) = Lign)sV = Lg« LV = Lg. X (h)

which is left invariance.

Since a left invariant vector field is determined by its value at any point of G, for
example at e, we obtain an isomorphism between T,.G and the space of left invariant
vector fields. O

By Lemma 2.2.6, for g € G and vector fields X,Y
[LgsX, Ly Y] = Ly [ X, Y. (2.3.4)

Consequently, the Lie bracket of left invariant vector fields is left invariant itself, and
the space of left invariant vector fields is closed under the Lie bracket and hence forms
a Lie subalgebra of the Lie algebra of all vector fields on G (cf. Corollary 2.2.3). From
Theorem 2.3.1, we obtain
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Corollary 2.3.1. T.G carries the structure of a Lie algebra. O

Definition 2.3.2. The Lie algebra g of G is the vector space T.G equipped with the
Lie algebra structure of Corollary 2.3.1.

We may easily construct so-called left invariant Riemannian metrics on a Lie
group G by the following procedure:

We select a scalar product (-,-) on the Lie algebra T.G. For h € G,V € T},G,
there exists a unique V, € T,G with

V = Lp.Ve, (2.3.5)
since Ly, is a diffeomorphism. We then put for V,W € T,,G
(VW) = (Ve, W), (2.3.6)

This defines a Riemannian metric on G which is left invariant. In analogy to the
definition of a vector bundle (Definition 2.1.1) where the fiber is a vector space we
now define a principal bundle as one where the fiber is a Lie group.

Definition 2.3.3. Let G be a Lie group. A principal G-bundle consists of a base M,
which is a differentiable manifold, and a differentiable manifold P, the total space of
the bundle, and a differentiable projection 7w : P — M, with an action of G on P
satisfying:

(i) G acts freely on P from the right: (¢,g) € P x G is mapped to qg € P, and
q9 # q for g # e.
The G-action then defines an equivalence relationon P:p ~¢q: <= 3Jg€ G:
pP=4q9.

(ii) M is the quotient of P by this equivalence relation, and 7 : P — M maps q € P
to its equivalence class. By (i), each fiber 7=!(z) can then be identified with G.

(iii) P is locally trivial in the following sense:

For each = € M, there exist a neighborhood U of x and a diffeomorphism
p:m Y U)—-UxG

of the form ¢(p) = (w(p),v(p)) which is G-equivariant, ie. (pg) =
(m(p), ¢ (p)g) for all g € G.

As in Definition 2.1.2, a subgroup H of G is called the structure group of the
bundle P if all transition maps take their values in H. Here, the structure group
operates on G by left translations.

The notions of vector and principal bundle are closely associated with each other
as we now want to explain briefly. Given a principal G-bundle P — M and a vector
space V on which G acts from the left, we construct the associated vector bundle
FE — M with fiber V' as follows:
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We have a free action of G on P x V from the right:

PxVxG—PxV
(pv)-g=(p 9,9 'v).

If we divide out this G-action, i.e. identify (p,v) and (p,v)-g, the fibers of (PxV)/G —
P/G become vector spaces isomorphic to V, and

E:=PxgV:=(PxV))g—M

is a vector bundle with fiber G xg V := (G x V), = V and structure group G. The
transition functions for P also give transition functions for E via the left action of
G on V. Conversely, given a vector bundle ' with structure group G, we construct a
principal G-bundle as

HUa x G/ ~
with
(TasGa) ~ (3,98) 1 <= o =23 € Uy NUg and g3 = ©5a(T)ga

where {U,} is a local trivialization of E with transition functions ¢gq, as in Theorem
2.1.1.

P can be considered as the bundle of admissible bases of E. In a local
trivialization, each fiber of F is identified with R™, and each admissible basis is
represented by a matrix contained in G. The transition functions describe a base
change.

For example, if we have an SO(n) vector bundle E, i.e. a vector bundle with
structure group SO(n), then the associated principal SO(n) bundle is the bundle of
oriented orthonormal bases (frames) for the fibers of E.

Perspectives. Lie groups, while only treated relatively briefly in the present book, form a
central object of mathematical study. An introduction to their geometry and classification
may be found in [144]. As symmetry groups of physical systems, they also play an important
role in modern physics, in particular in quantum mechanics and quantum field theory.

We shall encounter Lie groups again in Chapter 6 as isometry groups of symmetric
spaces. A theorem of Myers—Steenrod says that the isometry group of a Riemannian manifold
is a Lie group. For a generic Riemannian manifold, the isometry group is discrete or
even trivial. A homogeneous space is a Riemannian manifold with a transitive group G
of isometries. It may thus be represented as G/H where H := {g € G : gzo = xo} is
the isotropy group of an arbitrarily selected x¢o € M. Homogeneous spaces form important
examples of Riemannian manifolds and include the symmetric spaces discussed in Chapter 6.
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2.4 Spin Structures

For the definition of the Dirac operator in §4.4 and its applications in Chapter 10,
we need a compact Lie group, Spin(n), which is not a subgroup of Gl(n,R), but
rather a two-fold covering of SO(n) for n > 3. The case n = 4 will be particularly
important for our applications. In order to define Spin (n), we start by introducing
Clifford algebras.

We let V' be a vector space of dimension n over R, equipped with a positive
definite inner product (-,-). We put ||v|| := (v,v)%, for every v € V. For a substantial
part of the algebraic constructions to follow, in fact a not necessarily nondegenerate
quadratic form on V' would suffice, but here we have no need to investigate the most
general possible construction. On the contrary, for our purposes it suffices to take R™
with its standard Euclidean scalar product. An orthonormal basis will be denoted by
€1,...,€En.

Definition 2.4.1. The Clifford algebra C1(V'), also denoted Cl(n), is the quotient of

the tensor algebra @ V ® ... ®@ V generated by V by the two-sided ideal generated
k>0

by all elements of the form v ® v + ||v||? for v € V.
Thus, the multiplication rule for the Clifford algebra C1(V) is

vw + wv = —2(v, w). (2.4.1)
In particular, in terms of our orthonormal basis ey, ..., e,, we have
€2 =—1 and eie; = —e;e; for i # j. (2.4.2)

From this, one easily sees that a basis of C1(V') as a real vector space is given by
eo =1, eq:=¢€q,Cqy---€a,

with a = {ay,...,ax} C {1,...,n} and a1 < ay... < ai. For such an «, we shall
put |a| := k in the sequel. Thus, as a vector space, C1(V') is isomorphic to A*(V)
(as algebras, these two spaces are of course different). In particular, the dimension
of C1(V') as a vector space is 2". Also, declaring this basis as being orthonormal, we
obtain a scalar product on Cl(V') extending the one on V.

We define the degree of eo as being |a|. The e of degree k generate the subset
CI*(V) of elements of degree k. We have

Cl’=R

' =v.
Finally, we let C1°¥(V) and C1°?4(V) be the subspaces of elements of even, resp. odd
degree. The former is a subalgebra of C1(V'), but not the latter.

Lemma 2.4.1. The center of CI(V') consists of those elements that commute with all
v e CIYV) = V. Forn even, the center is C1°(V), while for n odd, it is C1°(V) @
C1"(v).
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Proof. 1t suffices to consider basis vectors eq = €4, ... €4, as above. For j € o, we

have

k

eat = (—1)%ejeq,
and thus || has to be even for eq to commute with e;, while

lee]—1

o =\ 7 j
€ata, = (—1) €a; Cors

so that |a| needs to be odd for a commutation.
The conclusion follows easily for monomials and with a little algebra also in the
general case. O

We next observe that
CI? =: spin(V)  (or simply spin(n))
is a Lie algebra with the bracket
[a,b] = ab — ba. (2.4.3)

For that, note that [a,b] € CI*(V) if a,b € CI*(V) as an easy consequence of (2.4.2).
To verify this, let us first consider the case

a=eej, b=epe
with the indices 4, j, k, [ all different. In this case

€i€jCLE] — ELEIE€5 = €CiCLEIE; — €LEIC;€Ey

= epee;e; — epere;e; =0 by (2.4.2).

Another case is
a=ejej, b=ejep.

Then, using (2.4.2)
€i€jCj€L — €€LE€; = —E€iC — €5€;€ELE;
= —€ieg + exe;

= —2ee, € CI2(V).

From these two cases, the general pattern should be clear.
In a similar manner, the bracket defines an action 7 of C1?(V) on CI'(V) = V:

T(a)v = [a,v] := av — va. (2.4.4)

Again, by (2.4.2) [a,v] € CI}(V) if a € CI*(V), v € CIY(V).
Let us consider the two typical cases as before, first

a = €;€;, vV = ek,
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with 4, j, k all different. Then
eiejer — epeiej = ejejer — e;ejer = 0.

The second case is
a = €;€y, v =€;.
Then
1
€i€j€; — €;€,€5 = —E€i€;€j — €;€,€5 = 2€j € Cl (V)

Lemma 2.4.2. 7 defines a Lie algebra isomorphism between spin(V') and so(V).

Proof. Since, as noted, 7(a) preserves V, and since one readily checks that 7[a,b] =
[7(a),7(b)], 7 defines a Lie algebra homomorphism from spin(V) = CI*(V) to gl(V).
For a € CI*(V),

1 1
(r(a)v,w) + (v, T(a)w) = —5[[%”]7“1] - 5[7}’ [a,w]] by (24.1) (2.4.5)

as one easily checks by employing (2.4.2), after the same pattern as above.
Therefore, 7(a) € so(V) for all a € CI*(V). Tt follows from Lemma 2.4.1 that
7 is injective on C1*(V). Since C1*(V) and so both are vector spaces of dimension

@, and 7 is an injective linear map between them, 7 in fact has to be bijective. [

In the Clifford algebra Cl(V'), one can now define an exponential series as in
gl(V), and one may define the group Spin (V') as the exponential image of the Lie
algebra spin(V). Spin (V) then becomes a Lie group. This follows from general
properties of the exponential map. Here, however, we rather wish to define Spin (v)
directly, as this may be more instructive from a geometric point of view.

For that purpose, let us first introduce an anti-automorphism a — a' of CI(V),
defined on a basis vector eq, €q, - .. €4, as above by

k(k—1)
(e Cas - ..eak)t =€np - €aa, (= (1) 2 en€ay---Cay)- (2.4.6)

In particular
1, if k is even

o (2.4.7)
—1, if kis odd.

CarCay - Coy (Cay -+ Cay )l = {
Also, for all a,b € CI(V)
(ab)t = b'a’. (2.4.8)
Definition 2.4.2. Pin(V) is the group of elements of C1(V') of the form
a=aj...ar witha; € V,||a;|| =1fori=1,... k.

Spin (V) is the group Pin(V) N CI*V(V), i.e. the group of elements of Cl(v) of the
form
a=aj...ay, with a; € V,||a;||=1fori=1,...,2m (m € N).

We shall often write Pin(n), Spin (n) in place of Pin(R™), Spin (R™), resp.
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From (2.4.7), we see that Spin (V') is the group of all elements a € Pin(V') with
aa’ = 1. (2.4.9)

Theorem 2.4.1. Putting
t

pla)v := ava
defines a surjective homomorphism p : Pin(V) — O(V) with p(Spin (V)) = SO(V).

In particular, Pin(V) c CI(V) acts on V. This is the so-called vector
representation, not to be confused with the spinor representation introduced below.

Proof. We start with a € V, ||a|]| = 1. In that case, every v € V decomposes as
v =Aa+at, with (a,at) =0, A € R.

Then, since a = a’ fora € V

pla)v = a(Xa +at)a
= —\a — aaa™, since aa = aa’ = —1 by (2.4.7)
and ata + aat =0 by (2.4.2)
=-\a+at.

Consequently p(a) is the reflection across the hyperplane orthogonal to a. This is an
element of O(V). Then also for a general a = a1 ...ax € Pin(V), p(a) is a product
of reflections across hyperplanes, hence in O(V). The preceding construction also
shows that all reflections across hyperplanes are contained in the image of p(Pin(V)).
Since every element in O(V) can be represented as a product of such reflections,!
it follows that p(Pin(V)) = O(V). If now a € Spin(V), then p(a) is a product
of an even number of reflections, hence in SO(V'). Since every element SO(V) can
conversely be represented as a product of an even number of reflections, it follows
that p(Spin (V)) = SO(V).

From (2.4.8), it is clear that p(ab) = p(a)p(b), and so p defines a homomor-
phism. O

Let us now determine the kernel of
p : Spin (V) — SO(V).

If @ € ker p, then p(a)v = v for all v € V.
From the definition of p and aa® = 1 for a € Spin (V), we obtain that this is
equivalent to
av =wva for all v € V,

IEvery rotation of a plane is a product of two reflections, and the normal form of an orthogonal
matrix shows that it can be represented as a product of rotations and reflections in mutually
orthogonal planes.
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i.e. a commutes with all elements of V. Since all elements in Spin (V') are even,
Lemma 2.4.1 implies a € R. Since aa’ = 1, we conclude that

a==*1.
We next claim that Spin (V') is connected for dimg V' > 2. Let
a=aj...az, €Spin(V), with a; in the unit sphere of V. (2.4.10)

Since that sphere is connected, we may connect every a; by a path a;(t) to e;. Hence,
a can be connected to e;...e; (2m times), which is £1. Thus we need to connect 1
and —1. We use the path

~y(t) = (cos (gt) e + sin (Et) 62) (cos (gt) e; — sin (gt) 62)

2
= — cos? (zt> + sin? (zt> — 2sin (Et) cos (Et> ele
- 2 2 2 27) 1

since eje; = egeg = —1.

This path is contained in Spin (V') and satisfies v(0) = —1, y(1) = 1, and we have
shown connectedness of Spin (V') for dimg V' > 2.

(2.4.10) also easily implies that Spin (V) is compact. If we finally use the
information that m (SO(V')) = Zs for n = dimg V > 3, we obtain altogether

Theorem 2.4.2. p : Spin (V) — SO(V) is a nontrivial double covering. Spin (V') is
compact and connected, and for dimg V' > 3, it is also simply connected. Thus, for
dimg V' > 3, Spin (V) is the universal cover of SO(V'). O

Let us briefly return to the relation between spin(V) and Spin (V). If we
differentiate the relation characterizing Spin (V), i.e.

aa' =1 and ava' €V forallveV,

(differentiating means that we consider a = 1 + eb + O(e?) and take the derivative
w.r.t. € at e = 0), we obtain the infinitesimal relations

b+b=0 and bv+vbl =bv—vbforallveV,

which were the relations satisfied by elements of spin(V) = CI*(V). Since the
preceding implies that Spin (V) and spin(V) have the same dimension, namely the
one of SO(V) and so(V), i.e. ﬂnz;ll, spin(V) indeed turns out to be the Lie algebra
of the Lie group Spin (V).

Let us also discuss the induced homomorphism

dp : spin(V') — so(V),

the infinitesimal version of p. The preceding discussion implies that dp coincides with
the Lie algebra isomorphism 7 of Lemma 2.4.2. In order to obtain a more explicit
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relation, we observe that a basis for so(n), the Lie algebra of skew symmetric n x n-
matrices is given by the matrices e; Aej, 1 < i < j < n (denoting the skew symmetric
matrix that has —1 at the intersection of the i*" row and the j*" column, +1 at the
intersection of the 7 row and the i*" column, and 0 entries elsewhere).? e; Ae; is the
tangent vector at the identity of SO(n) for the one-parameter subgroup of rotations
through an angle ¥ in the e;e; plane from e; towards e;. In Spin (n), we may consider
the one-parameter subgroup

¥ = e;(— cos()e; + sin(V)e;) = cos(?) + sin(V)e;e;.
Its tangent vector at 1, i.e. at J =0, is e;e;.

Lemma 2.4.3.
dp(eie;) = 2(e; Aej).

Proof. We have seen in the proof of Theorem 2.4.1 that p(a) is the reflection across the
hyperplane perpendicular to a, for a unit vector a € R™. Thus, p(cos()) +sin(d)e;e;)
is the reflection across the hyperplane orthogonal to — cos(1)e; +sin(+)e; followed by
the one across the hyperplane orthogonal to e;. This, however, is the rotation in the
e;, e; plane through an angle of 29 from e; towards e;. O

FEzamples.

1. From its definition, the Clifford algebra CI(R) is R[z]/(2? + 1), the algebra
generated by 2 with the relation 22 = —1. In order to make contact with our
previous notation, we should write e; in place of x. Of course this algebra can
be identified with C, and we identify the basis vector e; with i. CI*¥(R) =
CI°(R) then are the reals, while CI°?(R) = CI*(R) is identified with the purely
imaginary complex numbers. Pin(R) then is the subgroup of C generated by
=+i, and Spin (R) is the group with elements +1.

2. CI(R?) is the algebra generated by z and y with the relations
=1, y*=-1, xy=—yz

Again, we write e1, es in place of x, y. This algebra can be identified with the
quaternion algebra H, by putting

i=e;, j=e3, k=celes.

Since i2 = j2 = k? = —1, ij + ji = ik + ki = jk + kj = 0 the relations (2.4.2)
are indeed satisfied.
In fact, we have a natural linear embedding

v :H — C**? (2 by 2 matrices with complex coefficients) (2.4.11)

2For the sake of the present discussion, we identify V with R™ (n = dimg V).
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by writing w € H as
w = (wp + kw) — i(wa + kws) = w — i1h

with wq, w1, ws, ws € R while we consider w and 1 as elements of C, and putting

= 7))
o= (5 a) 0= 8) = (5 %)

These matrices satisfy the same commutation relations as i, j, k, and

Then

Y(ww') = y(w)y(w'), (@)= ~y(w)*

for all w,w’ € H. Thus,  is an algebra homomorphism.

The subalgebra C1°V(R?) is generated by k, and thus it is isomorphic to C C H,
where the purely imaginary complex numbers correspond to multiples of k.
Under the embedding 1, it corresponds to the diagonal elements in C?*2, that
L(;) g) , i.e. those with ¥ = 0.

Pin(R?) is generated by the circle cos(1)i + sin(¥)j through i and j (¢ € S1).
Spin (R?) then is the group consisting of products (cos(¢; )i+sin(d1)7)(cos(d2 )i+
sin(d2)j) (91,92 € S') = —cosdicostdy — sintdysindy + (cosy sindy —
cos ¥y sin ¥y )k, i.e. the unit circle in the above subspace C C H. (So, while
Pin(V) is generated by 1,4, 4, k, Spin (V) is generated by 1,k. ¢ and j act on
R? by reflection while k& acts as a rotation.) Thus, Spin (R?) is isomorphic to
U(1) = S*. We should note, however, that it is a double cover of SO(2) as 41
both are mapped to the trivial element of SO(2).

is, the ones of the form w +—— (

3. Similarly, we identify C1(R3) with H ¢ H by putting
€y = (17 1)7 €1 = (7'7_7')7 €2 = (.]a _])7 €3 = (kv_k)

Then
€162 = (kvk)v €2€3 = (172)7 €3€1 = (.77.7)7

and CI®¥(R?) is identified with the diagonal embedding of H into H & H.
Since CI'(R?) = R? is identified with the pairs (a, —«) of purely imaginary
quaternions «, Pin(R3) is generated by such elements of length 1. Spin (R3)
then is the group of pairs (5, 3) of unit quaternions 3, as every such pair can
be obtained as a product (a1, —ay)(@2, —a3) where ay, gy are purely imaginary
unit quaternions themselves. Thus, Spin (]Rg) is isomorphic to the group Sp(1)
of unit quaternions in H. One also knows that this group is isomorphic to SU(2).
The above embedding v : H — C2*2 (2.4.11) induces an isomorphism between
Sp(1) and SU(2).
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4. CI(R?) is identified with H?*2?, the space of two by two matrices with
quaternionic coefficients, by putting

(10 (0 1 (0 i
60_017 el__loa 62_7:07
(0 (0 k
“=\; o) “=\k o)

Pin(R*) is generated by the unit sphere in CI'(R*) = R* ie. in our
identification by all linear combinations of eq, €2, e3, e4 of unit length. Spin (R*)
then is the group of products of two such elements, i.e. the group of all
elements of the form { g where o and 3 are unit quaternions. Thus, Spin (R*)
is homeomorphic to S% x $% 22 Sp(1) x Sp(1) =2 SU(2) x SU(2). From Theorem
2.4.2, we then infer that

SO(4) = Spin (4)/Z5 = (SU(2) x SU(2))/Zo.

In the sequel, we shall also need the complex Clifford algebra and the
corresponding spin group. For V' as before, we denote the complexified Clifford algebra
by

CI°(V) = CL(V) &g C.
Thus, the e, again form a basis, and the only difference is that we now admit complex
coefficients.

For the sequel, we need to choose an orientation of V', i.e. select an (orthonormal)
basis e1,...,e, of V being positive. (Any other basis of V obtained from this
particular one by an element of SO(V') then is also called positive.)

Definition 2.4.3. Let ey,...,e, be a positive orthonormal basis of V. The chirality

operator is
[ =i",... e, € CI%V)

with m = 5 for even n, m = ”TH for odd n.

It is easy to check that I' is independent of the chosen positive orthonormal
basis. To see the mechanism, let us just consider the case n = 2, and the new basis
f1 = cosvey + sindes, fo = —sinde; + cosvey. Then

fi1fo = —sind cosdereq + sindd cos Veqes + cos? dejes — sin® deqeq
=ejes by (2.4.2).

Lemma 2.4.4.

For odd n, I'v=nol, for allv e V.
For even n, T'v = —ol, forallveV.
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Proof. A simple computation based on (2.4.2). O

Thus, we may use I' to obtain a decomposition
CIc(V)*

of CI°(V) into the eigenspaces with eigenvalue +1 under multiplication by I'. This is
particularly interesting for even n, because we have

vCIS(V)E = QI°(V)F  for every v € V' \ {0}, (2.4.12)

i.e. Clifford multiplication by v interchanges these eigenspaces. This is a simple
consequence of Lemma 2.4.4, namely if e.g.

T'a=a

then
T'va = —vl'a = —va.

Definition 2.4.4. Spin® (V') is the subgroup of the multiplicative group of units of
CI°(V) = CI(V) ® C generated by Spin (V) and the unit circle in C.

Lemma 2.4.5. Spin® (V) is isomorphic to SpinV xgz, S', where the Zs action
identifies (a,z) with (—a, —z).

Proof. By Lemma 2.4.1, the unit complex scalars are in the center of ClC(V)7 and
hence commute with Spin (V). Therefore, we obtain a map

Spin (V) x S* — Spin® (V), (2.4.13)

which is surjective. The kernel of this mapping are the elements (a, z) with az = 1,
which means a = z~! € Spin (V) N S*. We have already seen in the preparations for
Theorem 2.4.2 that this latter set consists precisely of +1. O

By Lemma 2.4.5, changing (a, z) to (—a,z) amounts to the same as changing
(a,z) to (a,—z), and thus we obtain an action of Zy on Spin® (V). The quotient of
Spin® (V) by this action yields a double covering

Spin® (V) — SO(V) x S* (2.4.14)

that is nontrivial on both factors.

The maps given in (2.4.13), (2.4.14) allow to determine the fundamental group
711 (Spin® (V). Namely, a homotopically nontrivial loop 7 in S! induces a loop in
Spin® (V) that is mapped to the loop 2y in S by (2.4.14) (2y means the loop 7
traversed twice) which again is nontrivial. Thus, 71(Spin®(V)) contains 71 (S*) = Z
as a subgroup. On the other hand, if we have a loop in Spin® (V') that is mapped to a
homotopically trivial one in S* when we compose (2.4.14) with the projection on the
second factor, it is homotopic to a loop in the kernel of that composition. That kernel
can be identified with Spin (V) by (2.4.13), and since Spin (V) is simply connected
by Theorem 2.4.2 for dim V' > 3, such a loop is homotopically trivial for dim V' > 3.
Thus
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Theorem 2.4.3. For dimV > 3
m1(Spin® (V)) = Z.

|

FEzamples. The treatment here will be based on the above discussion of examples in
the real case.

1. CI°R) = CI(R) ®x C = C® C, and Spin® (R) = S sits diagonally in this space.

2. CI°(R?) = CI(R?) ®p C = H @ C. We want to identify CI®(R?) with C2*2,
the space of two by two matrices with complex coefficients. We consider the
above homomorphism of algebras H — C2*2, and extending scalars, we obtain
an isomorphism of C-algebras

HeC — C2X2.
Thus, we identify CI%(R?) with C2*2. Under this identification, Spin (R?)

corresponds to the elements

(3‘ g) with o € §* = U(1) C C.

Spin® (R?) then consists of the unitary diagonal matrices, i.e. Spin®(R2?) =
U(1) x U(1) = St x St

3. CI°(R?) = CI(R?)®C = (HHH)®C = C**2aC?*? from the preceding example.
We have identified Spin (R?) with SU(2), and so

Spin‘ (R?) = {U : 9 € R,U € SU(2)} = U(2).

4. Similarly, CI°(R*) = CI(R?) ®g C = H**? ® C = C***. We have identified
Spin (R*) with SU(2) x SU(2), and so

Spin® (R*) = Spin (R*) xz, S*
= {(U,V) € U2) x U(2) : det U = det V'}.

In order to describe the isomorphism C1°(R*) = C*** more explicitly, we recall
the homomorphism v : H — C2*? from the description of C1(R?). We define

r:H—Cc™>*

via
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‘We recall

)

-1
0

b

).

7

We identify R* with H, putting e; =1, e3 =4, e3 = j, e4 = k. Then

[(er)l(e2) =

[(en)l(es) =

[(e1)l(eq) =

[(e2)T'(e3) =

[(e3)T(ea) =

0
1

{

0

-1

o

0 —2
—i 0
0 -1
1 0
— 0
0 i

i 0
—1

0 1
-1 0
0 —2
—i 0

— I‘(eg)F(el ),

- F(€3)F(61)a

— F(€4)F(61>,

—T'(e3)I(e2),

—T'(ea)l(e2),

—T'(ea)I(e3)

(always with 0’s in the off-diagonal blocks). One also easily checks that

I'(ea)T(€a)

~1d,

for a =1,2,3,4.

Thus, I' preserves the relations in the Clifford algebra, and it is not hard to
verify that I' in fact extends to the desired isomorphism between CIC(R4) and

(C4><4

The preceding examples seem to indicate a general pattern that we now wish to
demonstrate by induction on the basis of
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Lemma 2.4.6. For any vector space V as above
CI®(V & R?) = CI%(V) @c CI°(R?).
Proof. We choose orthonormal bases v1,...,v, of V and ej,e; of R2. In order to
define a map that is linear over R,
1:VaR? - CI%V) @c CI°(R?)
we put

l(vj) =1iv; ®ejeq, forj=1,...,n,
l(ea) =1® eaq, for o =1,2.

Since for example

l(vjor + vpvj) = (—vjoK — VRY;) ® erezerer = VUL + VpV; @ 1
l(vjeq +€eqv;) = 1v; & (er1e2eq + eqerez) =0 fora=1,2

we have an extension of [ as an algebra homomorphism
1: CI(V & R?) — CI%(V) @¢ CI°(R?).
Extending scalars from R to C, we obtain an algebra homomorphism
1: CI%V @ R?) — CI°(V) @c CIS(R?).
Now [ has become a homomorphism between two algebras of the same dimension,
and it is injective (and surjective) on the generators, hence an isomorphism. O
Corollary 2.4.1.
(i) If dimg V = 2n, CIS(V) = C2"x2",
(ii) If dimpV =2n+1, CI5(V)x=C?"*2" ¢ 2" *2",
Proof. By Example 2, CIC(RQ) =~ C2%2, and the proof follows from Lemma 2.4.6 by
induction, starting with Example 2 in the even and Example 1 in the odd dimensional

case, and using
cmxm Q¢ (C2><2 ~ (CQmXZm.

|

We now wish to identify CIC(V) for even dimensional V' as the algebra of
endomorphisms of some other vector space in a more explicit manner than in Corollary
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2.4.1. We thus assume that n = dimgV is even, n = 2m. We also choose an
orientation of V, i.e. select a positive orthonormal basis eq, ..., e,.
In V ® C, we consider the subspace W spanned by the basis vectors
1 . .
n; = E(egj_l — ’Legj), ] = 1, s, M. (2415)

If we extend the scalar product (-,-) to V & C by complex linearity, we have
(mi,mj)e =0 for all 4, (2.4.16)

hence
(w,wyc =0 for allw e W. (2.4.17)

(One expresses this by saying that W is isotropic w.r.t. (-, -)c.)
We have o
VeC=WaoWw,

with W spanned by the vectors 7j; = %(62]'_1 +ieg;), j = 1,...,m. Because of

(2.4.17), W is the dual space W* of W w.r.t. (-,-)c, i.e. for every w € W\ {0}, there
exists a unique w’ € W with ||w’|| = 1 and

(w,w')c = [Jwl.

Definition 2.4.5. The spinor space S is defined as the exterior algebra AW of W.
If we want to emphasize the dimension n of V| we write .S,, in place of S.

We may then identify CI°(V) as End ¢(S) as follows: We write v € V @ C as
v=w+w withweW, v eW,
and for s € S = AW, we put

plw)s = 2e(w)s (= V2w A s, as € denotes the exterior product)

pw')s == —/2u(w')s  (where t(w") denotes the interior product; note that
we identify W with the dual space W* of W, c.f.
§2.1).

p obviously extends to all of CIC(V) by the rule p(vw) = p(v)p(w).
We have the following explicit rules for e(w) and v(w’): If s = n;, A ... Anj,,
with 1 < j; < ... < jir <m, then

E(T]j)SI’f)j /\7]j1 A...A’f)jk (:Olf] € {j17~-~ajk})» (2418)

and

(—1)H*1nj1/\.../\@A...Anjk if j = ju.

U(7;)s = {0 58 - deh (2.4.19)
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In particular

e(ny)in(7)s = {2 E i gi - ﬁ (2.4.20)
()eny)s = {g E ’ gi - ﬁ (2.4.21)
Thus, we have for all s and all j
(elmy) () + (7 )elmy)s = s. (2.4.29)
For subsequent use in §6.2, we also record that in the same manner, one sees that
(e(n;)e(Te) + o(e)e(n;))s = 0 for j # . (2.4.23)

In order to verify that the claimed identification is possible, we need to check
first that p preserves the relations in the Clifford algebra. The following examples
will bring out the general pattern:

3 = L6 - LL i ie — LL mn
mq>—2(¢§wn v5<m)(¢§mu vgmn)
— (el )ely) + o(T)e(m)) since e(m)? = 0 = ()’
= —1 by (2.4.22),

and

plerez) + plezer) = (e(m) — ¢(7y))i(e(m) + ¢(71))
+ i(e(m) + ¢(71)) (e(m) — ¢(71))
= O7
pleres) + pleser) = (e(n1) — (7)) (e(n2) — ¢(72))
+ (e(n2) — (72))(e(m) — (7))
= (e(m)e(n2) + e(n2)e(m))
+ (¢(71)e(M2) + ¢(02)e (7))
— (e(m)e(@z) + t(M2)e(m))
— (e(m2)e(71) + ¢(M1)e(n2))
=0,

since the €(n1),...,¢(7) all anticommute, e.g.

€(m)e(Ma)n2 A3 = e(m)nz = m Ans,
L(Ma)e(m)nz Az =t(Ma)n1 Ama Amz =—m1 Ans.

Now dim¢ C1%(V) = 2" = (dime¢ (AW))? = dime (End ¢(S)), and since p has
nontrivial kernel, we conclude
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Theorem 2.4.4. If n = dimg V is even, CI(V) is isomorphic to the algebra of
complez linear endomorphisms of the spinor space S. O

(Later on, we shall omit the symbol p and simply say that CIC(V) operates on the
spinor space S via Clifford multiplication, denoted by “”.) Now since

n;M; — 1N = 2iez5-1€25,

we have
r=2=m (771% - 7_71771) s (nmﬁm - ﬁmnm)

and so I' acts on the spinor space S = AW via

p(l) = (=1)"(e(n)e(m) = e(m)e(m)) - - (€ )e(Tn) = 1(7,)€(m));

and for the same reasons as in the computation of p(e;?), we see that p(T") equals
(—1)* on A*W. As above, any representation of CIC(V), in particular p, decomposes
into the eigenspaces of I' for the eigenvalues £+1, and so in the present case we have
the decomposition
5% = AFW

where the + (—) sign on the right-hand side denotes elements of even (odd) degree.

Since Spin (V) sits in Cl(V), hence in CIS(V), any representation of the
Clifford algebra C1%(V) restricts to a representation of Spin (V), and we thus have a
representation

p: Spin (V) — End¢(S5).

Since Spin (V) € CI7(V), Spin (V) leaves the spaces ST and S~ invariant, and thus
the representation is not irreducible, but decomposes into the ones on St and S—.
(The latter are in fact irreducible.) As in (2.4.12), multiplication by an element of
C17(V), in particular by a vector v € V, exchanges St and S~.

Definition 2.4.6. The above representation p of Spin (V') on the spinor space S is
called the spinor representation, and the representations on ST and S~ are called half
spinor representations.

Note that the spinor space S = AW is different from the Clifford space CI(V)
(= A*(V) as a vector space). CI(V'), and therefore also V', acts on both of them by
Clifford multiplication.

We now want to extend the representation of Spin (V') to Spin® (V).

Lemma 2.4.7. Let o : Spin (V) — End ¢(T) be a complex representation of Spin (V')
on some vector space T, satisfying

o(—-1)=—-1.
Then o extends in a unique manner to a representation

o : Spin® (V) — End ¢(T).
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Proof. Since o is complex linear, it commutes with multiplication by complex scalars,
in particular with those of unit length. Thus, o extends to ¢’ : Spin (V) x S —
End¢(T). Since o(—1) = —1, it descends to Spin® (V). |

Corollary 2.4.2. The spinor and half spinor representations of Spin (V') possess
unique extensions to Spin® (V). |

Of course, this is also clear from the fact that these representations of Spin (V')
come from CI(V).

For C1¢(IR?), the spinor space is isomorphic to C? and generated by v; := 1 and
vy =M = \%(el iey), see (2.4.15). Since e; = f(m +71) and ey = Lf(n — ),
we have

€1V1 = V2, €1V = —Vq, €2VU1 = Z"Ug, €Uy — i’l]l,

that is, the action of C1°(R?) on its spinor space is given by the above representation
(2.4.11) of H as C?*2 acting on C2.
Let us also discuss the example of C1°(R*) once more. We recall the isomorphism

I: CI°(R*) — C**4.

I' in fact is the representation described in Theorem 2.4.4, and C* is isomorphic
to S4. The formulas given above for the products I'(e,)I'(eg) also show that the
representation admits a decomposition into two copies of C? that is preserved by the
elements of even order of C1°(R%). In fact, these yield the half spinor representations
Sff in dimension 4. In the above formulas, the upper left block corresponds to ST,
the lower right one to S™.

In dimension 4, we also have a decomposition

A2 = A2+ @ A2 (A2 = A2V*, dimV = 4)

of exterior two forms. Namely, we have the Hodge * operator (to be discussed in §3.3
for arbitrary dimensions) determined by

x(e' Ne?) = €3 Net,
x(et Ned) = —e? Aet,
x(e! Aet) = e Aéd,
3 1, 4
x(e2ned)= el Aet,
x(e2 Net) = —e' Neéd,
x(e3Net)= el ne?
and linear extensions, where e, ..., e? is an orthonormal frame in V*.
We have
*k = 1

b

and * thus has eigenvalues +1, and A>¥* then are defined as the corresponding
eigenspaces. Both these spaces are three dimensional. A% is spanned by e! A €2 +
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eSnet el Aed—e? net, el Aet 4 e? Ae?, while A2 is spanned by e! Ae? — €3 A e?,
e Ned+e2net, el et —e? Aed. Elements of A>T are called selfdual, those of A%~
antiselfdual.

We have a bijective linear map AV* — C1%(V), given by e’ Ael — ¢; - e; (where
€' is the orthonormal frame in V* dual to the frame e; in V).

Therefore, I' induces a map I'' : A2V* — End (C*). In the above decomposition
of the representation of C1°°”(R*), the selfdual forms then act only on C?& {0}, while
the antiselfdual ones act only on {0} @ C2, as one directly sees from the formulas for
I'(ea)T(ep) and the description of the bases of A%*.

Finally, let us briefly summarize the situation in the odd dimensional case. Here,
according to Corollary 2.4.1, CIC(V) is a sum of two endomorphism algebras, and
we therefore obtain two representations of C1°(V). When restricted to Spin (V),
these representations become isomorphic and irreducible. This yields the spinor
representation in the odd dimensional case. We omit the details.

We also observe that the spinor representation is a unitary representation in a
natural manner. For that purpose, we now extend the scalar product (-, -) from V to
V @ C as a Hermitian product, i.e.

n n n
<Zaiei,25jej> = Zazﬂ, for Apyenny Op, ﬂl,..., Bn e C.
i=1 j=1 i=1

Note that this is different from the above complex linear extensions (-,-)c. This
product extends to AV by letting the monomials e;; A... Ae;, 1 < i3 <...ip <n,
constitute an orthonormal basis. From the above computations for the p(e;), one
checks that each p(e;) preserves (-, ), i.e.

(p(ej)s, ple;)s’)y = (s,s') forall s, s € AW.

Of course, this then holds more generally for every v € V with ||v| = 1, and then also
for products vy ... v with |lvj]| =1 for j = 1,..., k. This implies

Corollary 2.4.3. The induced representation of Pin(V) and Spin (V) on End¢(S)
preserves the Hermitian product (-,-). |

Corollary 2.4.4.

(p(v)s,s") = —(s,p(v)s’) foralls,s" € AW, veV.

Proof. We may assume |[v|| = 1. Then p(v)? = —1, hence
(0(0)5,5) = —{p(0)s, p(0)p(v)s') = —(5,p(0)s') by Corollary 243,
O

After these algebraic preparations, we may now define spin structures on an
oriented Riemannian manifold M. At each point x € M, we may take the tangent
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space T M as the vector space V for the definition of the Clifford algebra C1(V'), and
we want to to construct vector bundles with fibers carrying the above constructions
of spin groups and spinors.

We let TM be the tangent bundle of M. The Riemannian metric allows to
reduce the structure group of TM to SO(n) (n = dim M), and we obtain an associated
principal bundle P over M with fiber SO(n), the so-called frame bundle of M.

Definition 2.4.7. A spin structure on M is a principal bundle P over M with fiber
Spin (n) for which the quotient of each fiber by the center +1 is isomorphic to the
above frame bundle of M. A Riemannian manifold with a fixed spin structure is
called a spin manifold.

In other words, we require that the following diagram commutes,

where m denotes the projection onto the base point, and p is the nontrivial double
covering p : Spin (n) — SO(n) on each fiber as described in Theorem 2.4.2. This is
also expressed by saying that the frame bundle is lifted to a Spin(n) bundle. It is
important to note that such a lift need not always be possible. One way to realize
this is by considering the corresponding transition functions. We recall from §2.1 that
the frame bundle P for each trivializing covering (Uy)aca of M induces transition
functions
¥ga : UaNUz — SO(n)

satisfying
Yaa(r) =1d  for x € U,
Yap(®)psa =id  for x € U, NUg
Var (@) pyp(x)ppa(r) =1id  for z € U, NUg NU,.

Lifting the frame bundle to a Spin (n) bundle then requires finding transition functions
©8a : Uo NUg — Spin (n)

with
p(Ppa) = ppa forall B, a (2.4.24)

and satisfying the same relations as the ¢g,. By making the U, sufficiently small, in
particular simply connected, lifting the ¢, to @go satisfying (2.4.24), is no problem,
but the problem arises with the third relation, i.e.

Pap() Py () Pya(r) =id  for x € Uo NUNT,. (2.4.25)

Namely, it may happen that @ag(2)@g~(2) and @y (x) differ by the nontrivial deck
transformation of the covering p : Spin (n) — SO(n).
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In fact, the existence of a spin structure, i.e. the possibility of such a lift,
depends on a topological condition, the vanishing of the so-called Stiefel-Whitney
class wo(M) € H?*(M,Zs). Here, however, we cannot define these topological
concepts. Furthermore, if a spin structure exists, it need not to be unique. For
example, a compact oriented two-dimensional Riemannian manifold of genus® g carries
229 different spin structures. In particular, the two-dimensional sphere S? has genus
0 and hence carries a unique spin structure.

Let us_assume that M possesses a spin structure P — M. Since the fiber
Spin (n) of P operates on the spinor space S,, and for even n also on the half spinor
spaces S via the (half) spinor representations, we obtain associated vector bundles
8y, 8 over M with structure group Spin (n),

8 =P X Spin (n) Sn, 8§ =P X Spin (n) S,,:i:,

n

with
8, =8r @8, for even n.

Definition 2.4.8. §,, is called the spinor bundle, 8 the half spinor bundles associated
with the spin structure P. Sections are called (half) spinor fields.

From Corollary 2.4.3, we infer that these bundles carry Hermitian products
that are invariant under the action of Spin (n), and even of Pin(n), on each fiber. In
particular, Clifford multiplication by a unit vector in R™ C CI(R™) is an isometry on
each fiber.

We may also consider Spin© (n) in place of of Spin (n) and ask for a lift of the
frame bundle P over M to a principal Spin© (n) bundle Pe. Of course, the requirement
here is that the map from a fiber of P¢ to the corresponding one of P is given by the
homomorphism

Spin© (n) — SO(n)
obtained from (2.4.14) by projecting onto the first factor.

Definition 2.4.9. Such a principal Spin® (n) bundle P¢ (if it exists) is called a spin®
structure on M. An oriented Riemannian manifold M equipped with a fixed spin®
structure is called a spin® manifold.

Again, the existence of a spin® structure depends on a topological condition,
namely that wo (M) lifts to an integral class in H?(M,Zs). Again, however, we cannot
explain this here any further. We point out, however, that the required condition is
satisfied for all oriented Riemannian manifolds of dimension 4. Thus, each oriented
four-manifold possesses a spin® structure.

Given a spin® structure, we may also consider the homomorphism

Spin® (n) — S*

3The genus is a basic topological invariant of a compact surface. There are several different
ways of defining or characterizing it, see [168]. For instance, it equals the first Betti number by, the
dimension of the first cohomology, that will be defined in the next chapter.
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obtained from (2.4.14) by projecting on the second factor. Identifying S* with U(1),
we see that a spin® structure induces a set of transition functions for a vector bundle
L with fiber C, a so-called (complex) line bundle.

Definition 2.4.10. The line bundle L is called the determinant line bundle of the
spin® structure.

As in the case of a spin structure, a spin© structure induces (half) spinor bundles
8E, cf. Corollary 2.4.2.

We return to the frame bundle P over M with fiber SO(n). SO(n) acts on
CI(R™) and C1°(R™) simply by extending the action of SO(n) on R™. Thus, P induces
bundles

CI(P) = P xgo(n) CI(R")
CI°(P) = P xg0(n) CI°(R™)

of Clifford algebras.
Definition 2.4.11. The bundles CI(P) and CI°(P) are called the Clifford bundles.

Again, these Clifford bundles can be decomposed into bundles of elements of
even and of odd degree. The chirality operator I' (cf. Definition 2.4.3) is invariant
under the action of SO(n), and it therefore defines a section of C1°(P) of norm 1.

The definition of the Clifford bundles did not need a spin or spin® structure on
M. But suppose now that we do have such a structure, a spin structure, say. Spin (n)
acts on CIC(R") by conjugation:

p(a)v = ava™" for a € Spin (n),v € CIS(R™) (2.4.26)

(cf. Theorem 2.4.1 (note that a® = a™! for a € Spin(n) by (2.4.9)) for the action
of Spin (n) on R™, and extend this action to CI°(R™); this is of course induced by
the above action of SO(n) on CI®(R™)). This action commutes with the action of
Spin (n) on CI®(R™) given by (2.4.26) and the action of Spin (n) on S,; namely for
a € Spin (n), v € CIS(R"), s € S,

(ava™t)(as) = a(vs). (2.4.27)
This compatibility with the Spin (n) actions ensures that we get a global action
CIS(R™) x 8,, — Sy, (2.4.28)

which is the above action by Clifford multiplication on each fiber. Recalling that the
space R™ here is a tangent space T, M, we thus can Clifford multiply a tangent vector
v € T, M at x with a spinor s € §,,, at x. In fact, since a vector is an odd element
in the Clifford algebra, we have the action

T,M x 8+

n,xr

— 87, (2.4.29)
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According to Corollary 2.4.4, this Clifford multiplication is skew-symmetric w.r.t. the
Hermitian product on &, ,, that is,

(vs,s') = —(s,vs’) forall s, s € 8,4, veET,M. (2.4.30)

Perspectives. References for this section are [8], [198], [305], [22], [251], [223].

Exercises for Chapter 2

1. What is the transformation behavior of the Christoffel symbols under coordinate
changes? Do they define a tensor?

2. Show that the structure group of the tangent bundle of an oriented d-
dimensional Riemannian manifold can be reduced to SO(d).

3. Can one define the normal bundle of a differentiable submanifold of a differ-
entiable manifold in a meaningful manner without introducing a Riemannian
metric?

4. We consider the constant vector field X (z) = a for all z € R"1. We obtain a
vector field X (z) on S™ by projecting X (x) onto T,.S™ for € S™. Determine
the corresponding flow on S™.

5. Let T be the flat torus generated by (1,0) and (0,1) € R?, with projection
7 : R? — T. For which vector fields X on R? can one define a vector field 7, X
on T in a meaningful way? Determine the flow of 7, X on T for a constant
vector field X.

6. Compute a formula for the Lie derivative (in the direction of a vector field) for
a p-times contravariant and ¢-times covariant tensor.

7. Show that for arbitrary vector fields X, Y, the Lie derivative satisfies

LX OLY 7Ly OLX = L[X,y].






Chapter 3

The Laplace Operator and
Harmonic Differential Forms

3.1 The Laplace Operator on Functions

A fundamental topic in geometric analysis and an important tool for studying
Riemannian manifolds is given by harmonic objects. Such objects are defined as the
minimizers, or more generally, the critical points of some action or energy functional.
We have already seen one instance, the energy functional for curves in a Riemannian
manifold, see (1.4.7), (1.4.9), whose critical points were the geodesics, see (1.4.14).
In this chapter, however, we shall not look at maps into a Riemannian manifold, but
at functions and differential forms defined on such a manifold. (These two themes,
maps into a manifold and functions on a manifold, will be unified in Chapter 8 below.)
In this section, which is of an introductory nature, we consider harmonic functions on
Riemannian manifolds. More generally, we discuss the energy functional, the Dirichlet
integral, and the operator, the Laplace—Beltrami operator, in terms of which harmonic
functions are defined. This functional and operator will play an important role at
many places in this book. Since the emphasis in this section will be on introducing
concepts, we shall not go into the analytical details. Those will be presented in
Appendices A.1 and A.2.

We begin with the situation in Euclidean space, that is, on R? equipped with its
Euclidean metric (.,.). Let f:R?Y — R be a differentiable function. The gradient of
f is defined as the vector field

d
o o aof o
Vf:=grad f := 2 Bt B

?

(3.1.1)

J. Jost, Riemannian Geometry and Geometric Analysis, Universitext,
DOI 10.1007/978-3-642-21298-7_3, (© Springer-Verlag Berlin Heidelberg 2011
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We also have the 1-form

(3.1.2)

These two objects are dual to each other in the sense that

df (X) = (grad f, X) (3.1.3)

for every (smooth) vector field X.

Finally, for a (smooth) vector field Z = Z?Zl Zi% on R?, we define its divergence
as

4 oz
— Ox'

divZ := (3.1.4)

Also, for a 1-form ¢ = Z?zl p;dz’, we define

ax‘ = —dive. (3.1.5)

In fact, this is only a preliminary definition. In Section 3.3, we shall define the
operator d* on forms of any degree, in such a manner that for the special case of
1-forms in Euclidean space, (3.1.5) comes out. The idea is that d* is an L?-adjoint of
the exterior derivative d. This is justified by integration by parts, where we need to
assume that ¢ has compact support in R¢,

(df 90)=/ S paatn nda
’ R4 ST Ozt

d .
a (2

= —/ E f(;pi dz' A ... Adz?, since ¢ is compactly supported.
Rd < X

It remains to clarify the duality between vector fields and 1-forms that allows us
to define the divergence for either type of object. This again will emerge when we
consider a general Riemannian metric in place of the Euclidean one.
The operator A that operates on (smooth) functions f via

d o2 f
(0x?)?

= —div (grad f) (3.1.6)

then is called the Laplace operator. This Laplace operator differs from the usual
one on R% as defined in calculus, by a minus sign. The reason is that, with our
conventions, A is a positive operator (for instance in the sense of having positive
eigenvalues), and a special case of the Hodge-de Rham Laplacian defined below in
Section 3.3.

For two smooth functions f, g, we then have

(Af,9) = (df . dg) = (f,Ag)- (3.1.7)
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Finally, for a function f : R? — R, we consider the Dirichlet integral (whose
subsequent generalizations will be called “energy”, hence the symbol F)

E(f):= / (grad f,grad f)dz* A ... A dx? (3.1.8)

_1 /(df,df)dxl Ao Adx?

/Z —=)2dat AL A dat

where in the first integral, (.,.) is the Euclidean product on vector fields, and in the
second integral, the one on 1-forms. In the Euclidean case, we do not really see the
difference between the two, but this will be different in the Riemannian case.

More generally, for an open Q C R¢, we consider

E(f,Q) := %/Q(grad fograd fdzt A ... A dz?, (3.1.9)

Of course, the Dirichlet integral of f need not be finite, but for a smooth f with
compact support, E(f) < oco. Similarly, E(f, Q) is finite under appropriate conditions.
The question about the appropriate space of functions on which the Dirichlet integral
is well defined will be answered in Appendix A.1. We now assume that f is a minimum

of E(f,Q) in the sense that

E(f,Q) < E(g,9) (3.1.10)
for all g : Q — R with the same boundary conditions, that is,
9(y) = f(y) for all y € 69 (3.1.11)
This implies that
E(f.Q) < E(f +tn,9Q) (3.1.12)

for all n : @ — R with n(y) = 0 for all y € 9Q and all ¢ € R. Therefore, when that
derivative exists (see Appendix A.1 for the relevant technical conditions), we have

d
B+ 10, Q)= =0 (3.1.13)

for all such n. Computing formally, we have

d
EE(f +11,Q) =0 = / (grad f,grad n)da' A ... dzoA
of on . d
/ E axzaxz A.oodz®A

/(

z/Afndacl/\.../\dyc”l7 (3.1.14)
Q

. since n = 0 on 9N A dz?
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the important step being the integration by parts. Therefore, according to Theorem
A.1.5, a necessary condition for (3.1.13) is that

Af =0in Q. (3.1.15)

An f:Q — R satisfying (3.1.15) is called a harmonic function. We summarize these
heuristic considerations by stating that a minimizer of the Dirichlet integral with fixed
boundary conditions on an open set € has to be a harmonic function.

We now extend these considerations to the Riemannian case. Let M be a
Riemannian manifold of dimension d, with metric tensor g;; in some local coordinates
x',...,z% According to the Einstein summation convention introduced in Section
1.2, we shall leave out the summation signs from now on.

Let f : M — R be a function on M, and X a vector field. We want to define the

gradient of f so that (3.1.3) continues to hold, that is,
(grad f, X) = X(f) = df (X). (3.1.16)

Since o
(grad f, X) = gi;(grad )" X7,
this leads to

;0f 0
= grad f:= 1.1
Vfi=grad f:= g¥ 9 Bd (3.1.17)
As a consistency check, we have
0 ;0F of
1912 = gyeg L gre 0L _ i3 O O _ g2 (3.118)

= 9519’ axlg ozt Oz ai
that is, when taking norms, we can switch readily between V f and df.
Also, the appropriate extension of (3.1.4) for the divergence of a vector field Z = Z* 821
is
0

div Z = \}_aﬂ (g2%) = \/_88] (\/Egij<Z, aii»' (3.1.19)

‘We then have the Laplace-Beltrami operator

Af := —divgrad f = _T%(\/_g”

As in (3.1.7), it satisfies, for smooth functions f, g,

(Af,g) = (df,dg) = (f,Ag). (3.1.21)

Note how the volume factor /g comes out correctly in the verification of this formula.

axz) (3.1.20)
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Finally, we define the energy of a differentiable function f : M — R as (using
the abbreviation /g := \/det(g;;) for the volume factor (as in (1.4.6)), a quantity to
be explained in Section 3.3)

E(f)::/ (df,df)\/gdz" ... dz? (3.1.22)

_ ; O0F of
_/M ox' Oz J\/_d "

In this formula, (.,.) denotes the induced Riemannian metric on 1-forms. When we
consider the vector field grad f in place of the 1-form and use the Riemannian metric
on tangent vectors, we can also write

E(f) :/ (grad f, grad f),/gdz" ... dz? (3.1.23)
M
; 0F Of 1 d
/Mg D Dl gdx” ...dx"°,

using of course (3.1.17).
In this way, everything fits together as in the Euclidean case. We assume that f is a
critical point of E(f) in the sense that

d

for all n : M — R. In order to avoid boundary terms when integrating by parts, we
might simply assume that M is a compact Riemannian manifold so that there is no
boundary to worry about. This, however, would lead to a somewhat trivial situation
below (a solution f would have to be constant then), and so we may prefer to assume
instead that (3.1.24) holds for all  with compact support.

We may then compute

;t;/ g (x )(8531 6951)(88:53 &cﬂ)\/_dx .zl

of o g g
:/ 8f 0 77] Vgdz' . .. dz? using the symmetry ¢ = ¢/°
M rt Ox

- [, o (Va5
:/ Afn\/ﬁdxl...dx
M

When this holds for all , Theorem A.1.5 then implies

) ndat ... dz?

Af =0. (3.1.25)

In the terminology of the calculus of variations, (3.1.25) then is the Euler-Lagrange
equation for the Dirichlet integral F.
A function satisfying Af = 0 is called harmonic. We formulate this result as
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Lemma 3.1.1. A smooth critical point f of the energy integral E in the sense that

%E( F 4+ o = 0 (3.1.26)

for alln: M — R with compact support in M is harmonic, i.e., Af = 0. O

When we formally perform the preceding computation with differential forms,
we get

|

0=

QU

1 L
i2 / g7 (2){df + tdn,df + tdn)/gda" .. da’] i
M

g (df, dn)\/gdz" ... dz?

:/ (d*df,n)\/gdx" ... dz",
M

o

where we have introduced the formal adjoint d* of the exterior derivative d. From
this, we see that, as in the Euclidean case (cf. (3.1.4), (3.1.5)), this adjoint d* as
operating on 1-forms is dual to the divergence operating on vector fields (3.1.19), and
that we can write the Laplace-Beltrami operator A as

A = d*d. (3.1.27)

This aspect will be clarified in Section 3.3.
3.2 The Spectrum of the Laplace Operator

In this section, we wish to show that every L? function on a compact Riemannian
manifold M can be expanded in terms of eigenfunctions of the Laplace-Beltrami
operator A on M. The essential tool will be Rellich’s embedding theorem (Theorem
A.1.4). Thus, the function space that is appropriate for our purposes is the Sobolev
space H := H%2(M), see Appendix A.1.

An eigenfunction of A is a function f € HV2(M), f %0, that satisfies
Af(z) =Af(z) forall z e

for some real A. A X for which such an f exists is called an eigenvalue of A. The set
of all eigenvalues is called the spectrum of A.
From (3.1.21), we obtain

ASf) = (A, f) = (df,df) =20,

so that all eigenvalues A are nonnegative. In fact, for every constant function ¢, we
have
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so that Ay := 0 is always an eigenvalue. We shall easily see in a moment that the
constant functions are the only ones satisfying Af = 0 so that the eigenvalue 0 has
the multiplicity 1. All other eigenvalues will be positive.

We shall use the L2-product

(f,9) 1:/ f(x)g(z)/gdx' ... dz?
M
for f,g € L*(M), and further

£ = 1 fllz2any = (F )2

A is symmetric in the sense that, for instance for smooth functions ¢, ¥, we recall
(3.1.21),
(Ap, ) = —(dp, d) = (p, Ap).

‘We now define

A= in (df, df) (3.2.1)
et fy =0 (f,f)
From the Poincaré inequality (Corollary A.1.2) it follows that
AL > 0. (3.2.2)
Now let (fn)nen in the space Hy := {f € H : [,, f = 0} be a minimizing sequence,
so that U d
Here, we may assume that
|full=1 foralln (3.2.3)

and, since we have a minimizing sequence for the quotient in (3.2.1), also
ldfn|l < K for all n. (3.2.4)

By Theorem A.1.3, after a choice of a subsequence, the sequence (fy,)nen converges
weakly in the Hilbert space H to some v; € H, and by the Rellich compactness
theorem (Theorem A.1.4) (f,)nen then also converges strongly in L2(M) to vy; by
(3.2.3) it follows that

[oa]| = 1.

Furthermore, it follows, because of lower semicontinuity of ||df||z2 for weak conver-
gence in H (Theorem A.1.9; notice that by the Poincaré inequality ||df| > defines a
norm in Hy), and the definition of A; that

A1 < (dvy,dvy) < lim (dfy,, dfn) = A1,

SO
(dvl, d’l)l)

=\
(v1,01) !
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Now assume that (A1,v1),. .., (Am—1,Vm—1) have already been determined iteratively,
with Ay <X <00 < Ay,
Av; = Ay,
and
(vi,vj) =035 fori,j=1,...,m—1 (3.2.5)
We set
H,={feH:(fiv;)=0fori=1,...,m—1}
and g d
Am = inf (df, f)
retn\{o} (f, f)
Remarks.
1.

A, > )\mfl, as H,, C H,,_1. (326)

2. H,,, being the orthogonal complement of a finite dimensional subspace, is closed
(if (fn)nen C Hp, converges to f then, as (fn,v;) =0for alln € N, (f,v;) =0

fori=1,...,m, so f € Hy,) and therefore it is also a Hilbert space.
With the same argument as before we now find a v, € H,, with ||v,,|| = 1 and
mo d m
Aon = (dvgn, dvyy) = (Lo dVm). (3.2.7)
(Umv Um)
Now we claim that
AUy, = AU (3.2.8)

For a proof we observe that for all p € H,,,, t € R,

(d(vm + tSO)a d(vm + t@))
(Vm + t@, vm + tp)

= Am

and this expression is differentiable in ¢ (this is seen as in the derivation of the Euler—
Lagrange equations for the Dirichlet integral E) and has a minimum at ¢ = 0; so

_d (d(vm + tp), d(vm + tp))

dt (v + to, vm + tp) =0
—9 ( (dvy,, dp) (dvp, dv) (Vm; @) >

(Vrm, Um,) (Vm, Vm)  (Vm, Um)
=2 ((dvm, dp) — A (Vim, )

for all ¢ € Hy,.
However, fori=1,...,m —1

(Um,v;) =0
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and
(dvm, dv;) = (dvi, dvy) = i (vi, vm) = 0.

It follows that
(dvm7 d@) - )\m(Umv 90) =0 (329)

even for all p € H.
This means that v,, is a solution of

/ dvm (z)dp(z)/gda’ ... dzt = )\m/ O (@) p(z)/gdat . .. dx?,
M M

for all p € H2,
By Corollary A.2.2, v, € C*°(M) and

Avyy = AU . (3.2.10)

Lemma 3.2.1. lim,,_.oc A\, = 0.

Proof. Otherwise, by (3.2.7), we would have
||dvm|| < K for all m € N.

By the Rellich compactness theorem (Theorem A.1.4), the sequence (vp,)men, after
choosing a subsequence, would converge in L?, say to the limit v.
Thus

lim ||vm, — o] =0.
m—0o0
However, this is not compatible with the fact that, using (3.2.5), i.e. (v¢,Vm) = dme,
|ve — va2 = (vg,v7) — 2(Ve,Vm) + (U, Um) =2 for £ # m,

which violates the Cauchy property. This contradiction proves the lemma. O

Theorem 3.2.1. Let M be a compact Riemannian manifold. Then the eigenvalue
problem
Af=X\f, feH"?

has countably many eigenvalues with pairwise orthonormal vectors v,,, also

(Vm, Ve) = O (3.2.11)
AU’m = )\mv'rru
(d’l)m7 d’l)g) = )\m(;mg. (3.2.12)

Ezxcept for the eigenvalue g = 0 realized for a constant as its eigenfunction, all
etgenvalues are positive and

lim A, = .
m— 00
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For f € L?*(M), we have
=Y _(fv)vi, (3.2.13)
i=0

where this series converges in L? and if f € HY2(M), we also have

(df df) = 3 Nilfovi)*. (3.2.14)

Remark. Equation (3.2.13) means that the eigenvectors form a complete orthonormal
basis in L2(M).

Proof. First we notice that (3.2.12) follows from (3.2.9) and (3.2.11). It remains to
show (3.2.13) and (3.2.14). We set for f € H as abbreviation

a;:=(f,v;) forieN

and

fm = iaivn
=1
Om = f— fm-

©m is thus the orthogonal projection of f onto H,,1, the subspace of H orthogonal
to v1,...,v,,. Hence
(Pm,vi) =0 fori=1,...,m (3.2.15)

and by definition of A,11,
(dgp,,,“ d(pm) Z )‘m+1(<ﬁm» Spm) (3216)

By (3.2.9) and (3.2.15) we also have

(dipm,dv;) =0 fori=1,...,m. (3.2.17)
From (3.2.15), we obtain
(Pmsom) = (fs f) = (fms fm)s (3:2.18)
and from (3.2.17)
(dm, dpm) = (df,df) = (dfm, dfm).- (3:2.19)

Now (3.2.16) and (3.2.17) give

1
)\m+l

(©msPm) < (df,df)
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and using now Lemma 3.2.1, ¢,, has to converge to 0 in L2. This means that

f= lim f,= Z(f, vi)v; in L*(M),
i=1
hence (3.2.13). Furthermore,
dfm = Z O{Z’d’l}i,
i=1
so by (3.2.12),

(dfms dfm) = o (dv;, dv;)

I

-
Il
)

(3.2.20)

2
AiOéi .

I
.Mg

Il
-

7

Now, as by (3.2.19), (dfm, dfm) < (df,df) and all the \; are positive, the series

oo

§ : 2
)\iai

i=1

converges.
Now for m < n,

(Apm — dpn, dp, — dpn) = (dfy — dfm, dfn — dfm) = > Nad.

i=m-+1

Therefore, not only (¢,,) but also (dg,,) is a Cauchy sequence in L? and ¢,, therefore
converges in H to 0, with respect to the H? norm.
Hence by (3.2.19),

(df.df) = lim (dfm,dfm) Z)\ o (3.2.20)).

We finally want to verify that we have found all the eigenvalues and that all the
eigenvectors are linear combinations of the v;.
First, the eigenvectors corresponding to different eigenvalues are L?-orthogonal:
Namely, if for v, w # 0,
Av = A,
Aw = pw,

then for all p € H,

(d'l), dgp) = A(Uv 90)7
(dw,dp) = p(w, p),
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and therefore,
Av,w) = (dv, dw) = (dw,dv) = p(w,v),
and so, if A\ # p, we must have

(v,w) = 0.

Now if there were an eigenvalue A\ not contained in {\,,}, say with an eigenvector
v # 0 that is linearly independent of all the v;, then (v,v;) would be 0 for all ¢ and
therefore by (3.2.13), v = 0, a contradiction. |

Remark. The presentation of the eigenvalue expansions follows the one in [167]. The
method originated in Courant—Hilbert [71].

The eigenvalues and eigenfunctions of the Laplace—Beltrami operator of a
Riemannian manifold M determine its Green function and heat kernel. We have

D(z,y) = Z %Uj (x)v;(y) (3.2.21)
i1
and
pla,y,t) =Y e Moi(@)v; (y). (3.2.22)
jz1

The eigenvalues of the Laplace—Beltrami operator of a Riemannian manifold M
encode its geometric features, and conversely, these eigenvalues can be estimated in
terms of geometric quantities. We now discuss some instances.

1. Weyl’s estimate relates the asymptotics of the spectrum to the volume Vol (M)
of M (see (3.3.9) below): Let N(A) be the number of eigenvalues (as always,
counted with multiplicity) that are < A. Then for A — oo

Wd d/2
N(A) ~ ——=Vol (M) 3.2.23
() ~ i Vol (1) (3:2.23)
where wy is the volume of the unit ball in R%, and ~ means that the remainder
term is of order lower than d/2 (the asymptotics of the remainder term can be
made more precise in terms of geometric quantities). Reformulated in terms of
the eigenvalues, this means that

(Aj)¥? ~ wjvol (M). (3.2.24)
wq

2. The Cheeger estimate controls the first eigenvalue in terms of a global quantity,
the cohesion of the manifold. More precisely, we consider
Vol 4-1(S)
min(Vol 4(My), Vol 4(Ms))

h(M) := inf (3.2.25)
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where the infimum is taken over all (d — 1)-dimensional submanifolds S of M
that divide M into two pieces My, Ms, and Vol 4 refers to the induced of the
(d — 1)-dimensional submanifold S. This quantity becomes small when M can
be divided into two pieces M; and M, of large volume by cutting M along a
small hypersurface S, that is, when it is easy to cut M into two large pieces.
We then have Cheeger’s estimate

h(M)?

YR
The argument is essentially the following: We consider an eigenfunction u, for
the eigenvalue \;. Since fM u; = 0, according to the definition (3.2.1), M
consists of two pieces My, My with u|p, < 0,uja, > 0; w.lo.g., let My be the
one of smaller volume. We then have

Au1 = )\111,1 in Ml, Uy = 0 on 8M1 (3227)

AL >

(3.2.26)

We multiply (3.2.27) by u; and integrate by parts over M (there is the issue
about the regularity of the boundary of M; permitting such an integration by
parts, but we suppress the technical details here), to obtain

. fJVfl <d’LL1,Cl’LL1>
a fMl<u1»U1> .
We now consider the function ¢ := (u1)?(= (u1,u1)). Since d(u1)? = 2uidus,

we have from the Cauchy—Schwarz inequality

/N , ldel < 4( /Ml (dur, dus))( / (ur ), (3.2.29)

My

1 (o Aol

We now recall Federer’s coarea formula (see e.g. [171] for a proof).

A (3.2.28)

hence

Theorem. For every open @ C M and every smooth function ¢ on Q, we

have -
/\|d¢\| :/ Vol g_1 (¢ (t) N Q)dt, (3.2.31)
Q —00

where Vol 4_1 indicates the (d — 1)-dimensional volume of a hypersurface. O

‘We then obtain

/ ol / Vol g1 (¢~ (t) N M;y)dt
M,y _

> (M) / T Vol y({6 > £} 0 My)dt (3.2.32)
0
— ) | & (3.2.33)

My
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For (3.2.32), note that for ¢ > 0, ¢~1(¢) is a closed hypersurface in the interior
of My as ¢ vanishes on dM;. And since the volume of M; was assumed to be
smaller than the one of My and {¢ > t} is a subset of M, its volume is the
smaller one of the two parts into which ¢~1(¢) dissects M.

This inequality (3.2.33), combined with (3.2.30) yields (3.2.26).

Thus, when the first eigenvalue gets smaller and smaller, it becomes easier and
easier to break up M into two pieces. In the limiting case where A1 becomes 0, M
becomes disconnected, that is, consists of more than one connected component
(which, however, we have excluded by our general assumption that all manifolds
be connected).

The definition of h(M) can be considered as a variational problem for a
hypersurface S of minimal (d — 1)-dimensional volume enclosing a given d-
dimensional volume, say the one of M;. When this infimum is achieved by
a smooth hypersurface S, then S should have constant mean curvature. The
problem is, however, that in general a minimizing hypersurface will not be
smooth, but have singularities. These issues are treated in geometric measure
theory. We do not enter into the details here, but simply quote the foundational
[97].

3. A1 can also be controlled from below in terms of a local quantity, the Ricci
curvature of M, a concept to be introduced in Chapter 4. This estimate will be
derived in Section 4.5 below.

Perspectives. Cheeger’s estimate is found in [55]. The estimate of eigenvalues in terms of
curvature bounds has been developed by S.T.Yau and P.Li, see for instance [201, 202, 310].
This method will be treated in detail below in Section 4.6. Some books devoted to eigenvalue
estimates are [21,52].

3.3 The Laplace Operator on Forms

In this section, we shall extend the Laplace-Beltrami operator from functions, that
is, from O-forms, to differential forms of arbitrary degree.

We need some preparations from linear algebra. Let V' be a real vector space with a
scalar product (-,-), and let APV be the p-fold exterior product of V. We then obtain
a scalar product on APV by

(Vi Ao AV, w AL A wp) = det((vs, wy)) (3.3.1)
and bilinear extension to AP(V). If ey, ..., eq is an orthonormal basis of V,
61'1/\.../\67;1) Wlth1§11<22<<2p§d (332)

constitute an orthonormal basis of APV.
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An orientation on V is obtained by distinguishing a basis of V' as positive. Any
other basis that is obtained from this basis by a base change with positive determinant
then is likewise called positive, and the remaining bases are called negative.

Let now V carry an orientation. We define the linear star operator

* 1 AP(V) = ATP(V) (0<p<d)
by
*(ej, Ao Neg,) =ejp Ao Nej, (3.3.3)

where ji,...,jq—p is selected such that e;,,...,e;,,¢5,...,¢€;5,_, is a positive basis of
V. Since the star operator is supposed to be linear, it is determined by its values on
some basis (3.3.3).

In particular,

*(1)=e1 N... Neg (3.3.4)
x(er A ... Neg) =1, (3.3.5)
if e1,...,eq is a positive basis.

From the rules of multilinear algebra, it easily follows that if A is a d x d-matrix,
and if fi,..., f, € V, then

w(Afy A NASy) = (det A) * (fLA ... A f).

In particular, this implies that the star operator does not depend on the choice
of positive orthonormal basis in V, as any two such bases are related by a linear
transformation with determinant 1.

For a negative basis instead of a positive one, one gets a minus sign on the
right-hand sides of (3.3.3), (3.3.4), (3.3.5).

Lemma 3.3.1. #x = (—1)P(d=P) . AP(V) — AP(V).

Proof. +x maps AP(V) onto itself. Suppose

*(eg, N Nei,) =ej Ao Nej,_, (cf. (3.3.3)).

Then
xx (e Ao Nej) =Fe, Ao Neg,
depending on whether ej,,...,¢ej,_,,€i;,...,¢;, is a positive or negative basis of V.
Now
€4y /\.../\eip/\ejl /\.../\ejdfp
= (-1)PUPe; AL A€y, Aei Al N,
and (—1)?(47P) thus is the determinant of the base change from €iyye--5Cjy_, TO

€j1,‘.‘,67;p.
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Lemma 3.3.2. Forv,w € AP(V)

(v,w) = x(w A xv) = x(v A xw). (3.3.6)

Proof. 1t suffices to show (3.3.6) for elements of the basis (3.3.2). For any two different
such basis vectors, w A xv = 0, whereas

k(e Ao Neg, Nx(e Ao Nei,)) =x(er A... Neg), whereer,... eq
is an orthonormal basis (3.3.3)
=1 by (3.35),

and the claim follows. O

Remark. We may consider (-,-) as a scalar product on
d
AV):= & AP(V)
p=0

with A?(V) and A%(V) being orthogonal for p # q.

Lemma 3.3.3. Let vy,...,vq be an arbitrary positive basis of V. Then

1
w(1) = ———— v A ... Ay (3.3.7)

Vdet({v;, v;))

Proof. Let eq1,...,eq be a positive orthonormal basis as before. Then
VIA...ANvg = (det((vi,vj)))%el A...Neg,

and the claim follows from (3.3.4). O

Let now M be an oriented Riemannian manifold of dimension d. Since M is
oriented, we may select an orientation on all tangent spaces T, M, hence also on
all cotangent spaces T M in a consistent manner. We simply choose the Euclidean
orthonormal basis %, ey % of R? as being positive. Since all chart transitions
of an oriented manifold have positive functional determinant, calling the basis

dp! (%)7 oo deTt (%) of T,, M positive, will not depend on the choice of the chart.

Since M carries a Riemannian structure, we have a scalar product on each Ty M.
We thus obtain a star operator

%1 AP(TXM) — AP(TF M),
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i.e. a base point preserving operator
£ QP(M) — QUP(M) (QP(M) = D(AP(M))).

We recall that the metric on T M is given by (g% (z)) = (g:j(z))~!. Therefore, by
Lemma 3.3.3 we have in local coordinates

(1) = \/det(gi;)dx A ... Ada?. (3.3.8)

This expression is called the volume form.
In particular
Vol (M) i= / (1) (3.3.9)
M
(provided this is finite).
For a, 3 € QP(M) with compact support, we define the L2-product as

(o,B) : = /M<a7ﬂ) * (1)
= / aAxf3 by Lemma 3.3.2.
M

This product on QP(M) is obviously bilinear and positive definite.
We shall also use the L2-norm

lafl = (@, )'/2. (3.3.10)

(In §3.4 below, we shall also introduce another norm, the Sobolov norm || - ||g1.2.)
So far, we have considered only smooth sections of vector bundles, in particular only
smooth p-forms. For later purposes, we shall also need LP- and Sobolev spaces of
sections of vector bundles. For this aim, from now on, we deviate from Definition
2.1.3 and don’t require sections to be smooth anymore. We let E be a vector bundle
over M, s : M — FE asection of E with compact support. We say that s is contained in
the Sobolev space H*"(E), if for any bundle atlas with the property that on compact
sets all coordinate changes and all their derivatives are bounded (it is not difficult to
obtain such an atlas, by making coordinate neighborhoods smaller if necessary), and
for any bundle chart from such an atlas,

p: By —UxR"

we have that ¢ o sy is contained in H kr(U). We note the following consistency
property: If oy : By, — Uy X R™, @9 : Ejy, — Us x R™ are two such bundle charts,
then ¢1 0 87, Ay, is contained in H® (U N Us) if and only if 50 S|U,nu, is contained
in this space. The reason is that the coordinate change o3 0 ;' is of class C°°, and
all derivatives are bounded on the support of s which was assumed to be compact.

We can extend our product (-,-) to L*(QP(M)). It remains bilinear, and also
positive definite, because as usual, in the definition of L?, functions that differ only
on a set of measure zero are identified.

We now make the assumption that M is compact, in order not to always have
to restrict our considerations to compactly supported forms.
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Definition 3.3.1. d* is the operator which is (formally) adjoint to d on péo QP(M)
w.r.t. (+,-). This means that for a € QP~1(M), 3 € QP (M)
(da, B) = (e, d*); (3.3.11)
d* therefore maps QP (M) to QP~1(M).
Lemma 3.3.4. d*: Q?(M) — QP~1(M) satisfies
4 = (—1)4rOH g (3.3.12)

Proof. For a € QP~1(M),3 € QP(M)
dlaA*f) =daAxB+ (=1)P"laAndxp
=da A8+ (=1)P7H(=1)P=DEP) o A sk (d % B)
by Lemma 3.3.1 (d 8 is a (d — p + 1)-form)
=da A8 — (=) DT Axxdx 3
— &+ ((da, B) — (—1) I (s 5 ).

We integrate this formula. By Stokes’ theorem, the integral of the left-hand side
vanishes, and the claim results. O

Definition 3.3.2. The Laplace(-Beltrami) operator on QP (M) is
A=dd*+d'd: Q" (M) — QP(M).

w e QP (M) is called harmonic if
Aw=0.

Remark. Since two stars appear on the right-hand side of (3.3.12), d* and hence also
A may also be defined by (3.3.12) on nonorientable Riemannian manifolds. We just
define it locally, hence globally up to a choice of sign which then cancels in (3.3.12).
Similarly, the L2-product can be defined on nonorientable Riemannian manifolds,
because the ambiguity of sign of the * involved cancels with the one coming from the
integration.

More precisely, one should write

dy = QP(M) — QPF(M)
s - QPN (M) — QP(M).

Then
Ay, = dp_ld;_l + d;dp QP (M) — QP(M).

Nevertheless, we shall usually omit the index p.
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Corollary 3.3.1. A is (formally) selfadjoint, i.e.

(Aa, B) = (, AB)  for o, 5 € Q°(M).

Proof. Directly from the definition of A. O
Lemma 3.3.5.
(Aa, o) = (dd* o, ) + (d"da, @) = (d* o, d"a) + (da, da) > 0. (3.3.13)

In particular, A is nonnegative, and

Aa =0 iff do =0 and d*a = 0. (3.3.14)

Proof. (3.3.13) follows from the definitions of A,d*,(.,.). Since both terms on the
right-hand side of (3.3.13) are nonnegative and vanish only if da = 0 = d*a, Aa =0
is equivalent to da = 0 = d*«, indeed. O

Corollary 3.3.2. On a compact Riemannian manifold, every harmonic function is
constant. O

Lemma 3.3.6. xA = A% .

Proof. Direct computation. O

Before we embark on a number of computations that compare the Laplacian
A as defined here with the one operating on functions as introduced in Section 3.1
and that express our quantities in local coordinates, it might be useful to summarize
the key points that will be important for the sequel: We have the exterior derivative
d: QP(M) — QPYL(M). This operator needs only the differentiable structure of M,
but no Riemannian metric. When we do have a metric, we have an L?-product (.,.)
on p-forms, and we can then define the adjoint d* : QP*1(M) — QP (M) of d w.r.t. this
product, that is, (dw,n) = (w, d*eta) for every p-form w and every (p+1)-form n. With
the help of this adjoint, we define the Laplacian A = d*d + dd* : QP (M) — QP(M).
This operator is positive and formally selfadjoint, as we see from

(Aw,v) = (dw,dv) + (d*w,d*v) = (w, Av) for all w, v. (3.3.15)

When we put w = v in this formula, we see that w is harmonic, i.e., Aw = 0 precisely
if do = 0 and d*w = 0. Of course, the essential point behind this was that on a
compact M, integration by parts does not produce any boundary terms. Thus, the
second order differential equation Aw = 0 is seen to be equivalent to two first order
equations, dw = 0 and d*w = 0. First order differential equations in general are much
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more rigid than second order ones, and therefore we can expect that the harmonicity
of a form w will yield strong consequences. So much for the summary.

In Section 3.4 below (see Corollary 3.4.2), we shall show that the Hilbert space L2 (M)
admits the orthogonal decomposition

L2(M) =B, ® B} & H, (3.3.16)

where By, is the L*-closure of {da : o € QP~1(M)}, By, is the L-closure of {d*3 :

B e QPYY(M)}, and 3, = B N B;J‘ is the space of harmonic p-forms, that is, of
(smooth) forms w satistying

dw=0and d*w = 0. (3.3.17)

Anticipating that result, we shall now briefly discuss the spectrum of the Laplace
operator A = A, on p-forms (we shall address the issue of extending the results of
Section 3.2 to the present situation of the Laplace operator on p-forms only briefly;
more details will be taken care of in one of the exercises to this chapter). Thus, we
consider those A, the eigenvalues of A, for which there exists a nontrivial solution v,
the corresponding eigenform, of

Ay = A, (3.3.18)

As before, since A, is symmetric w.r.t. the L2-product (Corollary 3.3.1) and
nonnegative (Lemma 3.3.5), all eigenvalues of A, are real and nonnegative. Also,
by elliptic regularity theory (see the details in Section 3.4 below), all eigenforms are
smooth.

When (3.3.18) holds, we have

(dv,dn) + (d*v,d*n) = (Av,n) = A(v,n) for all n € QP(M). (3.3.19)

From this, we see as in Section 3.2 (see (3.2.11)) that eigenforms for different
eigenvalues are orthogonal w.r.t. (.,.).

When A =0 in (3.3.18), v is harmonic. We now look at the case where X # 0, hence
> 0. A corresponding eigenform v then is contained in B, ® Bj;, according to (3.3.16).
We can thus decompose

v =11+ vy with vy € By, € B. (3.3.20)

Since then dvy = 0 = d*vy by the definitions of B, B and d* = 0 = (d*)?, we have
A1+ 1) = Av = (dd* + d*d)(v1 + v2) = dd*v1 + d*dvs. (3.3.21)
Since then also dd*vy € By, d"dv, € By, and these spaces are orthogonal, we conclude
Dypvy = dp_ld;;lul = A1 and D;)VQ = d;deg = Ay, (3.3.22)

that is, vy is an eigenform for D), and v one for D;,. We write o(D) for the spectrum,
that is, the collection of eigenvalues of a (differential) operator D.
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Since, conversely, when vy € B, then D;)l/l =0, and when v, € B;j7 then Dpvy = 0,
we conclude that

o(Ap)\{0} = o(Dp)\{0} U o(D;)\{0}. (3.3.23)
Since for any two linear operators A, B
o(AB)\{0} = o(BA)\{0} (3.3.24)

(when, for ¢ # 0, AB¢p = A\, then also BA(B¢) = AB¢, and B¢ # 0 when \ # 0),

we also have
o(Dp)\{0} = o(D;,_1)\{0} (3.3.25)

(recall D, = dp_1d _y =dj_ydp ). (3.3.23) and (3.3.25) then imply

p— 15
Theorem 3.3.1.

o(Ap)\{0} = o(D,,_)\{0} U o(D,)\{0}. (3.3.26)

O
In particular, the operators A, and A, ; share the part o(D,_;)\{0} of their
spectrum while the operators A, and Ap+1 share o(D;,)\{0}. In partlcular

Corollary 3.3.3. When we know the spectra of A,_1 and Apyq, then we also know
the one of Ay, except for the multiplicity of the eigenvalue 0, that is, the number of
linearly independent harmonic forms. O

Thus, all the spectral information of the Laplacian, except for the number of
harmonic forms, is already contained in the spaces of differential forms of even degree.
The harmonic forms will be the object of Section 3.4.

Before ending this section, we wish to check that the Laplace operator as defined
here coincides with the one introduced in Section 3.1 on functions. We begin with
the Euclidean case. Let f : R? — R be a differentiable function. We have

o 4

af = 3331

and for cp @idz’ with compact support, and *p = o (—1)""tp;dzt A... A dzi A
A dx?

(df, ) =/ gfi%dxl A Ada?

.. Adz?, since ¢ is compactly supported.

f 3x1

It follows that (see (3.1.5)) d*p = —35% = —divp, and

9¢"
oz’
d
Af=d'df = —Z 82,f2 = —div (grad f).
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This agrees with (3.1.6).
More generally, for a differentiable function f : M — R, we recall the Laplace—
Beltrami operator (3.1.20)
1
A =———( i 01 ) 3.3.27
/ Vg 0xI V99 ox? ( )

with g := det(g;;). Again, we wish to verify that this coincides with our Laplacian
d*df. We proceed as follows:

Since for functions, i.e. 0-forms, we have d* = 0, we get for ¢ : M — R
(differentiable with compact support)

/d*df ~o/gdat AN dx?t = (dFdf, @) = (df, dy)
— [1drde) = )

. Of O
:/gwaaj;aT(pj (T A

== [ G (Vi vt

and since this holds for all p € C§°(M,R), it follows that (3.3.27) yields the Laplacian
d*d, indeed.
In (3.1.17), we have defined the gradient of a function f as

;0f 0

Vf :=grad f := g B Bd (3.3.28)
in order to have for any vector field X
(grad f, X) = X(f) = df (X). (3.3.29)

Also, in (3.1.19), the divergence of a vector field Z = Zi% has been defined as

L = e (v () e

div Z := 787([ 7y =

(3.3.27) then is, see (3.1.20),
Af = —divgrad f. (3.3.31)

In particular, if M is compact, and f : M — R is a smooth function, then as a
consequence of (3.3.31) and (3.3.30) or (3.3.27) and the Gauss theorem, we have

/ Af (1) = 0. (3.3.32)

We now want to compute the Euclidean Laplace operator for p-forms. It is
denoted by A.; likewise, the star operator w.r.t. the Euclidean metric is denoted by
*e, and d* is the operator adjoint to d w.r.t. the Euclidean scalar product.
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Let now _ _
W =Wy, dx™ AL A da'r
be a p-form on an open subset of R%, as usual with an increasing p tuple 1 <77 <
o i

ig < ... <1y < d. We choose ji,...,jiq—p such that is

x’l""’@g’p’ﬁmh""’ Bmld P
a posmve orthonormal basis of R?. In the sequel always

te{l,...,phke{l,...,d —p}.

Now
d—
Z Py g g dzit A .. A dae
Z 1)p+k= 1%@11 Ao ANdzik A A daia-r (3.3.33)
Ox
k=
d—p X 182W' . o
_ +k— 11 ...2p i j ; td—p
d*edw—;(_l)p de“/\dmh/\/\dx]k/\/\dxd
d—p p N 92w o
_ypth—1 O Wiy Gy ; iap
+k=1;( 1) St AT AT A NI A A
(3.3.34)
d—p a
*od %, dw = Z( 1) ptp(d— p);;”d:v“ A ... Adzt
= (Ox7k)
d—p p 92w -
pd+4 Wiy ip J 7 i ip
+k:1;( 1) —8x1k8x“dmk/\dxl/\ ANdzie AL N datr.
(3.3.35)
Hence with (3.3.12)
d—p 2
8 21...2 )
d*dw = Z( 1)#0&“ Ao ANdx'™®
k=1
d—p p 9%w;. )
+> D (- “1W—18x;dxﬂk Ada A Az A. . Azt (3.3.36)

k=1 ¢=1
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Analogously
ke = Wi, _,_ipdle A Adzid-r (3.3.37)
P
awl'l i . . .
d*ew= 8—'.'E'pdx” Adz?t AL AN datir (3.3.38)
xl
(=1

r
O0wiy . iy 7y ;
redwow = 3 ()PP T gty i AL A dafe (3.3.39)

— Ozxie
P 82w- . ) . — .
dsedsew= 2:(—1)1)(‘1*1’)*(1*?*‘5*1 ﬁdm” Adz™ AL ANdzie AL A datr
T
(=1
p d—p 2w . . ] - .
+D 0D (—1ypldmptdpe ﬁdmﬂm dz AL NdaieA . A da,
e ox
(=1 k=1
(3.3.40)
hence with (3.3.39)
P 2
% Fwiy iy 4 i
ddw:Z(*l)de /\/\de
=1
p d-p 48%}4 ) _
i1 dp 5 g i ; ip
+£Zk (—1) de“/\dxlAAdxl’/\/\dx . (3341)
=1 k=1
(3.3.36) and (3.3.41) yield
w4 .
Aw = d*dw + dd*w = (-1 L 3.3.42
(axm,)2
m=1
Some more formulas:
We write
n:= gd:lc1 Ao ANdz? =: Niy.. i Az AL A dT 3.3.43
1 d
For 8 = ﬂjlmjpdmjl A... Adxie
Birte = ghirgiadz  glvirg, (3.3.44)
With these conventions, for o = o, i, dz™ A ... A da's
1 1.0
($Q)ip sy .ig = Enil...ipa ’ (3.3.45)
and 9
" Mgy .ip_q i
(d*Q)iy.i, = — g (2 T iy iy ) (3.3.46)

ozt
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Further
(o, B) = ay., B (3.3.47)
Oy, i OB s o o
(dav, dB) = 90, i, OBjr...ip e irin g (3.3.48)

Oxk ozt 19

* * aOék' celp— j
(d oz,d ﬁ) = <gk2(% — Fieajhmip—l)eil/\' . '/\eip717

g (aﬁmg;%jpfl TnBrsiesy s )i A .Aejpl> (3.3.49)
. 80%1‘1‘.‘1',771 8ﬁm.71~~~jp71 kl mn  i1j1 ip—1Jp—1
= = o gt g
B 8041939.6_;,,_1 Ti,mﬂijl...jp,lgke ... gir—1dn—1
- aﬂmégé—jpﬂ D @jis.iy 19" g™ g gt

Formula (3.3.45) is clear. (3.3.46) may be verified by a straightforward, but somewhat
lengthy computation. We shall see a different proof in §4.3 as a consequence of Lemma
4.3.4. The remaining formulas then are clear again.

3.4 Representing Cohomology Classes by Harmonic
Forms

We first recall the definition of the de Rham cohomology groups. Let M be a
differentiable manifold. The operator d : QP(M) — QPFYL(M) satisfies (Theorem
2.1.5)

dod=0 (dod:QP(M)— Q\FF3(M)). (3.4.1)

a € QP(M) is called closed if da = 0, exact, if there exists n € QP~1(M) with dn = a.
Because of (3.4.1), exact forms are always closed. Two closed forms «, 3 € QP(M)
are called cohomologous if o — (3 is exact. This property determines an equivalence
relation on the space of closed forms in QP(M), and the set of equivalence classes is
a vector space over R, called the p-th de Rham cohomology group and denoted by

HY,(M,R).
Usually, however, we shall simply write
HP(M).

In this section, we want to show the following fundamental result:
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Theorem 3.4.1 (Hodge). Let M be a compact Riemannian manifold. Then every
cohomology class in HP(M) (0 < p < d = dim M) contains precisely one harmonic
form.

The general idea is to select a specific representative of a class of geometric

objects, here a cohomology class, by imposing a suitable differential equation, or
equivalently, as we shall see, by minimizing a certain functional within that class.
The differential equation imposed in the present case is d*n = 0 which in addition to
the equation dn = 0 satisfied by any cohomology class yields the harmonic equation
An = 0. The general strategy exemplified here by the Hodge theorem is fundamental
in geometric analysis.
Here, we shall demonstrate the Hodge theorem by a variational method. As in Section
3.2, the key technical tool will be Rellich’s embedding theorem (Theorem A.1.4), to
be recalled below in the specific form needed here in Lemma 3.4.2. An alternative
proof, by the heat flow method, as well as some important extensions, will be given
in Section 3.6 below.

Proof. Uniqueness is easy: Let wy,ws € QP (M) be cohomologous and both harmonic.

Then either p = 0 (in which case w; = wy anyway) or

(w1 —wo, w1 —wa) = (w1 — wa,dn)
for somen € QP71 (M), since
wy and we are cohomologous
= (d"(w1 —w2),n)
= 0, since w; and wy are harmonic,

hence satisfy d*w; = 0= d*ws .
Since (+,-) is positive definite, we conclude w; = ws, hence uniqueness. O

For the proof of existence, which is much harder, we shall use Dirichlet’s
principle.

Let wy be a (closed) differential form, representing the given cohomology class
in HP(M).

All forms cohomologous to wg then are of the form

w=wy+da (a€QPH(M)).
We now minimize the L?-norm
D(w) := (w,w)

in the class of all such forms.
The essential step consists in showing that the infimum is achieved by a smooth
form 7. Such an 7 then has to satisfy the Euler—Lagrange equations for D, i.e.
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d
= E(” + tdB3,n + tdpB)1—o

= 2(n,df) (342)
=2(d*n,B) forallp c QP~1(M).

0

This implies d*n = 0. Since dn = 0 anyway, 1 is harmonic.

In order to make Dirichlet’s principle precise, we shall need some results and
constructions from the calculus of variations. Some of them will be merely sketched
(see §8A.1, A.2 of the Appendices), and for details, we refer to our textbook [167].
First of all, we have to work with the space of L?-forms instead of the one of C°°-
forms, since we want to minimize the L?-norm and therefore certainly need a space
that is complete w.r.t. L?-convergence. For technical purposes, we shall also need
Sobolev spaces which we now want to define in the present context (see also §A.1).

On QP(M), we introduce a new scalar product

(w,w)) == (dw, dw) + (d*w, d*w) + (w,w) (3.4.3)

and put 1
Wil a2y = ((w,w)) 2. (3.4.4)

(This norm is to be distinguished from the L?-norm of (3.3.10).) We complete the
space QP(M) of smooth p-forms w.r.t. the || - [|g1.2(ar)-norm. The resulting Hilbert
space will be denoted by H,»*(M) or simply by H'?(M)," if the index p is clear from
the context.

Let now V' C R? be open. For a smooth map f : V' — R”, the Euclidean Sobolev
norm is given by

of of\*
bz, o= ([ o0+ [ 85 35)

the dot - denoting the Euclidean scalar product.
With the help of charts for M and bundle charts for A?(M) for every z¢ € M,
there exist an open neighborhood U and a diffeomorphism

@ : AP(M))y =V xR"

where V is open in R, n = (i) is the dimension of the fibers of AP(M), and the
fiber over x € U is mapped to a fiber {m(¢(x))} x R™, where 7 : V x R" — V is the
projection onto the first factor.

Lemma 3.4.1. On any U’ € U, the norms
wlimawy and Te@le o)

(with V' .= 7(p(U"))) are equivalent.

I Please do not confuse the H of the Sobolev space H;’Q (M) (which may stand for Hilbert) with
the H of the cohomology group HP (which stands for “homology”).
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Proof. As long as we restrict ourselves to relatively compact subsets of U, all
coordinate changes lead to equivalent norms. Furthermore, by a covering argument,
it suffices to find for every = in the closure of U’ a neighborhood U” on which the
claimed equivalence of norms holds.

After these remarks, we may assume that first of all moy is the map onto normal
coordinates with center zg, and that secondly for the metric in our neighborhood of
o, we have

lgi;(x) — 0i;] < € and \F;k(z)| <efori,j,k=1,...,d. (3.4.5)

The formulas (3.3.47) — (3.3.49) then imply that the claim holds for sufficiently small
€ > 0, i.e. for a sufficiently small neighborhood of zy. Since U’ C U is compact by

assumption, the claim for U’ follows by a covering argument. O
Lemma 3.4.1 implies that the Sobolev spaces defined by the norms || - || 1.2 )
and || - || HL2, coincide. Hence all results for Sobolev spaces in the Euclidean setting

may be carried over to the Riemannian situation. In particular, we have Rellich’s
theorem (cf. Theorem A.1.8):

Lemma 3.4.2. Let (wn)nen C Hy?(M) be bounded, i.e.
lwnllzrean < K.

Then a subsequence of (wy,) converges w.r.t. the L?-norm

1
[wlize(ary = (w,w)?
to some w € H)?(M). O

Corollary 3.4.1. There exists a constant ¢, depending only on the Riemannian metric
of M, with the property that for all closed forms (3 that are orthogonal to the kernel
of d*,

(8,8) < c(d”B,d" ). (3.4.6)

Proof. Otherwise, there would exist a sequence of closed forms 3, orthogonal to the
kernel of d*, with

(Bns Br) = n(d* B, d* Br). (3.4.7)

We put )
/\n = (anﬂn)_i-

Then
1= (AnBns Anfn) = n(d* (AnBn), d* (Anfn))- (3.4.8)

Since dS,, = 0, we have

1
H)‘nﬁn”HLZ <1+ g
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By Lemma 3.4.2, after selection of a subsequence, ), 3, converges in L? to some form
. By (3.4.8), d*(Anf3,) converges to 0 in L2. Hence d*t) = 0; this is seen as follows:
For all ¢

0= nlLH;o(d* ()‘nﬁn)a 90) = hm()‘nﬁru d@)
= (¢,dp) = (d*9, ¢) and hence d*) = 0.

(With the same argument, d3, = 0 for all n implies di) = 0.)
Now, since d*¥ = 0 and (3,, is orthogonal to the kernel of d*,

(1/)7 )\nﬁn) =0. (349)

On the other hand, (A8, A\nBn) = 1 and the L2-convergence of A, 3, to 1 imply

lim (¢5Anﬂn) =1

n—oo

This is a contradiction, and (3.4.7) is impossible. |

We can now complete the proof of Theorem 3.4.1:
Let (wpn)nen be a minimizing sequence for D(w) in the given cohomology class,
ie.

Wn, = wo + doy,

D(w,) — inf D(w)=: k. (3.4.10)
w=wo+do
By (3.4.10), w.lo.g.
(©nwn) = Dlwn) < £+ 1. (3.4.11)

As with Dirichlet’s principle in R, w,, converges weakly to some w, after selection of
a subsequence.
We have
(w—wo, ) = 0for all p € QP (M) with d*p = 0, (3.4.12)

because
(wWn — wo, ) = (dap, p) = (an, d*p) = 0 for all such .

(3.4.12) means that w — wy is weakly exact.
We want to study this condition more closely and put

7= w — wp.
We define a linear functional on d* (2 (M)) by

Uép) = (n,¢); (3.4.13)
{ is well defined; namely if d*¢1 = d*p9, then

(n,01 — p2) =0 by (3.4.12).
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For ¢ € QP(M) let m(p) be the orthogonal projection onto the kernel of d*, and
¥ := @ — m(p); in particular d*¢ = d* .
Then
U(d*p) = L(d*)) = (n,v). (3.4.14)

Since 1 is orthogonal to the kernel of 4, by Corollary 3.4.1,
[Pl < clld™dl[L2> = clld”pl| > (3.4.15)
(3.4.14) and (3.4.15) imply

[e(d™ )| < clinll2lld" ¢l 2

Therefore, the function ¢ on d*(QP(M)) is bounded and can be extended to the
L2-closure of d*(QP(M)). By the Riesz representation theorem, any bounded linear
functional on a Hilbert space is representable as the scalar product with an element
of the space itself. Consequently, there exists a with

(a,d"p) = (n,9) (3.4.16)

for all ¢ € QP(M).
Thus, we have weakly
do=m. (3.4.17)

Therefore, w = wp + 7 is contained in the closure of the considered class. Instead of
minimizing among the w cohomologous to wy, we could have minimized as well in the
closure of this class, i.e., in the space of all w for which there exists some « with

(o, d*p) = (w — wp, p) for allp € QP (M).

Then w, as weak limit of a minimizing sequence, is contained in this class. Namely,
suppose wy, = wo + da, weakly, i.e.

bn(d*p) := (an, d"p) = (wn — wo, @) Vi € Q(M).

By the same estimate as above, the linear functionals ¢,, converge to some functional
{, again represented by some «. Since D also is weakly lower semicontinuous w.r.t.
weak convergence, it follows that

k < D(w) < lim inf D(w,) = &,

hence
D(w) = k.
Furthermore, by (3.4.2),
0 = (w,dp) for all 3 € QP~1(M). (3.4.18)

In this sense, w is weakly harmonic.
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We still need the regularity theorem implying that solutions of (3.4.18) are
smooth. This can be carried out as in the Euclidean case. If one were allowed to
insert 3 = d*w in (3.4.18) and integrate by parts, it would follow that

0= (d'w,d*w),

ie. d*w=0.

Iteratively, also higher derivatives would vanish, and the Sobolev embedding
theorem would imply regularity. However, we cannot yet insert § = d*w, since we
do not know yet whether dd*w exists. This difficulty, however, may be overcome as
usual by replacing derivatives by difference quotients (see §A.2 of the Appendix). In
this manner, one obtains regularity and completes the proof. O

Corollary 3.4.2 (Hodge). Let B, be the L*-closure of
{do: o € QP7L(M)},
and By be the L*-closure of
{d*B: g e QrFi(M)}.

Then the Hilbert space Lf,(M ) of square integrable p-forms admits the orthogonal
decomposition
L2(M)=B,® B} & H, (3.4.19)

where H,, = Bpl N B;l is the space of harmonic p-forms.

Proof. Since (da,d*3) = (d*a,3) = 0 since d* = 0, the spaces B, and B} are
orthogonal to each other. Therefore, we obtain the orthogonal decomposition

2 * 1 w L
[X(M) = B, ® B} & (B N B:Y).

Moreover, since for a smooth w, (w, da) = (d*w, ), we have that w € QP (M) is in B][,L
iff d*w = 0. Similarly, w € QP(M) is in B;J‘ iff dw = 0. Thus, w € QP (M) is contained
in Bpl N B;L iff it is harmonic. This is for smooth w, but the fundamental point of
the proof of Theorem 3.4.1 was that when (w,da) = 0 = (w,d*3) for w € L?(M) and
all (smooth) a, 8, then w is itself smooth and harmonic. This completes the proof. O

Corollary 3.4.3. Let M be a compact, oriented, differentiable manifold. Then all
cohomology groups HYp,(M,R) (0 < p < d:=dim M) are finite dimensional.

Proof. By Theorem 1.4.1, a Riemannian metric may be introduced on M. By Theorem
3.4.1 any cohomology class may be represented by a form which is harmonic w.r.t.
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this metric. We now assume that HP(M) is infinite dimensional. Then, there exists
an orthonormal sequence of harmonic forms (1, )neny C HP (M), i.e.

(M, Mm) = Onam forn,m € N. (3.4.20)

Since the 7, are harmonic, d*n,, = 0, and dn, = 0. By Rellich’s theorem (Lemma
3.4.2), after selection of a subsequence, (1,,) converges in L? to some 7. This, however,
is not compatible with (3.4.20), because (3.4.20) implies

17 — Nz > 1 forn # m,

so that (1,) cannot be a Cauchy sequence in L2.
This contradiction proves the finite dimensionality. O

Let now M be a compact, oriented, differentiable manifold of dimension d. We
define a bilinear map
HY (M, R) x H{zP(M,R) — R
by
(w,m) — / wAn (3.4.21)
M

for representatives w, n of the cohomology classes considered. It remains to show that
(3.4.21) depends only on the cohomology classes of w and 7, in order that the map is
indeed defined on the cohomology groups. If, however, w’ and w are cohomologous,
there exists a (p — 1)-form o with w’ = w + da, and

/w'/\nz/(w+da)/\n
M M
:/ w/\n—|—/ d(ae Am) since 7 is closed
M M

= / w An by Stokes’ theorem.
M

Therefore, (3.4.21) indeed depends only on the cohomology class of w, and likewise
only on the cohomology class of 7.

Let us now recall a simple result of linear algebra. Let V and W be finite
dimensional real vector spaces, and let

() VxW-—=R
be bilinear and nondegenerate in the sense that for any v € V,v # 0, there exists
w € W with (v,w) # 0, and conversely. Then V' can be identified with the dual space
W* of W, and W may be identified with V*. Namely,
i1:V—->W* with i1 (v)(w) = (v,w),
io : W —=V" with ig(w)(v) := (v, w),

are two injective linear maps. Then V' and W must be of the same dimension, and 4
and i are isomorphisms.
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Theorem 3.4.2. Let M be a compact, oriented, differentiable manifold of dimension
d. The bilinear form (3.4.21) is nondegenerate, and hence HY,(M,R) is isomorphic

to (HSm"(M,R))*.

Proof. For each nontrivial cohomology class in HP (M), represented by some w (i.e.
dw = 0, but not w = da for any (p — 1)-form «), we have to find some cohomology
class in H9P(M) represented by some 7, such that

/Mw/\n;éO.

For this purpose, we introduce a Riemannian metric on M which is possible by
Theorem 1.4.1. By Theorem 3.4.1, we may assume that w is harmonic (w.r.t. this
metric). By Lemma 3.3.6

Axw = xAw,

and therefore, *w is harmonic together with w. Now

/ wAxw = (w,w) #0, since w does not vanish identically.
M

Therefore, *w represents a cohomology class in H4~P(M) with the desired property.
Thus the bilinear form is nondegenerate, and the claim follows. O

Definition 3.4.1. The p-th homology group H,(M,R) of a compact, differentiable
manifold M is defined to be (HY,(M,R))*. The p-th Betti number of M is b,(M) :=
dim HP?(M,R).

With this definition, Theorem 3.4.2 becomes
H,(M,R) = H}.”(M,R). (3.4.22)
This statement is called Poincaré duality.

Corollary 3.4.4. Let M be a compact, oriented, differentiable manifold of dimension
d. Then
Hip(M,R) =R (3.4.23)

and
bp(M) =bg—p(M) for 0<p<d. (3.4.24)

Proof. HYs(M,R) = R. This follows e.g. from Corollary 3.3.2 and Theorem 3.4.1,
but can also be seen in an elementary fashion.
Theorem 3.4.2 then implies (3.4.23), as well as (3.4.24). |
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As an example, let us consider an n-dimensional torus 7. As shown in §1.4, it
can be equipped with a Euclidean metric for which the covering = : R™ — T" is a
local isometry.

By (3.3.42), we have for the Laplace operator of the Euclidean metric

) ) " 02w )
Awiy, iy da AL N da') = (— Z ‘;);P dz' A ... Adxtv
=1
(x',..., 2™ Buclidean coordinates of R™). Thus, a p-form is harmonic if and only if

all coefficients w.r.t. the basis dz’* A ... A dz’» are harmonic. Since 7™ is compact,
by Corollary 3.3.2, they then have to be constant. Consequently

n

by(T™) = dim H?(T") = dim AP(R") = (p

) ozrzn

Perspectives. The results of this section were found in the 1940s by Weyl, Hodge, de Rham
and Kodaira.

3.5 Generalizations

The constructions of this chapter may easily be generalized. Here, we only want to
indicate some such generalizations.

Let £ and F be vector bundles over the compact, oriented, differentiable
manifold M. Let I'(E) and T'(F) be the spaces of differentiable sections. Sobolev
spaces of sections can be defined with the help of bundle charts: Let (f,U) be a
bundle chart for E, f then identifies E|;; with U x R". A section s of E is then
contained in the Sobolev space H*?(E) if for any such bundle chart and any U’ € U,
we have py o f o s € H*P(U',R™), where py : U’ x R™ — R™ is the projection onto
the second factor.

A linear map L : T'(E) — T'(F) is called a (linear) differential operator of order
¢ from E to F if in any bundle chart, L defines such an operator. For the Laplace
operator, of course E = F = AP(T*M), { = 2.

In a bundle chart, we write L as

L=PyD)+...+ PyD),

where each P;(D) is an (m x n)-matrix (m,n = fiber dimensions of E and F', resp.),
whose components are differential operators of the form

Z aq(x) D

lor=g
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where « is a multi-index, and D is a homogeneous differential operator of degree
|a] = j. Let us assume that the a,(x) are differentiable.

For £ = (¢4,...,6m) € R™, let Pj(£) be the matrix obtained for Pj(D) by
replacing D* by £“.
P;(&) thus has components

Z aq(x)E%.

le=j

L is called elliptic at the point z, if Pp(§) (¢ = degree of L) is nonsingular at z for all
& € R™\{0}. Note that in this case necessarily n = m.

L is called elliptic if it is elliptic at every point. Let now (-,-)g and (-,-)r be
bundle metrics on E and F, resp. (those always exist by Theorem 2.1.3), let M carry
a Riemannian metric (existing by Theorem 1.4.1) and an orientation. Integrating the
bundle metrics, for example

Vg = . YedVol, (dVol, = \/det(g;;)dz* A ... A dx?),
(g = [ C)pdVol, (vl , = y/det(ay) )

we obtain L?-metrics on T'(F) and T'(F). Let L* be the operator formally adjoint to
L, ie.
(Lv,w)p = (v, L*w)g forv e T'(E),w € T'(F).

L is elliptic if L* is.

The importance of the ellipticity condition rests on the fact that solutions
of elliptic differential equations are regular, and the space of solutions has finite
dimension.

Here, however, this shall not be pursued any further.

3.6 The Heat Flow and Harmonic Forms

In this section, we shall present an alternative proof of Theorem 3.4.1. This proof will
procede by solving a parabolic equation, the so-called heat flow. The idea is to let
the objects involved, here p-forms, depend not only on the position x in the manifold
M, but also on another variable, the “time” ¢ € [0,00), and to replace the elliptic
equation that one wishes to solve by a parabolic equation that one can solve for given
starting values at time ¢ = 0. In our case of differential forms, this heat equation is

9B(z,1)
ot

+ AB(xz,t) =0 (3.6.1)
B(z,0) = Bo(x) (3.6.2)

where 3y is a p-form in the cohomology class that we wish to study.
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We recall from Section 3.4 that A is the Euler-Lagrange operator for the functional
(6, 8) that we wish to minimize, that is, A is some kind of gradient for our functional
(in a sense that will not be made precise here). Thus, the idea of the parabolic flow
(3.6.1) is to flow in the direction of the negative gradient of the functional to be
minimized, expecting that this will bring us towards a minimum as ¢t — oo.

The strategy then consists in showing that (3.6.1) can be uniquely solved for all
positive ¢ (this is called global or long time existence) and that, as ¢ — oo, the
solution 3(z,t) converges to a harmonic p-form in the same cohomology class.
(3.6.1) is a linear parabolic differential equation (or more precisely, a system of linear
differential equations since the dimension of the fibers AP is larger than 1 except for
trivial cases). Therefore, the global existence and existence of solutions follows from
the general theory of linear parabolic differential equations. Since we consider this
equation as a prototype of other, typically nonlinear, parabolic differential equations
arising in geometric analysis, we shall only use the short time existence here (which
also holds for nonlinear equations by linearization) and deduce the long time existence
from differential inequalities for the geometric objects involved.

The short time existence is contained in

Lemma 3.6.1. Let 8y € QP be of class C* for some 0 < a < 1. Then, for some
0 < e (3.6.1) has a solution B(x,t) for 0 < t < e, and this solution is also of class
Cc%e, O

In order to procede to the global existence, we shall consider the L?-norm
IBC.OF = 3.9) = [ (et A 48(a.t (363)
and the energy
1 2 1 * 2 1 1 * *
E(3(,1)) = 3 IdBC DI + S1d"BC DI = 5(dB,dB) + 5(d*5,d°8).  (3.64)

(Note that (||3(-,)||> +2E(B(-,t)))"/? is the Sobolev norm of 3(-,t) as introduced in
(3.4.4).)

Lemma 3.6.2.
d
ZI8eoI7 <0 (3:6:5)
- H* >0 3.6.6
e IBC I = (3.6.6)
d
ZE(BG1) 0. (3.6.7)

The lemma tells us that ||3(-,#)||? is a decreasing and convex function of the flow
parameter ¢.
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Proof.

d s 0
218G 017 = 2(5.8(,1), 5(, 1)

= _2(Aﬁ('vt)7ﬁ('7t))

= _Q(dﬂ('vt)adﬂ('vt)) - Q(d*ﬁ('vt)vd*ﬁ('vt))

— _4B(3(-1) (3.6.8)
<0

which shows (3.6.5). Next

0
0 0
= —(550.0), 5 B1)

<0

which shows (3.6.7). (3.6.6) follows from this and (3.6.8). |

Analyzing the proof, (3.6.5) is a direct consequence of the differential equation
(3.6.1). In fact, one can apply the same kind of strategy to any functional, that is,
to decrease its value by flowing with some associated parabolic equation. (3.6.6), in
contrast, is a more special result that expresses an important convexity property of
the functional that we are investigating here. This aspect will also play a fundamental
role in our considerations in Chapter 8.

In particular, when 3(x,0) = 0, then, by (3.6.5), G(z,t) = 0 for all ¢ for which
the solution exists. From this, we deduce

Corollary 3.6.1. Solutions of (3.6.1) are unique

(if B1(z,t) and Po(z,t) are solutions of (3.6.1) for 0 < ¢t < T with the same initial
values, i.e., B1(z,0) = B2(x,0), then they also coincide for 0 <t <T)

and satisfy a semigroup property

(if B(-,t) solves (3.6.1), then B(-,t + s) = Bs(-,t) where Bs(-,t) is the solution of
(8.6.1) with initial values B4(-,0) = B(-,s)). |

In fact, we have a more general stability result

Corollary 3.6.2. For a family [(x,t,s) of solutions of (3.6.1) that depends
differentiably on the parameter s € R,

d 0
138Gt <o. (3.6.9)

Proof. %B(%t,s) also solves (3.6.1), and (3.6.9) therefore follows from (3.6.5). O

We now need some a priori estimates:
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Lemma 3.6.3. A solution ((x,t) of (3.6.1) defined for 0 <t < T with initial values
Bo(x) € L? satisfies for 7 <t < T, for any T > 0, estimates of the form

1BC, )l oz (ary + Hatﬁ( Hllceon < a (3.6.10)

with a constant ci depending only on ||Bol|z2(ary, T and the geometry of M (but not
on the particular solution ((z,t)).

Remark. An important consequence of this lemma that we shall use repeatedly in
the sequel is that from the estimates we can infer convergence results. In fact, the
Arzela—Ascoli theorem implies that any sequence (f,,) that is bounded in the Holder
space C*(M) for some 0 < o < 1 contains a subsequence that converges in C"/(M ),
for any o < a. See [167] for details.

Proof. From (3.6.5),

1BC, 2 ary < NBollz2ary- (3.6.11)
From (3.6.9) with s = t, we see that ||%ﬁ(~7t)||L2(M) is nonincreasing in time. The
regularity results then follow from Theorem A.3.2 of the Appendix. O

We can now deduce the global existence of solutions of (3.6.1):

Corollary 3.6.3. Let 3y € C*% for some 0 < a < 1. Then the solution B3(x,t) of
(8.6.1) with those initial values exists for all t > 0.

Proof. By local existence (Lemma 3.6.1), the solution exists on some positive time
interval 0 < ¢t < e. Whenever it exists on some interval 0 < ¢t < T, for t — T,
by Lemma 3.6.3, 3(x,t) converges to some form beta(x,T) in C2 for 0 < o < a.
Applying the semigroup property (Corollary 3.6.1) and local existence (Lemma 3.6.1)
again, the solution can be continued to some time interval beyond T, that is, it exists
for 0 <t < T + €. Thus, the existence interval is open and closed and nonempty and
therefore consists of the entire positive real line. O

The final step in the program is the asymptotic behavior of solutions as ¢t — oco.
With this, we shall complete the proof of

Theorem 3.6.1 (Milgram—Rosenbloom). Given a p-form By(z) on M of class
C?2, for some 0 < o < 1, there exists a unique solution of

aﬁ(w D 4 AB(a,t) = 0 for all 0 < t < o0 (3.6.12)

with B(x,0) = Bo(z). (3.6.13)

Ast — 00, B(-,t) converges in C** to a harmonic form Hp3.

If By is closed, i.e., dBy = 0, then all the forms ((-,t) are closed as well, dﬁ( ) =
Also, in this case, if w is a coclosed (d — p)-form, i e d*w =0, then [,, B(z,t) Aw(x)
does not depend on t, and we have [,, H3(z) Aw(x) = [, Bo(x) Aw(x).
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This result obviously contains the Hodge theorem (Theorem 3.4.1) and provides
an alternative proof of it.

Proof. Since E(B(-,t)) > 0, (3.6.5) implies that there exists at least some sequence
t,, — oo for which

0
—0(-tn 0. 3.6.14
128 t)) - (3.6.14)
The control of the higher norms of (3(-,t,) of Lemma 3.6.3 then implies that
AB(t,) = f% (-,t,) converges to 0 in some Holder space C*% | that is, (-, t,)

. ’ . .
converges in C%% to a harmonic form H3. The difference

Gi(z,t) == B(x,t) — HB(x)

then also solves (3.6.12). Using (3.6.14) and (3.6.5) once more, we see that ||5(-,t) —
HA(-)|| — 0 as t — oo, and by Lemma 3.6.3, 3(z,t) converges to H(z) in O,
Uniqueness was already deduced in Corollary 3.6.1.

Since the exterior derivative d commutes with the Laplacian A as is clear from the
definition of the latter and obviously also with &, if 8(z,t) solves (3.6.12), then so
does df3(x,t). Thus, using e.g. (3.6.5) again, if d3y = 0, then also d3(-,t) = 0. Finally,
if also d*w = 0, then

P
a/M B(,1) A w(z) = f/M AB(w, ) Aw(z)
_ /M A Bla.t) Nola) = = [ a*Ba.t) A dula) =0,

O

The heat flow method can also conveniently deduce some refinements of this
theorem. We observe

Lemma 3.6.4. Under the assumptions of Theorem 8.6.1, the solution ((x,t) of
(8.6.1) converges exponentially towards the harmonic form HPy(x), that is,

1B(-,t) — HBo(-)|| < ce™™ (3.6.15)
for some positive constants ¢, A\. Here, \ is independent of [3.
Proof. Given t > 0, we seek 3 with ||3|| = 1 and HS = 0 for which for the solution
B(x,t) of (3.6.1) with initial values 5(z,0) = f(x),

18C Bl

is maximal. Since, by Lemma 3.6.3, the C1:®*-norm of 3(-,¢) is bounded in terms of
IB(-,0)||, this maximum is attained. Let this maximal value be b(¢). Since HfG = 0,
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(3.6.5) must be strictly negative. This implies b(t) < 1. The semigroup property of

Corollary 3.6.1 then implies
b(nt) < b(t)" for n € N,

from which
b(t) < e > for some A > 0.

Therefore, for general 3(x,0) € L?, we obtain (3.6.15).
We can then show

Corollary 3.6.4. The equation
Av=rn

for a p-form n of class L? is solvable iff

(n,w) =0 for all w with Aw = 0.

This solution then is unique up to addition of a harmonic form.
Therefore, the space of p-forms of class L? admits the decomposition

07, (M) = ker A & image A

(note that the first summand, the kernel of A, is finite dimensional).

Proof. We consider

3]
=z Ay —
8tu+ n="
/1'(7t) = Mo-
We put
Tt/’LO = B(7t)
for the solution of
0
il AR —
atﬁ +AB=0
ﬁ(7t) = Ho-

‘We then have

(1) = Typuola) + / T, y(x)ds = Typiola) + / Tyy(z)ds

as 7 does not depend on t.
By (3.6.15), we have
1Ty — Hy|| < e

(3.6.16)

(3.6.17)

(3.6.18)

(3.6.19)

(3.6.20)

(3.6.21)
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whence .
In = tHy = Tyl < [ e ds,
0

We conclude that
v(z) = tlim (u(z,t) — tH(x))

exists, in L? and then also in C??, by the estimates. Since AH~y = 0, we have

0
(57 T A)u(z,t) — tHy(2)) = 1(z) — Hn(z).
Therefore,
Av =n— Hpy.
This implies the solvability of (3.6.16) under the condition (3.6.17) because n — Hn is
the projection onto the L2-orthogonal complement of the kernel of A. O

Exercises for Chapter 3

1. Compute the Laplace operator of S™ on p-forms (0 < p < n) in the coordinates
given in §1.1.

2. Let w € Q1(S5?) be a 1-form on S?. Suppose
Plw=w
for all ¢ € SO(3). Show that w = 0.
Formulate and prove a general result for invariant differential forms on S™.

3. Give a detailed proof of the formula
*A = A x.

4. Let M be a two-dimensional Riemannian manifold. Let the metric be given by
gij(z)dr® @ da? in local coordinates (z!,2?%). Compute the Laplace operator on
1-forms in these coordinates. Discuss the case where

gij (@) = A (2)dy;
with a positive function \(z).
5. Suppose that a € H)?(M) satisfies
(d*a,d* @) + (da,dp) = (n,0) for all e QP(M),

with some given n € QP (M). Show « € QP (M), i.e. smoothness of «.
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6. Compute a relation between the Laplace operators on functions on R**! and the
one on S™ C R*HL,

7. The considerations of the spectrum of the Laplace—Beltrami operator on functions
as given in Section 3.2 can be extended to differential forms, as briefly described
and utilized in Section 3.3. The present exercise leads you to the systematic
derivation of these results.

Thus, let M be a compact oriented Riemannian manifold, and let A be the
Laplace operator on QP(M). A € R is called an eigenvalue if there exists some
u e QP (M),u#0, with

Au = Au.

Such a w is called an eigenform or an eigenvector corresponding to A. The vector
space spanned by the eigenforms for A is denoted by V) and called the eigenspace
for A.

Show:

All eigenvalues of A are nonnegative.

a:
b: All eigenspaces are finite dimensional.

a

The eigenvalues have no finite accumulation point.

d: Eigenvectors for different eigenvalues are orthogonal.
As in Section 3.2, the next results need a little more analysis (cf. e.g. [167]).

e: There exist infinitely many eigenvalues

M< <. <A\ <.

f: All eigenvectors of A are smooth.
g: The eigenvectors of A constitute an L?-orthonormal basis for the space of
p-forms of class L2.
8. Here is another long exercise:

Let M be a compact oriented Riemannian manifold with boundary M # ). For
x € OM,V € T, M is called tangential if it is contained in T,0M C T,M and
W e T, M is called normal if

(V,W) =0 for all tangential V.

An arbitrary Z € T, M can then be decomposed into a tangential and a normal
component:
Z = Ztan + Znor~

Analogously, n € T?(T%, M) can be decomposed into

7 = Mtan 1 Mnor
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where 7., Operates on tangential p-vectors and 7., on normal ones. For p-forms
w on M, we may impose the so-called absolute boundary conditions

Wtan = y
(6)or = on OM,

oo

or the relative boundary conditions

Whor = 0,
£ — on OM.

(These two boundary conditions are interchanged by the *-operator.)

Develop a Hodge theory under either set of boundary conditions.






Chapter 4

Connections and Curvature

4.1 Connections in Vector Bundles

Let X be a vector field on R%, V' a vector at zg € R?. We want to analyze how one
takes the derivative of X at z( in the direction V. For this derivative, one forms

lim X(zo + tVt) - X(ﬂﬂo)'

Thus, one first adds the vector tV to the point xzy. Next, one compares the vector
X(zo +tV) at the point zo + tV and the vector X (xg) at xo; more precisely, one
subtracts the second vector from the first one. Division by ¢ and taking the limit then
are obvious steps.

A vector field on R? is a section of the tangent bundle T'(R%). Thus, X (zo +tV)
lies in Ty 4 ey (R?), while X(x¢) lies in T, (R%). The two vectors are contained in
different spaces, and in order to subtract the second one from the first one, one needs
to identify these spaces. In R?, this is easy. Namely, for each z € R?, T,R? can
be canonically identified with TyR? = R?. For this, one uses Euclidean coordinates
and identifies the tangent vector % at x with % at 0. This identification is even
expressed by the notation. The reason why it is canonical is simply that the Euclidean
coordinates of R? can be obtained in a geometric manner. For this, let ¢(t) = tx,t €
[0,1] be the straight line joining 0 and z. For a vector X at z, let X; be the vector
at c(t) parallel to X5; in particular, X; has the same length as X; and forms the
same angle with ¢. Xy then is the vector at 0 that gets identified with X;. The
advantage of the preceding geometric description lies in the fact that X; and X, are
connected through a continuous geometric process. Again, this process in R? has to
be considered as canonical.

J. Jost, Riemannian Geometry and Geometric Analysis, Universitext,
DOI 10.1007/978-3-642-21298-7_4, (© Springer-Verlag Berlin Heidelberg 2011
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On a manifold, in general there is no canonical method anymore for identifying
tangent spaces at different points, or, more generally fibers of a vector bundle at
different points. For example, on a general manifold, we don’t have canonical
coordinates. Thus, we have to expect that a notion of derivative for sections of a
vector bundle, for example for vector fields, has to depend on certain choices.

Definition 4.1.1. Let M be a differentiable manifold, F a vector bundle over M. A
covariant derivative, or equivalently, a (linear) connection is a map

D :T(E) — T(E) @ T(T* M)

with the properties subsequently listed:
By property (i) below, we may also consider D as a map from I'(TM) @ I'(E)
to ['(E) and write for o0 € I'(E),V € T, M

Do(V) =: Dyo.
We then require:
(i) D is tensorial in V :
Dyiwo = Dyo + Dwo for VV\W e T,M,0 € T'(E), (4.1.1)
Dyyo = fDyo for f € C°(M,R),V e I'(TM). 2)
(ii) D is R-linear in o :
Dy(oc+7)=Dyo+Dyr forVeT,Mor1ecl(E) (4.1.3)

and it satisfies the following product rule:

Dy(fo)=V(f) o+ fDyo for f € C*°(M,R). (4.1.4)

Of course, all these properties are satisfied for the differentiation of a vector field
in R? as described; in that case, we have Dy X = dX (V).

Let 9 € M, and let U be an open neighborhood of xg such that a chart for M
and a bundle chart for E are defined on U. We thus obtain coordinate vector fields

%, R %, and through the identification
Ejy =U xR" (n= fiber dimension of E),
a basis of R™ yields a basis yi1,.. ., of sections of Ejy;. For a connection D, we

define the so-called Christoffel symbols Ffj (j,k=1,...,n,i=1,...,d) by
Do pj=: I‘fj,uk. (4.1.5)
EEY

We shall see below that the Christoffel symbols as defined here are a generalization
of those introduced in §1.4.
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Let now p € T'(E); locally, we write u(y) = a*(y)ux(y). Also let ¢(t) be a smooth
curve in U. Putting p(t) := p(c(t)), we define a section of E along c. Furthermore, let

V(t) = c(t) (= Le(t) = ¢ (t) 5.
Then by (4.1.1) — (4.1.5)

Dy yult) = a*(t) e (c(t)) + ¢ (t)ak(t)D%mc
= a" () (c(t)) + ¢ (£)a™ ()T (c(t)) s (c(2)).

(In particular, Dxp depends only on the values of i along a curve ¢ with ¢(0) = X
and not on all the values of 4 in a neighborhood of the base point of X.)

Dy ypu(t) = 0 thus represents a linear system of first order ODEs for the
coefficients a'(t),...,a"™(t) of u(t). Therefore, for given initial values ;(0) € E (),
there exists a unique solution of

(4.1.6)

Dyyu(t) = 0. (4.1.7)

Definition 4.1.2. The solution u(t) of (4.1.7) is called the parallel transport of 11(0)
along the curve c.

Thus, if xp and z; are points in M, the fibers of E above z¢ and z1, E,, and
E.,, resp., can be identified by choosing a curve ¢ from z¢ to z1 (xg = ¢(0), 21 = ¢(1))
and moving each py € E,, along c to E,, by parallel transport. This identification
depends only on the choice of the curve ¢. One might now try to select geodesics
w.r.t. a Riemannian metric as canonical curves, but those are in general not uniquely
determined by their endpoints.

From parallel transport on a Riemannian manifold, i.e. the identification of the
fibers of a vector bundle along curves, one may obtain a notion of covariant derivative.
For this purpose, given V € T, M, let ¢ be a curve in M with ¢(0) = z,¢(0) = V. For
w € I'(E), we then put

Pei(p(e(t) — p(c(0))

Dyp:=1
Y tLI}(l) ¢ )

where Py ; : Eey) — Ec (o) is the identification by parallel transport along c. In order to
see that the two processes of covariant derivative and parallel transport are equivalent,
we select a basis of parallel sections pi1(t),. .., un(t) of E along c, i.e.

Dyypj(t) =0 forj=1,...,n. (4.1.8)
An arbitrary section p of E along c is then written as
p(t) = a®(t)ux(t),
and for X = ¢(0), we have

Dxpu(t) = a*(t)ur(t) by (4.1.6), (4.1.8) (4.1.9)
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and consequently,

a*(t) — a*(0)

(Dx)(e(0)) = fim =L 0)
o Pal®) — p(0)
t—0 t

It is important to remark that this does not depend on the choice of the curve ¢, as
long as ¢(0) = X.

We want to explain the term “connection”. We consider the tangent space
at the point 9 to the total space E of a vector bundle, Ty E. Inside T, E, there is
a distinguished subspace, namely the tangent space to the fiber F, containing
(xz = m(¢)). This space is called vertical space V,,. However, there is no distinguished
“horizontal space” H, complementary to Vi, i.e. satisfying Ty E = V, @ Hy. If
we have a covariant derivative D, however, we can parallely transport 1 for each
X € T, M along a curve c¢(t) with ¢(0) = z,¢(0) = X. Thus, for each X, we obtain a
curve 9(t) in E. The subspace of Ty E spanned by all tangent vectors to E at ¢ of
the form

d

Eﬂ)(t)\t:o
then is the horizontal space Hy,. In this manner, one obtains a rule for how the fibers
in neighboring points are “connected” with each other.

We return to (4.1.6), i.e.

Dyiyy o, (a (t)p(c(t)))

; o (4.1.10)
= @/ (£ (c(t)) + ¢ (8)a? ()13 (e (b)) pr (e(1)).

Here,

da’

ox?

This part thus is completely independent of D.
I‘;-“j now has indices j and k, running from 1 to n, and an index running from

al(t) = é(t)

(c(t)). (4.1.11)

1 to d. The index 7 describes the application of the tangent vector c'i(t)%. We thus
consider (I‘fj)i,j,k as an (n X n)-matrix valued 1-form on U :

(T5)ig.k € T(gl(n, R) @ T Mjp). (4.1.12)

(Here, gl(n,R) is the space of (n X n)-matrices with real coefficients.) In a more
abstract manner, we now write on U

D=d+ A, (4.1.13)

where d is an exterior derivative and A € I'(gl(n,R) @ T*M,y;). Of course, A can also
be considered as an (n X n)-matrix with values in sections of the cotangent bundle
of M; A, applied to the tangent vector %, becomes (Ffj)j,kzlwyn. By (4.1.10), the
application of A to a’y; is given by ordinary matrix multiplication. Once more:

D(a’ ) = d(a?); + o’ Ap, (4.1.14)
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where A is a matrix with values in T*M.
We now want to study the transformation behavior of A. Asin §2.1, let (Uy)aeca
be a covering of M by open sets over which the bundle is trivial, with transition maps

©YBa : U, ﬂUﬁ — Gl (n,]R).

D then defines a T M-valued matrix A, on U,. Let the section p be represented by
te o0 Uy. Here, a Greek index is not a coordinate index, but refers to the chosen
covering (Uy). Thus,

g = Pga tta o0 Uy N Ug. (4.1.15)

But then we must also have
Vga(d+ As)tta = (d+ Ag)pg onU, NUg; (4.1.16)

on the left-hand side we have first computed Dy in the trivialization defined by the
U, and then transformed the result to the trivialization defined by Ug, while on the
right-hand side, we have directly expressed Dy in the latter trivialization.

We obtain

Ao = 0500080 + e AsPsa (4.1.17)

This formula gives the desired transformation behavior. Thus, A, does not transform
as a tensor (see the discussion following Definition 2.1.10), because of the term
@Eidgo@a. However, the difference of two connections transforms as a tensor. The
space of all connections on a given vector bundle F thus is an affine space. The
difference of two connections Di, Dy is a gl(n,R)-valued 1-form, ie. Dy — Dy €
I'(End E ® T*M), considering gl(n,R) as the space of linear endomorphisms of the
fibers.

We return to our fixed neighborhood U and thus drop the index a.

We want to extend D from E to other bundles associated with E, in particular
to E* and End(F) = E® E*.

We now write

Apy = Ay, (4.1.18)
where each A;? now is a 1-form, A? = Ffjdxi. Let pi,...,uk be the basis dual to
1yl on the bundle E* dual to E, i.e.

(1is 15 ) = dij, (4.1.19)

where (+,+) : E® E* — R is the bilinear pairing between E and E*.

Definition 4.1.3. Let D be a connection on E. The connection D* dual to D on the
dual bundle E* is defined by the requirement

d(p,v*) = (D, v*) + (1, D*v*) (4.1.20)

for any p € T'(E),v* € I'(E*).
(Dp € T(E ® T*M), and (Dp,v*) pairs the E-factor of Dy with v*. Thus
(Dp,v*), and similarly (@, D*v*), is a 1-form.)
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As usual, we write D =d+ A on U and compute

0 = d(pi, 115) = (Af gy 115) + (i, A 1
= Al + A7 by (4.1.19),

ie.
A* = - A" (4.1.21)
Recalling (4.1.5), we get

D*y s = =T .. (4.1.22)

a
Erg
Definition 4.1.4. Let E;, E» be vector bundles over M with connections Dq, Do,
resp. The induced connection D on E := F; ® F» is defined by the requirement
D(u1 ® p2) = D1 @ pa + p1 @ Dapio (4.1.23)
for p; € T'(E;),1=1,2.
In particular, we obtain an induced connection on End (E) = F ® E*, again
denoted by D. Let 0 = O’;-p,i ® p} be a section of End (E). We compute
D(ojpi @ i) = dob; @ p + 05 Af g, ® 1 — 0§ A @ i, (4.1.24)
=do + [A, o] o

The induced connection on End (E) thus operates by taking the Lie bracket.

We next want to extend the operation of a connection D from I'(E) to I'(E) ®
QP(M) (0 < p<d). Since, on QP (M), we have the exterior derivative d, we define in
analogy with Definition 4.1.4 for p € T'(E),w € QP(M)

D(p®@w)=DuAw+ p® dw. (4.1.25)

(Here, we have employed a wedge product of forms with values in vector bundles,
as Dy is an element of I'(E) @ QY(M): If 0 € T(E),w; € QY(M),ws € QP(M), then

(0 @wi) Awy :=0 @ (w1 Awa),

and the general case is defined by linear extension.)
As an abbreviation, we write

OP(E):=T(E)@ QP (M), QP :=QP(M).
Thus
D:QF(E) — QFPYE), 0<p<d.
We want to compare this with the exterior derivative
d: QP — Qptl,
Here, we have
dod=0.

Such a relation, however, in general does not hold anymore for D.
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Definition 4.1.5. The curvature of a connection D is the operator
F:=DoD:Q%E)— Q*E).
The connection is called flat, if its curvature satisfies F' = 0.

The exterior derivative d thus yields a flat connection on the trivial bundle
M x R.
We compute for p € T'(E)

() = (d+ 4) o (d+ A)p
= (d+ A)(dp + Ap)
= (dA)p — Adp + Adp+ AN Ap
(the minus sign occurs because A is a 1-form).

Thus
F=dA+ ANA. (4.1.26)

If we write A = A;jdx?, (4.1.25) becomes

F= (aAj + AiAj) da' A da?

oxt
Cod on (4.1.27)
_ - J v ) . i J
=5 (axi o+ [AZ,AJ]> dz’ A dz

(note that each A; is an (n X n)-matrix).
We now want to compute DF. F is a map from Q°(E) to Q*(F), i.e.

FeQ(E)® (QE)*=Q*EndE).
We thus consider F' as a 2-form with values in End E. By (4.1.24) then
DF =dF + [A, F)
=dANA—ANdA+[A,dA+ AN A] by (4.1.24)
=dANA—ANdA+ANIA—dANA+[A AN A]
=[A4,ANA]
= [Aida®, Ajdxd A Agpda®)
= A;Aj Ay (da’ A dad A da® — da? A da® A dat)
=0.
This is the so-called second Bianchi identity.

Theorem 4.1.1. The curvature F' of a connection D satisfies

DF =0.
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We now want to study the transformation behavior of F. We use the same
covering (Uy)aea as above, and on U,, we write again D = d + A,, Ay = Ay ida".
F' then has the corresponding representation

(e O Narne

E ozt oxJ

)

by (4.1.27). Using the transformation formula (4.1.16) for A,, we see that in the
transformation formula for Fi,, all derivatives of g, cancel, and we have

Fo=¢5,F50pa - (4.1.29)

Thus, in contrast to A, F' transforms as a tensor.
We now want to express F' in terms of the Christoffel symbols. In order to make
contact with the classical notation, we denote the curvature operator, considered as

an element of Q?(End E) by R :

F:Q%E) — Q*E)
w— R( ),

and we define the components RZ ; by
g 0 &
I = Rb.. 4.1.
R <8£L’7’7 O1d > He RE'L]AU’IC ( 30)

(k,te{1,....,n},i,j € {1,...,d}). By (4.1.27)

R('a ')Nl = FNZ
1 [ork,  grk , ,
=3 ( a;f - 871]? +T5, T —T% T | da* A da? @ pu, (4.1.31)

i.e.

k
k aF]—Z _ arfé +Fk _
lij — At EIi im=— jl

T —ThaTi - (4.1.32)
Theorem 4.1.2. The curvature tensor R of a connection D satisfies

R(X,Y)u= DxDyp— DyDxp— Dix y)p (4.1.33)
for all vector fields X,Y on M, and all p € T'(E).
Proof. A direct computation is possible. However, one may also argue more abstractly

as follows: First, (4.1.33) holds for X = %, Y = %. Namely, in this case [X,Y] = 0,
and (4.1.33) follows from (4.1.27).
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We have seen already that R transforms as a tensor (the tensorial transformation
behavior w.r.t. X,Y also follows from (4.1.27), for example), and thus the value of
R(X,Y)u at the point x depends only on the values of X and Y at z. Now for
X = gz 9 Y = ,’7]‘%

B(Ei7

ani .
—nJ
dat Vet T

g’
oz’ b st

+§i77j<DLDL_—D avD Bv)ﬂ
ozt Baxd ozd ozt

DXDY,U/ — DyDXu = fl

and
D[X’y]u = D(fi o o ;08 o )M;
ozt Ozl dxl Ozt
hence
DxDyp—DyDxp— Dixyjp = & (Daai D% B Daa-j D%) s
and this has the desired tensorial form. O

In order to develop the geometric intuition for the curvature tensor, we want

to consider vector fields X, Y with [X,Y] = 0, e.g. coordinate vector fields %, %.

Then
R(X,Y)=DxDy — Dy Dx.

When forming Dx Dy u, we first move p by infinitesimal parallel transport in the
direction Y and then in the direction X; when forming Dy Dx i, the order is reversed.
R(X,Y)u then expresses the difference in the results of these two operations, or, in
other words, the dependence of parallel transport on the chosen path.

Corollary 4.1.1. We have
R(X,Y)=—-R(Y,X). (4.1.34)

Proof. From (4.1.33). |

Corollary 4.1.2.
RZ’;‘ = _joi Vi, gk, L.

Proof. This reformulation of (4.1.34) also follows from (4.1.31). |

Connections on the tangent bundle TM are particularly important. For such a
connection V on TM, the Christoffel symbols are given by
, 9 9
82t Qad Dk
According to Definition 4.1.3, the connection V also induces a connection on the
cotangent bundle T* M which we again denote by V, and which satisfies, by (4.1.22),

V_o da? = —T dz". (4.1.36)

dx®

(4.1.35)
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Definition 4.1.6. Let V be a connection on the tangent bundle T'M of a differentiable
manifold M. A curve ¢: I — M is called autoparallel or geodesic w.r.t. V if

Vee =0, (4.1.37)

i.e. if the tangent field of c is parallel along c.

In local coordinates, ¢ = ¢ 821" and
VC‘C = (C + Fijc C])ﬁ, (4138)

and the equation for geodesics has the same form as the one in §1.4. The difference
is that the Christoffel symbols now have been defined differently. We shall clarify the
relation between these two definitions below in §4.3. According to (4.1.38), (4.1.37)
is a system of second order ODEs, and thus, as in §1.4, for each z € M, X € T, M,
there exist a maximal interval I = I'x C R with 0 € Ix and a geodesic ¢ = cx

c:I—M
with ¢(0) = z,¢(0) = X.
C:={X eTM:1c¢c Ix} is a star-shaped neighborhood of the zero section of

TM, and as in §1.4, we define an exponential map by

exp:C —- M
X — Cx(].).

If X € C,0 <t <1, then exp(tX) = cx(1).

Definition 4.1.7. The torsion tensor of a connection V on T'M is defined as
TX,)Y) =Tg(X,Y):=VxY -VyX - [X,Y] (X,Y eT(TM)). (4.1.39)

V is called torsion free if
T

0. (4.1.40)

Remark. 1t is not difficult to verify that T is indeed a tensor, i.e. that the value of
T(X,Y)(z) only depends on the values of X and Y at the point .

In terms of our local coordinates, the components of the torsion tensor T are
given by

Ej:T<8 8):v 0 _y i:(rfj—rfi)ik. (4.1.41)

—_ ey T~ o el =
Oxt’ OxJ 2et OJ 227 Ot Oz

We conclude
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Lemma 4.1.1. The connection V on T'M is torsion free if and only if
E _ ok ..
Uy =15 foralli,j,k. (4.1.42)
O

Definition 4.1.8. A connection V on T'M is called flat if each point in M possesses
a neighborhood U with local coordinates for which all the coordinate vector fields a%i
are parallel, that is,

a —
oyt

Theorem 4.1.3. A connection V on TM is flat if and only if its curvature and
torsion vanish identically.

0. (4.1.43)

Proof. When the connection is flat, all V _o_ % = 0, and so, all Christoffel symbols
ozt

Ffj = 0, and therefore, also T' and R vanish, as they can be expressed in terms of the
L.
J

For the converse direction, we shall find local coordinates y for which
Vdy = 0. (4.1.44)

For such coordinates, the coordinate vector fields a%i then are covariantly constant,
i.e.,vsatisfy (4.1.43), because (dyj:, a%) = 47, hence 0 = d(dy’, 8%,;) = (Vdy’, 8%,;) +
(dy?,V 527) by (4.1.20) and Vdy’ = 0 by (4.1.46).

For given coordinates, we have dy = %dmi. We shall proceed in two steps. We first
construct a covariantly constant (vector valued) 1-form pu;dz’, and then show that
the p; can be represented as derivatives, p; = %’—i. For the first step, we shall use the
vanishing of the curvature, and for the second, the vanishing of the torsion. In both
steps, the decisive ingredient will be the theorem of Frobenius. The equation for the
first step,

Vusdz' =0 (4.1.45)
by (4.1.36) is equivalent to the system
0 Tk ur =0 foralli,j 4.1.4
%m—f— site =0 for alli, j. (4.1.46)
In vector notation, this becomes
0
ﬁ,u—i-f‘j,u =0, (4.1.47)
and by the theorem of Frobenius, this can be solved if and only if the integrability
condition
0] 0
I, Ty + I; =0 (4.1.48)

dxi? Oai



144 Chapter 4 Connections and Curvature

holds for all 4, 7. With indices, this is
ork
J.Z o arz@ + F (
oz’ Oxd med

which by equation (4.1.32) means that the curvature tensor vanishes. We can thus
solve (4.1.46) for the ;.

ij =0 foralli,j, (4.1.49)

For the second step, i.e., to check that these u; are derlvatlves 5.7, the necessary and
sufficient condition (agaln by the theorem of Frobenius) is
0 .
for alli, j, (4.1.50)

ozt i = @M

which by (4.1.46) in turn is equivalent to the condition I'}; = T'%; for alli, j, k, that
is, by Lemma 4.1.1, the vanishing of the torsion 7. This completes the proof. O

Perspectives. Ehresmann was the first to arrive at the correct concept of a connection in
a vector bundle. Equivalently, the concept may also be introduced in a principal bundle (see
the discussion at the end of §2.3). The theory of connections is systematically explored in
[191,192].

The curvature tensor introduced here generalizes the Riemann curvature tensor derived
from a Riemannian metric in §4.3 below.

The Bianchi identity (Theorem 4.1.1) may be derived in a more conceptual way as
the infinitesimal version of the equivariance of the curvature form F' with respect to certain
transformations in horizontal directions, see [253].

For a more detailed and elementary discussion of integrability conditions and the
Frobenius theorem, we refer to [93].

4.2 Metric Connections. The Yang—Mills
Functional

Definition 4.2.1. Let E be a vector bundle on the differentiable manifold M with
bundle metric (-,-). A connection D on FE is called metric if

d{p, vy = (Du,v) + (u, Dv) for all u,v € T'(E). (4.2.1)

A metric connection thus has to respect an additional structure, namely the
metric.
We want to interpret condition (4.2.1). Let X € T,,M; (4.2.1) then means

X{u,v) = (Dxp,v) + {(u, Dxv). (4.2.2)
Let now ¢ : I — M be a smooth curve, and let p(¢) and v(t) be parallel along ¢, i.e.

Depp =0 = Dgv. Then from (4.2.2)

%w(t), v(t)) = 0. (4.2.3)

This can be interpreted as follows:
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Lemma 4.2.1. The parallel transport induced by a metric connection on a vector
bundle preserves the bundle metric in the sense that parallel transport constitutes an
isometry of the corresponding fibers. O

Namely, (4.2.3) means that the scalar product is preserved under parallel
transport.

Lemma 4.2.2. Let D be a metric connection on the vector bundle E with bundle
metric (-,-). Assume that w.r.t. a metric bundle chart (c¢f. Definition 2.1.12 and
Theorem 2.1.8), we have the decomposition

D=d+ A.
Then for any X € TM, the matriz A(X) is skew symmetric, i.e.

A(X) € o(n) (= Lie algebra of O(n)) (n= rank of E).

Proof. As described in Theorem 2.1.3, a metric bundle chart (f,U) generates sections
1,y by on U that form an orthonormal basis of the fiber E, at each x € U, i.e.

(i(), pj () = 6ij-

Moreover, since the p; are constant in the bundle chart, we have for the exterior
derivative d defined by the chart

dpu; =0 (i=1,...,n).

Let now X e T, M,z € U.
It follows that

0= X (i, pj) = (AX )i, prg) + (pris A(X)pej)
(A(X)F s pg) + iy ACX)S k)

AX)] + AX)S .

By
QP(AdE),

we denote the space of those elements of QP (End E) for which the endomorphism of
each fiber is skew symmetric. Thus, if D = d + A is a metric connection, we have

AcQYAdE).

We define
D*: QP(AdE) — QP71 (AdE)
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as the operator dual to

D: QP YAdE) — QP(Ad E)
w.r.t. (-,-); thus
(D*v,p) = (v, D) for allp € QP H(AdE),v € QP(AdE). (4.2.4)

This is in complete analogy with the definition of d* in §3.3. Indeed, for D = d+A (A €
QY AAE)), A = A;da?
(v, dp + Aydx’ A p) = (d*v, p) — (Asv,da’ A p),  since A; is skew symmetric. (4.2.5)

By Lemma 3.3.1, in this case
s = (—1)Pd=P),

%1 QP(Ad E) — Q% P(Ad E) operates on the differential form part as described in
§3.3 and leaves the Ad FE-part as it is:

x(pQw)=pR+w foruel(AdFE),w e QP

and by Lemma 3.3.4
d* = (—1) 4D+ g gy

Moreover, A; and * commute, since A; operates on the Ad E-part and * on the form

part. In particular,

Thus, from (4.2.5)
D* = (=1)PHDH 4 (d 4 A)x = (~1)4PHDH Dy, (4.2.6)

(Note, however, that A operates on the form part by contraction and not by
multiplication with da?.)
In Chapter 10, we shall need to compute expressions of the form

Afp, o)

where ¢ is a section of a vector bundle F with a metric connection D. We obtain

Afp,p) = d"d(p, )
= (=1)xdx*d{p, )
=2(—1)xd=* (Dp,p) since D is metric
= 2(—1) xd{xD¢, ©)

since Dy is a 1-form with values in F, and * operates on the form part, whereas (-, -)
multiplies the vector parts, and so * and (-, -) commute

=2(=1) x ((D * Do, @) + (*Dy, D)) since D is metric
=2((D"Dg, ) — (Dy, D))
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by (4.2.6), and since #* = 1 on 2-forms.
Thus, we obtain the formula

Afp, ) =2((D* Dy, ) — (D, Dy)). (4.2.7)
We now study the curvature of a metric connection and observe first

Corollary 4.2.1. Let D = d+ A be a metric connection on E. Then the curvature
F of D satisfies
F e O?(AdRE).

Proof. We consider (4.1.26). Under the conditions of Lemma 4.2.2,

04, 0A,
L J 4 [AZ,AJ]
oxi  Oxt
is a skew symmetric matrix for each pair (i,7), because the Lie bracket of two skew
symmetric matrices is skew symmetric again, since o(n) is a Lie algebra. O
Note that F;; = % % — %ﬁ{ [A;, Aj]) is always skew symmetric in ¢ and j.

This is also expressed by Corollary 4.1.1. By way of contrast, Corollary 4.2.1 expresses
the skew symmetry of the matrix

R?ij
w.r.t. the indices k and ¢ :

Corollary 4.2.2. For a metric connection,

Ry, = —Ry,;; foralije{l,....d}kte{l,. .. ,n} (4.2.8)
(d = dim M,n = rank of E). O

For A, B € o(n), we put
A-B=—tr(AB). (4.2.9)

This is the negative of the Killing form of the Lie algebra o(n). (4.2.9) defines a
(positive definite) scalar product on o(n). (4.2.9) then also defines a scalar product
on Ad E. We now recall that we also have a pointwise scalar product for p-forms: For
wi,we € APT* M we have
(wi,w2) = *(w1 A *w2), (4.2.10)
cf. Lemma 3.3.2. Thus, we also have a scalar product for u; Q@ wy, o Qws € Ad E, ®
APT* M, namely
<N1 ® wi, t2 @ w2> = 'M2<w1,w2>. (4.2.11)

Thus, by linear extension, we also obtain a scalar product on Ad E, ® APT; M. This
in turn yields an L2-scalar product on QP(Ad E) :

(1 @ w1, o R we) = / (1 @ wr, 2 @ wa) * (1), (4.2.12)
M

assuming again that M is compact and oriented.
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Definition 4.2.2. Let M be a compact, oriented Riemannian manifold, E a vector
bundle with a bundle metric over M, D a metric connection on F with curvature
Fp € Q*(AdE). The Yang-Mills functional applied to D is

YM(D) = (FD,FD) = /M<FD,FD> * (1)

We now recall that the space of all connections on E is an affine space; the difference
of two connections is an element of Q!(End E). Likewise, the space of all metric
connections on E is an affine space; the difference of two metric connections is an
element of Q'(Ad E). If we want to determine the Euler-Lagrange equations for the
Yang—Mills functional, we may thus use variations of the form

D +tB with B € Q'(AdE).
For o € I'(E) = Q°(E),

= D%0 +tD(Bo) +tB A Do +t*(B A B)o (4.2.13)
= (Fp +t(DB) +t*(B A B))o,

since D(Bo) = (DB)o — B A Do (compare the derivation of (4.1.26)).
Consequently

d d
EYM(D +1tB)j—0 = pn /(FD+tB,FD+tB> * (1))1=0

(4.2.14)
= 2/<DB,FD) x (1).
Recalling the definition of D* (4.2.4), (4.2.14) becomes
d *
ZYM(D +1B)jmy = 2(B, D" Fp).
Thus, D is a critical point of the Yang—Mills functional if and only if
D*Fp = 0. (4.2.15)

Definition 4.2.3. A metric connection D on the vector bundle E with a bundle
metric over the oriented Riemannian manifold M is called a Yang-Mills connection if

D*Fp =0.

We write Fp = Fyjdz® A dz?, and we want to interpret (4.2.15) in local coordinates
with g;;(z) = d;;. In such coordinates,

. _ OF,; .
d*(Fyjdz' Nda?) = —3—,](1967,
x’L
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and from (4.2.5) hence

(4.2.15) thus means

1oF
%x? +[An Fyl =0 forj=1,....d (4.2.16)

We now discuss gauge transformations.
Let E again be a vector bundle with a bundle metric. Aut (E) then is the bundle
with fiber over x € M the group of orthogonal self-transformations of the fiber E,.

Definition 4.2.4. A gauge transformation is a section of Aut(F). The group G of
gauge transformations is called the gauge group of the metric bundle E.

The group structure here is given by fiberwise matrix multiplication. s € §
operates on the space of metric connections D on E via

s*(D):=s"1oDos,
ie.
s* (D) = s~ D(sp) (4.2.17)
for p € T(E). For D = d+ A, we obtain as in the proof of (4.1.16)
s*(A) = s tds + s As. (4.2.18)

Subsequently, this notion will also be applied in somewhat greater generality. Namely,
if the structure group of F is not necessarily SO(n), but any subgroup of Gl(n,R),
we let Aut (E) be the bundle with fiber given by G, and operating on E again by
conjugation. The group of sections of Aut (F) will again be called the gauge group.

Given zp € M, we may always find a neighborhood of U of xy and a section s
of Aut (E) over U, i.e. a gauge transformation defined on U, such that

s*(A)(zo) = 0.
Namely, according to (4.2.18), we just have to solve
s(zg) =1id, ds(xzg) = —A(xg).

This is possible since A € Q'(Ad E), and the fiber of Ad E is the Lie algebra of the
fiber of Aut (E), a section of which s has to be. Thus,



150 Chapter 4 Connections and Curvature

Lemma 4.2.3. Let D be a connection on the vector bundle E over M. For any
xo € M, there exists a gauge transformation s defined on some neighborhood of xq
such that the gauge transformed connection s*(D) satisfies

s*(D)=d at .

Of course, the gauge transformation can always be chosen to be compatible with any
structure preserved by D, in particular a metric. O

In the same notation as in the derivation of (4.1.16), s as a section of Aut(E)
transforms as

86 = PpasaPpa: (4.2.19)
The curvature F' of D transforms as in (4.2.17):

s*F=s'0Fos. (4.2.20)
An orthogonal selfmap of E is an isometry of (-,-), and hence

(s"F,s*F)y = (F, F). (4.2.21)
We conclude:

Theorem 4.2.1. The Yang—Mills functional is invariant under the operation of the
gauge group G. Hence also the set of critical points of Y M, i.e. the set of Yang—
Mills connections, is invariant. Thus, if D is a Yang—Mills connection, so is s*D for

seg. O

Corollary 4.2.3. The space of Yang—Mills connections on a given metric vector
bundle E of rank > 2 is infinite dimensional, unless empty. O

For n > 2, o(n) is nonabelian. Thus, by (4.2.18), in general not only s~ As # A,
but by (4.2.20) also
s*F # F.

It is nevertheless instructive to consider the case n = 2. 0(2) is a trivial Lie algebra
in the sense that the Lie bracket vanishes identically. Ad E thus is the trivial bundle
M x R. Consequently for D =d+ A

F = dA. (4.2.22)
Similarly, the Bianchi identity (Theorem 4.1.1) becomes

dF =0, (4.2.23)
and the Yang-Mills equation (4.2.15) becomes

dI'F=0. (4.2.24)

(4.2.22) does not mean that the 2-form F is exact, because (4.2.22) depends on the
local decomposition D = d + A which in general is not global. That F, as the
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curvature of a connection, satisfies the Bianchi identity, does mean, however, that F
is closed. F' then is harmonic if and only if D is a Yang-Mills connection, cf. Lemma
3.3.5. Thus, existence and uniqueness of the curvature of a Yang-Mills connection are
consequences of Hodge theory as in §3.4. Thus, Yang-Mills theory is a generalization
(nonlinear in general) of Hodge theory.

We now write (for n =2) s € § as s = e“. Then

s"(A) = A+du by (4.2.18). (4.2.25)

(4.2.24) becomes
d*dA = 0. (4.2.26)

If we require in addition to d*dA = 0 the gauge condition
d*A =0, (4.2.27)

we obtain the equation
AA = (d*d + dd*)A = 0. (4.2.28)
Without the gauge fixing (4.2.27), if A is a solution of the Yang—Mills equation, so is

A+ a with a € Q' da = 0,

and conversely, this way, knowing one solution, one obtains every other one; namely,
if A+ a with a € Q! is a solution, we get d*a = 0, hence as in §3.3, da = 0. If
HY(M,R) = 0, for each such a, there exists a function u with a = du. With s = e*,
we put

s*(A)=A+a,

and thus, in this case § operates transitively on the space of Yang—Mills connections.

We now consider the case d = 4 which is of special interest for the Yang—Mills
equations. As always, M is compact and oriented and carries a Riemannian metric.
* then maps A?T M into itself:

* 2 NTEM — AT M (z € M).
Since by Lemma 3.3.1, *x = 1, we obtain a decomposition
ANT;M = At @ A

into the eigenspaces of * corresponding to the eigenvalues £1. AT M is of dimension
6, and A" and A~ are both of dimension 3. Choosing normal coordinates with center
x, AT is generated by

dat A da? + da® A dxt

dx' A da* + dz? A da®

dzt A da® — da? A dz?
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and A~ by
det A da® + do? A dat
det A da? — da® A da?t
dz! A dzt — dz? A dad.
The elements of AT are called selfdual, those of A~ antiselfdual.

Definition 4.2.5. A connection D on a vector bundle over an oriented four-
dimensional Riemannian manifold is called (anti)selfdual or an (anti)instanton if its
curvature Fp is an (anti)selfdual 2-form.

Theorem 4.2.2. FEach (anti)selfdual metric connection is a solution of the Yang—
Mills equation.

Proof. The Yang—Mills equation is

D*F = 0.
By (4.2.6), this is equivalent to
D+ F =0. (4.2.29)
Let now F be (anti)selfdual. Then
F=++F (4.2.30)
(4.2.29) then becomes
DxxF =0,
hence by **x =1,
DF =0.

This, however, is precisely the Bianchi identity, which is satisfied by Theorem
4.1.1. |

In order to find a global interpretation of Theorem 4.2.2 in terms of the Yang-
Mills functional, it is most instructive to consider the case of U(m) or SU(m)
connections instead of SO(n) connections. The preceding theory carries over with
little changes from SO(n) to an arbitrary compact subgroup of the general linear
group, in particular U(m) or SU(m). We shall also need the concept of Chern classes.
For that purpose, let E now be a complex vector bundle of Rank m over the compact
manifold M, D a connection in E with curvature F' = D? : Q¥ — Q2?(E). We also
recall the transformation rule (4.2.28):

Fo = 030 Fp0ap (4.2.31)

which allows to consider F' as an element of Ad F; at the moment, the structure group
is Gl(m,C) (as FE is an arbitrary complex vector bundle), and so AdE = End E =
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Hom ¢ (FE, E). We let M,, denote the space of complex m X m-matrices, and we call
a polynomial function, homogenous of degree k in its entries,

P: M, —C,
invariant if for all B € M,,, ¢ € Gl(m,C)
P(B) = P(¢"'By).
Examples are the elementary symmetric polynomials P?(B) of the eigenvalues of B.

Those satisfy

det(B +tId) = Y~ P *(B)t. (4.2.32)
k=0

Similary, a k-linear form

P:M,x...xM,—C
is called invariant if for By,..., By € My, ¢ € Gl(m,C)

ﬁ(Bl, ...,Br) = ﬁ(go_lBlgo, ... ,cp_lBkap).

The infinitesimal version of this property is that for all By,...,By € M,,, A €
gl(m,C)

k
> P(Bi,...,[A,Bi],...,By) =0. (4.2.33)
i=1
Restricting an invariant k-form to the diagonal defines an invariant polynomial
P(B) = P(B,...,B).

Conversely, given an invariant polynomial, we may obtain an invariant k-form by
polarization:

- (—1)k & ,
P(By,...,By) = > Y (-1YP(Bi, +...+By)).

Given an invariant polynomial P of degree k, we may use the transformation rule
(4.2.31) for the curvature F of a connection D to define

P(F) ::P(Fa)a

using any local trivialization. P(F) then is a globally defined differential form of
degree 2k. In particular, P(F') remains invariant under gauge transformations, as
those transform F into s~! o F o s, cf. (4.2.20).

Lemma 4.2.4. For an invariant polynomial of degree k, we have dP(F) = 0.
Consequently, P(F) defines a cohomology class [P(F)] € H?**(M), and this class
does not depend on the chosen connection.
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Proof. Let P be an invariant k-form with P(B, ..., B) = P(B) as above. As explained
in §4.1, we may extend D as

D :QP(End E) — QPTY(End E).
Since P is linear, we have

dP(By,...,By) =Y (-1)" TP P(By,... dB;, ..., By).

2

By assumption

P(F) = P(F,...,F),

is invariant under gauge transformations. For any xg € M, Lemma 4.2.3 means that
after applying a local gauge transformation, we may assume that at xy, we have

d=D.
Thus, at xg,

dP(F)=Y_P(F,..., DF,... F).

T

ith entry

As x was arbitrary, this holds for all M.
(Alternatively, this may be derived from (4.2.33), without using Lemma 4.2.3.)
The Bianchi identity DF = 0 thus implies

dP(F) =0.
If Dy, Dy are connections on F, then n:= Dy — Dg € Ql(End E). We write locally
Dy=d+ A,

and we put
Dy:=Do+tn=d+ A+1tn.

The curvatures thus are given by
Fy=d(A+1tn)+ (A+tn) A (A+1tn),

and

0
2 F =D,
ot ! ¢

We obtain

0 ~ (0
ap(Ft) :k/’P (aFtthaFt)

= kP (D, Fy, ..., Fy)
— d(kP(n,F,,...,F,)) as D;F, =0 by the Bianchi identity.
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Therefore .
0
P(Fy) - P(Fy) = /EP(Ft)dt
0

is cohomologous to zero. O

Definition 4.2.6. The Chern classes of E are defined as
;(B) = {Pﬂ' (LFH e H? (M)
2

where P7 is the j*" elementary symmetric polynomial, and F is the curvature of an
arbitrary connection on F.

Recalling (4.2.32), we have

i R X
det <§F —i—tId) = ;cm,k(E)t ,

or with the eigenvalues A\, of 7= F (the A, are 2-forms) and 7 := ¢,

i ¢j(E)r? = det (%TF - Id) = ﬁ (1+ Aa7). (4.2.34)

Jj=0
In particular, we have

2

a(F) = 27Ttr F, (4.2.35)
(B) = "L (B) Ay (B) = ——tr (Fo A ) (4.2.36)
c - ¢ c = —tr 2.
2 o 1 1 82 o\ Io),
where .
Fy:=F — —trF-1dg is the trace free part of F. (4.2.37)
m

We now return to the situation of a U(m) vector bundle E over a four-dimensional
oriented Riemannian manifold M. We let D be a unitary connection on E with
curvature F = D? as usual. We decompose Fy into its selfdual and antiselfdual
components

Fo=F; +Fy . (4.2.38)

Then, since the A product of a selfdual 2-form with an antiselfdual one always
vanishes (this can be seen from the above generators of AT and A™),
tr(Fo A Fy) = tr (FF AFy ) +tr (Fy AEy)
=tr (Fy” A*F)") —tr (Fy A*Fy) since % Fif = £F;
= —|F )P+ |Fy > cf (4.2.9). (4.2.39)
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Recalling (4.2.36), we conclude that integrating over M yields

1
872

m—1

(c2(E) - c1(B)*)[M] =

om (IF P = |E5 17) = (1). (4.2.40)

The Yang—Mills functional decomposes as

Vo) - [ <%'th2 + |F02) *(1)
:/<%|UF2+|F0+2+|FJ|2> «(1). (241

Since tr F' represents the cohomology class —2micy(F), the cohomology class of tr F

is fixed, and
/ |tr F|? % (1)
M

becomes minimal if tr ' is a harmonic 2-form in this class, see §3.3. [ |tr F'|* and
Ik |Fy|? may be minimized independently, and because of the constraint (4.2.40),
J |Fo|* becomes minimal if, depending on the sign of (cz(E) — 2Ly (E)?)[M],

Ff=0 or F; =0, (4.2.42)

i.e. if Fy is antiselfdual or selfdual.

If D is a SU(m) connection, then the fiber of Ad E is su(m) which is tracefree,
and thus F' € Q?(Ad E) satisfies
tr F = 0. (4.2.43)

Hence, by (4.2.35)

and by (4.2.36), (4.2.40)

1 _
B)M) =gz [ (FFF = |F7F) <)
M
where F* are the (anti)selfdual parts of F.
Also,
YMD) = [ (PP +1FP) ()
M
then is minimized if F' is (anti)selfdual, again depending on the sign of co(E)[M]. In

conclusion we obtain

Theorem 4.2.3. Let E be an SU(m) vector bundle over the compact oriented four-
dimensional manifold M. Then an SU(m) connection D on E yields an absolute
minimum for Y M if F is antiselfdual or selfdual (depending on the sign co(E)[M]),
i.e if it satisfies the first order equation F = £ % F'. O
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Remark. Here, we do not address the question when the lower bound for the
Yang-Mills functional just derived is achieved, i.e. when there exist (anti)selfdual
connections.

The Yang—Mills functional exhibits special features in dimension 4, as we have
seen. There is also a functional that is well adapted to 3-dimensional manifolds,
namely the Chern—Simons functional that we shall now briefly discuss.

Let M be a compact 3-dimensional differentiable manifold, and let E be a vector
bundle over M with structure group a compact subgroup G of Sl(n,R), with Lie
algebra g as usual. We consider G-connections D, i.e. connections that can locally
be written as

D=d+ A, with A€ Q'(g).

(As before, we identify g with the fibers of Ad E, the endomorphisms of the fibers of
FE that are given by elements of g. The discussion here is a little more general than
the one we presented in the 4-dimensional case, but the latter can easily be extended
to the present level of generality as well.)

We also suppose that E is a trivial G-bundle, i.e. as a vector bundle, F is
isomorphic to M x R", and the connection on E given by the exterior derivative d
preserves the G-structure (e.g. if G = SO(n), and (-,-) is the corresponding metric
on the fibers, then for any two sections o1, o2 of E (that are considered as functions
01,02 : M — R™ under the above isomorphism), we have

d{o1,09) = (doy,09) + (01,do2)).
In this case, for any other G-connection
D=d+ A
on F, A is a globally defined 1-form with values in g.
Definition 4.2.7. The Chern-Simons functional of A is defined as
CS(A) :/tr <A/\dA—|—§A/\A/\A) . (4.2.44)
M

(Here, tr of course is the trace in g, or in more general terms, the negative of the
Killing form of g. In fact, one may take any Ad invariant scalar product on g here.)

Remark. Without the assumption that F is a trivial G-bundle, we need to choose
a base connection Dy = d + Ag. For D = d+ A, A — Ay then is a globally defined
1-form with values in g, and we may thus insert A — Ag in place of A in the definition

of CS.

An important observation is that for the definition of CS, we do not need to
specify a Riemannian metric on M as the integrand is a 3-form on a 3-dimensional
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manifold. Thus, any invariants constructed from the Chern—Simons functional will
automatically be topological invariants of the differentiable manifold M.

In order to compute the Euler-Lagrange equations for C'S, we consider variations
A+1tB, B € Q(g), as in the derivation of the Yang-Mills equations. Using (4.2.13)
and, with A = A;dz?, B = B;dz?,

tr (AABAA) = tr (Apda® A Bida' A Ajda?)
= tr (Byda® A Ajda? A Apda®) =tr (B A AN A)

and similarly for tr (A A A A B), as the trace is invariant under cyclic permutations,
we have

%CS(AHB) :/tr(B/\dA+A/\dB+2B/\A/\A)

‘t:O

and using [ tr (A;dz’ A gTBmk;dacj Adxk) = [ tr (Bypda® A P2idad A dat),

:2/tr(B/\(dA+A/\A))

- 2/tr (B A Fa), (4.2.45)

where Fqy = dA + A AN A is the curvature of the connection D = d + A. If this
expression vanishes for all variations B € Q!(g), then F4 = 0. Consequently, the
Euler-Lagrange equations for C'S are

Fa =0, (4.2.46)

i.e. Ais a flat G-connection on E.

Like the Yang—Mills equation, the equation (4.2.46) obviously remains invariant
under gauge transformations. The equation (4.2.46) also arises as a reduction of
the (anti)selfduality equations to three dimensions. Namely, suppose that M is a
3-dimensional oriented Riemannian manifold, and that we have a selfdual connection
D = d+ A on the 4-dimensional manifold

N=M xR
with the product metric, and that D = d + A can be written locally as
d + Aldl‘l + A2d$2 + Agdl’s,

where !, 22, 23 are coordinates on M and where A1, Ay, A3 are functions of z!, 22,

2 only, and independent of the R-direction. Thus, we assume that D is trivial in
the direction of the factor R. We denote the coordinate in that direction by z%. We
write, in our coordinates, the curvature of D as

04A;  0A;
oxt Oz
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Our assumption implies that
Fiy=0=Fy foralli,j. (4.2.47)

On the other hand, if 2!, 22, 2® now are normal coordinates at the point of M under
consideration, the selfduality equations become

Fio = Fsy, Fi3=—Fn, Fiu=1F3. (4.2.48)

(4.2.47) and (4.2.48) imply

ie. D=d+ A is flat.

Perspectives. In the work of Donaldson, detailed accounts of which can be found in [103],
[82], instantons were introduced as important tools for the study of the differential topology of
four-dimensional manifolds. Let M be a compact differentiable four-manifold. As explained
in §3.4, one has a natural pairing

I': H*(M)x H*(M) — R
@9~ [ ans.

I" is called the intersection form of M.

Donaldson showed that if M is simply connected (w1 (M) = {1}) and if T" is definite,
then for a suitable basis of H?(M), T is represented by + identity matrix. Since by the work
of M. Freedman, there exist simply connected compact four-dimensional manifolds with
definite intersection form not equivalent to + identity matrix, it follows that such manifolds
cannot carry a differentiable structure, or in other words that there exist restrictions on the
topology of compact, simply connected differentiable four-dimensional manifolds that are
not present for nondifferentiable ones. The crucial ingredient in the proof of Donaldson’s
theorem is the moduli space 91 of instantons on a vector bundle over M with structure group
SU(2) and with so-called topological charge

—L / w(FAF) =1

T Jm

for the curvature F' of a SU(2)-connection. As explained, the topological charge is a
topological invariant of the bundle and does not depend on the choice of SU(2)-connection
(it is the negative of the second Chern class of the bundle). In order to construct the
moduli space of instantons, one identifies instantons that are gauge equivalent, i.e. differ
only by a gauge transformation (see Theorem 4.2.1). Donaldson then showed that under
the stated assumptions, 9 is an oriented five-dimensional manifold with point singularities,
at least for generic Riemannian metrics on M. Neighborhoods of the singular points are
cones over complex projective space CP? (see §6.1 below), and M itself is the boundary
of M. Deleting neighborhoods of the singular points, one obtains a smooth oriented five-
dimensional manifold with boundary consisting of M and some copies of CP?. Therefore, in
the terminology of algebraic topology, M is cobordant to a union of CP?’s, and one knows
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that M then has the same intersection form as this union of CP?’s. As will be demonstrated
in §6.1, H*(CP?,R) = R, and the intersection form of CP? is 1. These facts then imply
Donaldson’s theorem. The main work in the proof goes into deriving the stated properties of
the moduli space 9. In particular, one uses a theorem of Taubes on the existence of selfdual
connections over four-manifolds with definite intersection form.

Donaldson then went on to use the topology and geometry of these moduli spaces to
define new invariants for differentiable four-manifolds, the so-called Donaldson polynomials.
These invariants greatly enhanced the understanding of the topology of differentiable four-
manifolds. Subsequently, however, there has been found a simpler approach to this theory
that is based on coupled equations for a section of a spinor bundle and a connection on
an auxiliary bundle with an abelian gauge group, namely U(1). This will be explained in
Chapter 10.

4.3 The Levi-Civita Connection

Let M be a Riemannian manifold with metric (-, -).

Theorem 4.3.1. On each Riemannian manifold M, there is precisely one metric and
torsion free connection ¥V (on TM). It is determined by the formula

1
<VXY7Z>:§{X<Y,Z)—Z<X,Y>+Y<Z,X> (4.3.1)

- <Xv [YvZD + <Z7 [X7Y]> + <}/7 [ZvXD}

Definition 4.3.1. The connection V determined by (4.3.1) is called the Levi-Civita
connection of M.

In the sequel, V will always denote the Levi-Civita connection.

Proof of Theorem 4.3.1. We shall first prove that each metric and torsion free
connection V on T'M has to satisfy (4.3.1). This will imply uniqueness.
Since V should be metric, it has to satisfy:

X(Y.Z) = (VxY, 2Z) + (Y.VxZ),
Y(Z,X)=(VyZ,X)+(Z,VyX),
Z(X,Y) = (VzX,Y)+ (X, V,Y).

Since V should also be torsion free, this implies

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

ie. (4.3.1).
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For the existence proof, for fixed X,Y, we consider the 1-form w assigning the
right-hand side of (4.3.1) to each Z. w(Z) is tensorial in Z, because for f € C*° (M)

w(f2) = fu(Z) + %((Xf)ﬁ’, Z) + (Y £)(Z, X)
— (XN, Z2) - (Y )(X,2)) (4.3.2)

and the additivity in Z is obvious.
Therefore, there exists precisely one vector field A with

w(Z) = (A, Z),

since (-,-) is nondegenerate. We thus put VxY := A. It remains to show that this
defines a metric and torsion free connection. Let us first verify that V defines a
connection: Additivity w.r.t. X and Y is clear, the tensorial behavior w.r.t. X
follows as in (4.3.2), and the derivation property Vx fY = fVxY + X(f) is verified
in the same manner. That V is metric follows from (4.3.1) by adding (VxY, Z) and
(VxZ,Y). Likewise (4.3.1) implies (VxY,Z) — (Vy X,Z) = ([X,Y],Z), i.e. that V
is torsion free. O

As in §1.4, let the metric in a local chart be given by (gij)ij=1,..a.- The
Christoffel symbols of the Levi-Civita connection V then are

, 2 e O

327 OwI Y ok’

From (4.1.21), we then get

ij=1,...,d. (4.3.3)

V o da’l = —ngda:k. (4.3.4)

EEX

Corollary 4.3.1. For the Levi-Civita connection, we have

1
FZ‘ = 59“(
Thus, the Christoffel symbols coincide with those defined in §1.4. Likewise, the two

concepts of geodesics (from §1.4 and §4.1) coincide. In particular,

Gitj + Gjei — Gije)-

Iy =T%  foralli,jk.

Proof.

0 0
k _ ke m v
=9 Fw<axm’ax8>
o 0
ke 0 9
—9 <v%axj’axe>
_ 1y 0 0 0
= 59 {&Ki gje — ng + %gw} by (4.3.1),
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since the Lie brackets of coordinate vector fields vanish. O

We now want to exhibit some formulas for the curvature tensor R of the Levi-
Civita connection V. R is given by

R(X, Y)Z — VXVYZ - VYVXZ - V[ny]Z

(cf. (4.1.33)). In local coordinates, as in (4.1.30),

o 0\ 0 . 0
R <% %) 2t~ Friiger: (435)
We put
Ryeij = grem Ry
By = (2 2) 2 0y, s
ktij = oxt’ Oxi ) Oxt’ dxk /- (4.3.6)

Lemma 4.3.1. For vector fields X,Y, Z, W, we have

R(X,Y)Z = —R(Y,X)Z, i.e. Ripj = —Riejis (4.3.7)
R(X,Y)Z+R(Y,Z)X + R(Z,X)Y =0, i.e Rypij + Riije + Rijes = 0, (4.3.8)
(RIX,Y)Z,W) =—(R(X,Y)W,Z), ie. Riuj=—Rekij, (4.3.9)
(R(X,Y)Z,W) = (R(Z,W)X,Y), i.e. Riuj= Rijie (4.3.10)

Proof. 1t suffices to verify all claims for coordinate vector fields %. We may thus
assume that all Lie brackets of X,Y, Z and W vanish. (4.3.7) then is Corollary 4.1.1.
For (4.3.8), we observe

R(X,Y)Z+ R(Y,Z)X + R(Z,X)Y
=VxVyZ -VyVxZ+VyVzX
—VzVy X +VVxY —VxVzY
= 07
since Vy Z = VzY etc. because V is torsion free.

For (4.3.9) it suffices to show (R(X,Y)Z,Z) =0 for all XY, Z, i.e. Ryyi; = 0.
This follows from Corollary 4.2.2. (4.3.10) is proved as follows:

1We point out that the indices k& and I appear in different orders on the two sides of (4.3.6). This
somewhat unusual convention has been adopted in order to achieve as much conformity as possible
with the — often conflicting — sign conventions that occur in Riemannian geometry. Differing sign
conventions often lead to considerable confusion, and we hope that the convention adopted here does
not add too much to that problem.
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From (4.3.7), (4.3.8)

(R(X,Y)Z,W) = —(R(Y, X)Z,W)

= (R(X,2)Y,W) +(R(Z,Y )X, W), (4311
and from (4.3.8), (4.3.9)
(R(X,Y)Z,W) = —(R(X,Y)W, Z)
— (R(Y,W)X, Z) + (R(W, X)Y, Z). (43.12)
From (4.3.11), (4.3.12)
2R(X,Y)Z,W) = (R(X,2)Y,W) +(R(Z,Y)X,W)
(4.3.13)
+(R(Y, W)X, Z) + (R(W,X)Y, Z).
Analogously,
2R(Z,W)X,Y) = (R(Z, X)W,Y) + (R(X,W)Z,Y)
+(RW,Y)Z,X) + (R(Y,Z)W, X)
= 2R(X,Y)Z,W)
by applying (4.3.7) and (4.3.9) to all terms. |

Remark. (4.3.7) holds for any connection, (4.3.8) for a torsion free one, and (4.3.9)
for a metric one.
(4.3.8) is called the first Bianchi identity.

Lemma 4.3.2 (Second Bianchi Identity).

0 0 0
@Rkezj + ﬁRzmj + @thij =0. (4.3.14)

Proof. This is a special case of Theorem 4.1.1. We want to exhibit a different method
of proof, however. Since all expressions are tensors, in order to prove (4.3.14) at
a point g € M, we may choose arbitrary coordinates around xy. We thus choose
normal coordinates with center zo, i.e. gi;(x0) = 0ij, 9ijk(z0) = 0 = Ffj(xo) for all
i,J, k.

From (4.1.31), we obtain at zg

1
Riij = §(gjk,ei + Gekyij — Gitki — Gik,tj — Gokij + Git,kj)

1
E(gjk,ei + Git.kj — Git,ki — Gik,t5) (4.3.15)
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hence also

1
Rivijn = §(gjk,£ih + Git,kjh — Gje,kih — ik tin),

since all other terms contain certain first derivatives of g;;, hence vanish at x¢. Thus

1
Ryeijn + Reniji + Rukije = §(gjk,éih + Gie.kjh — Gjekih — Gik,ih

+ gjenik + Gintik — Gihtik — Git,hik
+ Gjn kit + Gik,hje — Gjk,hit — gih,kj/.)
=0.

Formula (4.3.15) is often useful.

Definition 4.3.2. The sectional curvature of the plane spanned by the (linearly
independent) tangent vectors X = §i%,Y = ni% € T, M of the Riemannian
manifold M is

1
KXANY): = (RX, Y)Y, X)———
Ri' B0 ¢kl
= ijkkeg' Z : 771 P (4.3.16)
gige(§E I — &Ik’
_ Rijuel' /€ n’
(9ikgje — gijgre)€niErn*
(X AYP = (X, X)(YY) - (X,Y)?).
Definition 4.3.3. The Ricci curvature in the direction X = gi% e T, M is
, 0\ 0
; _ 4t I D
Ric (X, X) = g <R(X, axi) azf’X>' (4.3.17)
The Ricci tensor is ,
Ri = ¢ Rijne- (4.3.18)
From (4.3.10) and (4.3.18) we get the symmetry
R = Ryi. (4.3.19)

Finally, the scalar curvature is '
R =g"* Ry

Thus, the Ricci curvature is the average of the sectional curvatures of all planes
in T, M containing X, and the scalar curvature is the average of the Ricci curvatures
of all unit vectors, i.e. of the sectional curvatures of all planes in T, M.
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Lemma 4.3.3. With K(X,Y):=K(X AY)|X AY[]?2(=(R(X,Y)Y, X)), we have

(

(RX,Y)Z,W) =+ K(X +W,Y + Z) - K(X + W,Y) —
~K(X,Y+Z2) —KWY+Z2)+
~K(Y+W,X +2)+ K +W,X) +

+K(Y,X +2Z) + KW, X +2) -

K(X+W,Z)
K(X,Z) + K(W,Y)
K(Y +W,Z)

Z) = K(W, X).

/\/\/-\/\

K(Y,

Thus, the sectional curvature determines the whole curvature tensor.

Proof. Direct computation from Lemma 4.3.1. O

For d = dim M = 2, the curvature tensor is simply given by

Rijie = K(girgje — 9ij9re), (4.3.20)

since T, M contains only one plane, namely T, M itself. The function K = K(x) is
called the Gauss curvature.

Definition 4.3.4. The Riemannian manifold M is called a space of constant sectional
curvature, or a space form if K(X AY) = K = const. for all linearly independent
X,Y € T,M and all x € M. A space form is called spherical, flat, or hyperbolic,
depending on whether KX > 0,=0,< 0.

M is called an Finstein manifold if

Rir = cgi, ¢ = const.
(note that ¢ does not depend on the choice of local coordinates).

From Lemma 4.3.3 and Theorem 4.1.3, we see that the Riemannian manifolds
of vanishing sectional curvature, the flat ones, are those that are locally isometric to
Euclidean space, that is, possess local coordinates for which the coordinate vector
fields 8?01‘ are parallel and by a linear transformation can then be chosen to satisfy

0 0
Gij = <%, @) = 4.

Theorem 4.3.2 (Schur). Let d = dim M > 3. If the sectional curvature of M is
constant at each point, i.e.

K(XAY)=f(z) for X, Y eT,M,

then f(x) = const and M is a space form.
Likewise, if the Ricci curvature is constant at each point, i.e.

Rt = c(2)gir,

then c(x) = const and M is Finstein.
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Proof. Let K be constant at every point, i.e. K(X AY) = f(z). From Lemma 4.3.3,
we obtain with f, = 8%(]’)

Rijke = f(x)(giegjx — girgie)-
By Lemma 4.3.2, with normal coordinates at x, we obtain

0 = Rijre,n + Rjnke,i + Rhike,j
= fu(0s0jk — dirdje) + fi(0je0nk — Oji0ne) + fi(Onedir — Onrdic).

Since we assume dim M > 3, for each h, we can find h, 4,7, k, ¢ with i ={,j = k,h #
i,h # j,i # j. It follows that 0 = fj. Since this holds for all x € M and all h, we
recall that M is connected by our general convention and conclude f = const.

The second claim follows in the same manner. O

Schur’s theorem says that the isotropy of a Riemannian manifold, i.e. the
property that at each point all directions are geometrically indistinguishable, implies
the homogeneity, i.e. that all points are geometrically indistinguishable. In particular,
a pointwise property implies a global one.

Ezxample. We shall show that S™ has constant sectional curvature, when equipped
with the metric of §1.4, induced by the ambient Euclidean metric of R**!. The reason
is simply that the group of orientation preserving isometries of ™, SO(n+1), operates
transitively on the set of planes in 7°S™, i.e. can map any plane in 7°'S™ into any other
one. This is geometrically obvious and also easily derived formally: First of all, we
have already seen that SO(n + 1) operates transitively on S™. It thus suffices to show
that for any point p, e.g. p = (1,0,...0),SO(n+ 1) maps any plane in 7,,S™ onto any
other one. The isotropy group of p = (1,0...0) is

(é g) with A € SO(n)

(here, the zeroes are (1,n) and (n,1) matrices).

W.r.t. the Euclidean metric, 7,S™ is orthogonal to p, and SO(n + 1) thus
operates by X — AX on 7,5, and this operation is transitive on the 2-dimensional
planes in 7,,5™. Since curvature is preserved by isometries it indeed follows that S™
has constant sectional curvature.

We want to consider the operation of the covariant derivative V of Levi-Civita
on tensor fields once more. For a 1-form w and vector fields X, Y, as in §4.1

Xw())=(Vxw)(Y)+w(VxY). (4.3.21)
Next, as in §4.1, for arbitrary tensors S, T

Vx(S®T)=VxST+ S VxT. (4.3.22)
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If e.g. S is a p-times covariant tensor, and Y, ...,Y), are vector fields,

(Vx9)(Y1,....Y,) =X(S(Y1,...,Y),))

P (4.3.23)
=D S, Y, VY Yigr, o Yy).
i=1
If in particular S = gijdxi ® da’) =: g is the metric tensor, we get
Vxg =0 for all vector fields X. (4.3.24)

This, of course, simply expresses the fact that V is a metric connection.
We also want to compare V with the Lie derivative of §2.2. From Theorem 2.2.4
(notations as there), we obtain
(LxS)(Y1,....Y,) =X(S(Y1,...,Y),))

L (4.3.25)
- ZS(Ylv .. 7)/;717 [Xv)/;]a}/;?klw .. 7Yp)'
i=1
Since V is torsion free, [X,Y;] = VxV; — Vy, X, and with (4.3.23), we obtain

(LxS)(Yi,....Y,) = (VxS)(Y1,...,Y))

L 4.3.26
—f—ZS(Yl,...,}/i,l,V}/iX,...,Yp). ( )
i=1
For example, for g = g;;dz’ ® dx?, we get
(Lxg)(YZ) = g(Vy X, Z) + g(¥, V7 X) (43.27)
(=(VyX,Z)+(Y,VzX)).
From (4.3.25), we obtain for a p-form w
p . A
dw(Yo,....Y,) =Y (1)’ Ly,(w(Yo,..., Vi, ..., Yp))
i=0 N ) ) (4.3.28)
+ Y (DMLY Yo, Y YY),
0<i<j<p
and hence
p . —
do(Yo,....Y,) = (-1)'Vyw(Yo,...,Yi1,Y:,Yis1, ..., Yp). (4.3.29)
i=0

Lemma 4.3.4. Let ey,...,eq (d = dim M) be a local orthonormal frame field (i.e.
e1(y), ... eq(y) constitute an orthonormal basis of TyM for all y in some open subset

of M). Letn*,...,n% be the dual coframe field (i.e. 77 (e;) = 67 ).
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The exterior derivative satisfies
d=n' AV, (4.3.30)
and its adjoint (cf. Definition 3.3.1) is given by
d* = —u(e;)Ve, (4.3.31)

where 1 denotes the interior product (v : QP(M) — QP~Y(M), and for w € QP(M),
Yo,..., Y,y € TyM, we have

(L(Yo)w)(yl, . ,Ypfl) = w(Yo, Yl, .o ,Ypfl)). (4332)

Proof. (4.3.30) is the same as (4.3.29). We are going to give a different method of
proof, however, that does not use the Lie derivative and that also gives (4.3.31).
We put ~
d:=1n A Ve, -

In order to show that d = d, i.e. (4.3.30), we proceed in several steps:

1) d does not depend on the choice of the frame field e, ..., eq.
Let fi,..., fs be another local frame field, with dual coframe field &£, ..., €%

Then

fi = abey, (4.3.33)
for some coefficients ozé?, and

& =,
with _

5 = f

from the standard transformation rules.

Consequently
& AV, =B AV
= a? l?'nf A Ve,
=" AV,.

.
@€k

d is independent of the choice of frame field, indeed.

2) Since d does not depend on a choice of frame field either (see Lemma 2.1.2 and
Corollary 2.1.1), it therefore suffices to check (4.3.30) for one particular choice
of frame field. The independence of the choice of frame field of both sides of
(4.3.30) will then imply that (4.3.30) will hold for any choice of frame field.
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3) We now choose normal coordinates (z!,...,z%) centered at xo € M (Corollary
1.4.2) and the frame field e¢; = % which is orthonormal at zg. Then n* = dz*.

We are now going to verify (4.3.30) at the point xo for those choices of e; and
n*. By 2), and since o € M is arbitrary, that suffices.
At xq, the center of our normal coordinates, we have for all j, k

V o ik =0,
Vodi*=0

dxl

(Theorem 1.4.4 and Corollary 4.3.1).
Since d and d are both linear operators, it also suffices to verify the claim on
forms of the type ¢(y)dz™ A ... A dz'». Renumbering indices, it even suffices to
consider the form

o(y)dzt A ... A daP.

Using (4.3.34), we have at x
d(o(xo)dz A ... AdaP) = dz? A (V_o_¢)(wo)dz' A... AdaP
oxJ

= 6—90.dxj/\dx1/\.../\dxp
oxJ

= d(p(wo)dz" A ... AdzP),
which is the desired formula.

In order to verify (4.3.31), we use the same method.
We put

d* = —u(e;)Ve;.
1) Independence of the choice of frame field:

Since both (f;);j=1,....a and (ex)r=1,... ¢ constitute an orthonormal basis of T, M,
the matrix (a?)j7;€:1,,_,7d of (4.3.33) is orthogonal, i.e.

Thus
- L(fj)ij = fL(afek)Vageé = fo/?o/»L(ek)Ve,Z = —u(ex)Ve, - (4.3.35)

2) By 1), it again suffices to verify (4.3.31) for one particular choice of frame field.
3) We choose normal coordinates centered at xq as before, and e; = %, nk = da*.

Then again at g

d* (p(xo)dz' A ... AdaP) = *L(i) (%gﬁ)(l‘o)dl‘l Ao ANdxP

= (—1)1'(% )(wo)dz' A ... Adad A ... AdaP,
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where in the last expression, j only runs from 1 to p. We compare this with
d*(p(zo)dz' A ... A daP)

= (=1)P+D+ s d s (p(x0)dat A ... AdaP) by Lemma 3.3.4

= (=1)4PFOF e d(o(xo)dzP T A ... A dz?) by definition of

= (=)D g A (V%@) (zo)dxzPTL AL A dat
by (4.3.30) and (4.3.34)

= (=1)AeHD+H Y E-DEA=PED+C-DY 5 pdz' AL Adad A ... A da?
by definition of x -

= (~1YV o pda’ A Adzi A ... A dz?

Thus, d* = d*.

Remarks.

1. For (4.3.30), we do not need to assume that the frame field is orthonormal. It

suffices that the vectors e1(y),...,eq(y) constitute a basis of T, M. Of course,
this is to be expected from the fact that the definition of the exterior derivative
does not involve a choice of metric. By way of contrast, in (4.3.31) the e; have
to be orthonormal, and of course, the definition of d* does depend on the choice
of a metric.

. We may now give a proof of formula (3.3.46):

We recall from formula (4.3.35) that we have for arbitrary (not necessarily
orthonormal) bases of T, M with

fi = afex
that
—u(fj)Vy; = —ajajuler) Ve (4.3.36)
We now choose (f;);j=1,..a to be orthonormal and e; = % w.r.t. local

coordinates. Then of course

(ekse2) = (e o) = Ok
and hence
8ij = (fi f5) = (afex, aljeq) = afalgre,
and thus

rab = 6,9 (4.3.37)
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From (4.3.31), (4.3.36), (4.3.37) (since (f;) is orthonormal)

, 0
d* = —g%(W)va%e . (4.3.38)

Then for o = ail,,,ipdac“ A ... Adxt

d'a = —gk“ <i> (8‘”1---@ — oy, o D0 da™ A dx't A dz'i A ANdxtr
Oxk ozt Tetp fm ’
(4.3.39)

using (4.3.4) and thus

o, ,
* I 7 Kii..ip—1 J
d ai1'~'ip—1 - _g (T - Fekajil'“ipfl )

which is (3.3.46).

We next want to express the Laplace—Beltrami operator A (cf. Definition 3.3.2)
in terms of the Levi-Civita connection V. For that purpose, we define the second
covariant derivative as

V%y = VxVy — Vyyy. (4.3.40)

Theorem 4.3.3 (Weitzenbock Formula). Let e,...,eq (d = dim M) be a local
orthonormal frame field as in Lemma 4.3.4, with the dual coframe field n',. .., n%.
Then the Laplace—Beltrami operator acting on p-forms (p = 0,1,...,d) is given by

A=-V?2_ —n" Nuej)R(e;,e)). (4.3.41)

Proof. We shall use invariance arguments as in the proof of Lemma 4.3.4. The right-
hand side of (4.3.41) is independent of the choice of our orthonormal frame field v;.
Therefore, if we want to verify (4.3.41) at an arbitrary point zp € M, we choose
normal coordinates centered at xy and put at xg,

7]
€, = .
ox*
Then, always at z,
0
Vaiz 97 0,
hence
Ve =Ve Ve, (4.3.42)
and also [82 , %} = 0, hence
R(ei,ej) = Ve, Ve, = Ve, Ve, (cf. (4.1.33)). (4.3.43)

Using Lemma 4.3.4, we then have at g
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d*d = —u(e;)Ve,(n' AVe,)
= —u(ej)(n" A Ve, Ve,) since Ve, n' = 0 at zg
= -V, Ve, + 7' Ai(e;)Ve, Ve, . (4.3.44)

Next,
dd* = —n' AV, (u(ej)Ve,)
= —n' Au(ej)Ve, Ve, (4.3.45)
since at zg,(ej)Ve, = Ve, t(e;) because of V., n? = 0.

(4.3.42) — (4.3.45) imply (4.3.41). ]

Remark. On functions, i.e. 0-forms f, we have
R(e,-,e]-)f = fR(ei,e]-)l =0
because of the tensorial property of R.

Hence for a function f: M — R,

Af=-V2_f (4.3.46)

Definition 4.3.5. The Hessian of a differentiable function f : M — R on a
Riemannian manifold M is
Vdf.

We have df = a%édxi in local coordinates, hence

Ff i Of i ok
V%df N axiaxjd C ox Tjrde”,
i.e. 82f of
= _ 2Lk @ J
Vvdf <8xi8xj Dk Fw) da' @ da’. (4.3.47)
We also have
Vdf(X,Y) = (Vxgrad f,Y), (4.3.48)

since Y(f) = (grad f,Y) and thus

X(Y(f)) = X(grad f.Y)
= (Vxgrad f,Y) + (grad f,VxY)
= (Vxgrad f,Y) + (VxY)(f),



4.3 The Levi-Civita Connection 173

and applying (4.3.47) to X and Y yields

Vdf(X,Y) = X(Y(f)) = (VxY)(f). (4.3.49)

This formula can be given the following geometric interpretation: Let X € T,M and
take a geodesic ¢ : [0,€) — M (for some € > 0) with ¢(0) = p, ¢(0) = X. Then at p

Vdf (X, X) = ;—;f(c(t))hzo. (4.3.50)
Namely
X(X(f)) = é{grad f(p), ¢)
[ d
— (S reon.,)
d2
= ST,
and

Ve =0,

since ¢ is geodesic (see (4.1.37) and Corollary 4.3.1) so that (4.3.50) follows from
(4.3.49).

Definition 4.3.6. The differentiable function f : M — R is called (strictly) convex
if the Hessian Vdf is positive semidefinite (definite).

Theorem 4.3.4. Let M be a compact Riemannian manifold with metric tensor g.
There then ezists a constant ¢ (depending on the geometry of M) such that for any
(smooth) vector field X on M

/||VX||2dVol +/\divX|2dVol

M
(4.3.51)
<c Q/|X||2d\/ol +/|\Lxg||2dvo1 ,
1 M
where Lx g is the Lie derivative of g in the direction of X (see (2.2.20)).
Proof. In local coordinates, by (2.2.20),
ox* oxX* o\ ,
- el IR i J
Lxg= (Qk] o + Gik 977 + gij kX )dx ® da’.
Thus,
L 0XFox™ oxX*kox?
Lxgl* =2 gkmg" —— . P(X,VX 4.3.52
H Xg” gk g 8.%'1 axg + 81'2 axk + ( 7v )7 ( 35)
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where, here and in the sequel, P(X, VX) stands for any terms that are bounded by

const - (|| X VX[ + | X]*).

Now
oXk ox? 0 kaXi OXFk Xk 9x?
—_— 5 = = - Xl . 4. .
ozt Ozk 6301( ozk oxk ) + oxk Ozt (4.3.53)
Also
LOXE ox™
X2 = gemg® — P(X,VX 4.3.54
I9XI? = gimg™* 5 S 4+ P(X, V), (43.54)
oxXk ox?
. 2 _ o T
|div X% = 92k Dol + P(X,VX). (4.3.55)
From (4.3.52) — (4.3.55),
1
/||VX||2+/|divX\2 < §/HLXgH2+/P(X,VX). (4.3.56)
Using the inequality
0 9 2 2
IX] IV < SIVXJ? + 2| X]?  for any 6 >0,
we can estimate
/P(X,VX) §5/||VX||2+C(6)/||XH2, (4.3.57)

where ¢(e) depends on € > 0 and on the constants involved in the terms P(X,VX),
i.e. on bounds for the metric tensor g and its first derivatives. Using (4.3.57) with
£ =1 in (4.3.56), we easily obtain (4.3.51). |

Corollary 4.3.2. Let M be a compact Riemannian manifold. Then the vector space
of Killing fields (cf. Definition 2.2.7) on M is finite dimensional.

Proof. By definition of a Killing field X,
Lxg =0.

Inserting this into (4.3.51), we obtain

/||VX||2+/|divX\2 < c/||X||2. (4.3.58)
M M M

If (X,,)nen then is a sequence of Killing fields with [ ||X,,[|* = 1 for all n, we bound
their Sobolev H'2-norm by (4.3.58), apply Rellich’s theorem (Theorem A.1.8 in the
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Appendix), and conclude that the X,, contain a subsequence that converges in L2.
This implies that the space of Killing fields is a finite dimensional subspace of the
space of L2-vector fields on M. O

Perspectives. The sectional curvature as an invariant of a Riemannian metric was
introduced by Riemann in his habilitation address (quoted in the Perspectives on §1.1). The
tensor calculus for Riemannian manifolds was developed by Christoffel, Ricci, and others. It
also played an important role in the development of Einstein’s theory of general relativity.

Levi-Civita introduced the notion of parallel transport for a Riemannian manifold.
(Similar concepts were also developed by other mathematicians at about the same time.)
The concept was expanded and clarified by Weyl, see [298]. For a historical account, see also
[259, 260].

Space forms are quotients of the sphere S™, Euclidean space R", or hyperbolic space
H™ (see §5.4). They can be classified, cf. Wolf[304].

FEinstein manifolds form an important class of Riemannian manifolds. Every two-
dimensional manifold carries a metric of constant curvature, i.e. is a space form, by the
uniformization theorem. In higher dimensions, some necessary topological conditions have
been found for the existence of Einstein metrics. The question of which manifolds admit
Einstein metrics is far from being solved. Even in three dimensions where a metric is
Einstein if and only if it has constant sectional curvature, the question is not yet fully
solved. See however [287], [288]. A comprehensive account of Einstein manifolds is given in
the monograph [23].

Theorem 4.3.4 is a Riemannian version of Korn’s inequality. This result, and the proof
of Corollary 4.3.2 given here, are taken from [63]. One may also identify the terms P(X, VX)
in (4.3.52) in terms of the Ricci curvature to obtain the Bochner—Yano formula, see [30].

4.4 Connections for Spin Structures and the Dirac
Operator

Let V be the Levi-Civita connection of the oriented manifold M of dimension n,
according to Theorem 4.3.1. By Lemma 4.2.2; it admits a local decomposition

V=d+A (4.4.1)

with A € Q'(AdTM), i.e. a one form with values in so(n) that transforms according
to (4.1.17). Conversely, given a vector bundle E with bundle metric (-,-) on which
SO(n) acts by isometries, and a one form A with values in so(n) that transforms by
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(4.1.17), then (4.4.1) can be used to define a metric connection on E according to the
discussion in §4.2. Consequently, for any such bundle £ on which SO(n) acts with
the same transition functions as for the action on TM, the Levi-Civita connection
induces a connection. Applying this observation to the Clifford bundles CI1(P) and
CI°(P) from Definition 2.4.11, we conclude that the Levi-Civita connection induces
a connection, again denoted by V, on each Clifford bundle.

Lemma 4.4.1. For smooth sections u, v of CI(P) (or CI(P)) we have

V(pv) = V(v + puV(v). (4.4.2)

Proof. 1t is clear that the exterior derivative d satisfies the product rule, and we recall
that A in the decomposition (4.4.1) is in so(n), i.e. acts by the infinitesimal version
of the SO(n) action on CI(P). Since this SO(n) action extends to the one on the
tangent bundle TM, B € SO(n) acts via

B(uw) = B(u)B(v), (4.4.3)

and differentiating (4.4.3) yields the product rule for A. O

Corollary 4.4.1. V leaves the decomposition of the Clifford bundles into elements
of even and odd degree invariant.

Proof. 1t is clear from the definition that subbundles of degree 0 and 1 are preserved,
and the claim then easily follows from (4.4.2). |

Since the chirality operator I' of Definition 2.4.3 defines a section of CI°(P) that
is invariant under the action of SO(n), it must be covariantly constant, i.e.

Lemma 4.4.2.
V() =0.
Od

Similarly, since the Lie algebra spin(n) can be identified with so(n) (see Lemma

2.4.2), in the case of a spin structure P over M (cf. Definition 2.4.7), we may use the
same procedure to obtain induced connections on the associated spinor bundles. We
denote them again by V. The action of CIC(P) on the spinor bundle §,, via Clifford
multiplication on each fiber (see (2.4.27)) is compatible with these connections; more
precisely

Lemma 4.4.3. For smooth sections . of C1°(P), o of 8.,
V(po) = V(p)o + pV(o) (4.4.4)

(where the products of course are given by Clifford multiplication).
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Proof. Similar to the proof of Lemma 4.4.1. O

Suppose that in a local trivialization of TM, A from (4.4.1) is given by the (skew
symmetric) matrix Q;;. We write

A = ZQM&; N 6j,

1<j

where e; A e; denotes the matrix with (—1) at the place (z,7), +1 at (j,4), and 0
otherwise. According to Lemma 2.4.3, e; Ae; in so(n) corresponds to %eiej in spin(n).
Thus, the connection on the spinor bundle w.r.t. the induced local trivialization is
given by
d+ %ZQijeiej. (4.4.5)
i<j
Here, e;e; of course operates by Clifford multiplication on spinors.

We next consider the case of a spin® structure P over M (cf. Definition 2.4.9).
Here, the Levi-Civita connection V does not suffice to determine a unique connection
on bundles on which Spin®¢ acts. Namely, since the Lie algebra of Spin®(n) is
spin(n) @ u(1), we need to specify in addition a connection on the u(1) part, i.e. on
the determinant line bundle L of the spin® structure (Definition 2.4.10). We identify
the Lie algebra u(1) of U(1) with /R, and thus, a unitary connection on L is locally
represented by a function 1A with imaginary values. Given the Levi-Civita connection
and such a connection on L, we represent the induced spin® connection V 4 locally as

1 ;
1<J

as in (4.4.5).

Definition 4.4.1.

(i) Let P — M be a spin structure on the oriented Riemannian manifold M, with
Levi-Civita connection V as explained above. The Dirac operator @) operates on
sections o of the spinor bundle §,, via

Pdo(x) =e;Ve,(0)(z) (4.4.7)

where e;, i = 1,...,n, is an orthonormal basis of T, M (z € M). The product
on the right-hand side of (4.4.7) is given by Clifford multiplication.

(ii) Let P¢ — Mbea spin® structure on M, and let A represent a unitary connection
on the associated determinant line bundle L. The Dirac operator @4 operating
on §,, is given by

Pao(x) = €iVae (0)(x).
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Ezample. We consider the case of R? with coordinates x,y. Recalling the discussion
in §2.4, the spinor space then is C?, and the vectors e; and ey act on spinors via

y(er) = <_01 (1)), Y(ez) = (? 8)

1
Writing a spinor field o : R? — C? in components as <22>, we then have

0 1) [% 0 0\ (% o2
po = (—1 0) g |t (z 0) o | =2| 5o (4.4.8)
ox oy oz *
Thus, in this case, the Dirac operator is simply the Cauchy—Riemann operator.

Remark. Since V' also operates on the Clifford space C1(V'), = A*(V) as a vector
space, we can also define a Dirac operator on the Clifford bundle instead of the spinor
bundle, namely,

D:=d+d", withd=mn; AV, d" =—u(e;)Ve, (4.4.9)
as in Lemma 4.3.4 that then satisfies
D? = A, the Laplacian. (4.4.10)
These two Dirac operators should not be confused.

Lemma 4.4.4. The Dirac operators @ and Pa do not depend on the choice of an
orthonormal frame e;.

Proof. Any other such frame f;, j =1,...,n, can be obtained as
[i = bije
for some B = (b;j);i=1,...n € O(n). Then

[iVi =bjieiV,e,

= bjibjreiVe,
= 0ire;i Ve, since B € O(n)
= eivem
which is the invariance of @, and the same computation works for @4. O

A more abstract way to express the Dirac operator is the following. Let

cd:TM®8 — 8

VROT — V-0
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denote the Clifford multiplication. Thus, tangent vectors of M act on spinors by
Clifford multiplication. Denote the space of smooth sections of a vector bundle E
over M by I'(E). Then

P=cloV:I(8) ST(T"M®8) =T(TM ®8) % 1(s)

where the identification between I'(T*M ® 8) and I'(TM ® 8) uses the Riemannian
metric of M.

Lemma 4.4.5. Let M be even dimensional, and let 8 be the half spinor bundles for
a spin or a spin® structure on M. Then the Dirac operator @ (Pa) maps T (8F) to
I'(8F).

Proof. By Corollary 4.4.1, V, and similarly V 4, leaves the decomposition into sections
of even and odd degree invariant, while Clifford multiplication by e; interchanges
sections of even and odd degree. O

We recall from Corollary 2.4.3 that on the bundle §,, of spinors, we have a
pointwise Hermitian product (-,-) (invariant under Spin (n)). We suppose now that
M is compact. We may then form the associated L? product

(01,09) = /<U1($)7U2($)> * (1)

M
where (1) is the volume form of M (see (3.3.33)).

Lemma 4.4.6. Let M be a compact Riemannian manifold with a spin structure.
Then the corresponding Dirac operator @ is formally selfadjoint, i.e.

(§o1,02) = (01, Po2) (4.4.11)

for all spinor fields o1, 9.

Proof. Let x € M, and choose normal coordinates centered at . With ¢; := %, we
then have at =

Ve, (ej) =0 forall é,j (cf. Theorem 1.4.4 and Corollary 4.3.1). (4.4.12)

‘We then have

(Po1(x),02(x)) = (€;Ve,01(x), 02())
= —(Ve,01(2), ;02(2))

since (-, -) is invariant under Clifford multiplication by the unit vector e;

= —ei(01(2), ei0a(2)) + (91(2), Ve, (€i02)(2))
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since V is a metric connection

= —ei{o1(2),e;02(x)) + (01(x),e; Ve, 02(x)) by (4.4.12)
= —ei(01(z), €i02(x)) + (01(2), Poa (z)).

We now consider V? = (01(z),e;02(x)) as the ™" component of a vector field V (in

fact V is a complexified vector field, i.e. a section of TM ®C). The preceding formula
then becomes

(Po1(x),02(x)) = —=divV () + (01 (), Poa(x)). (4.4.13)
Since all terms in (4.4.13) are independent of the particular choice of coordinates,
they continue to hold regardless of whether (4.4.12) is satisfied. (This point has been

discussed in §4.3, e.g. in the derivation of Lemma 4.3.4, but since this an important
computational trick, we repeat it here.) Since

/divV(q:) «(1) =0

M

by the Gauss theorem (see the discussion in §3.3), (4.4.11) follows by integrating
(4.4.13). O

Corollary 4.4.2. On a compact spin manifold M, Jo = 0 for a spinor field iff

Po = 0.

Proof. This follows from
(#P0.0) = (Po,Jo)

by Lemma 4.4.6. O

Definition 4.4.2. A spinor field satisfying @do = 0 is called harmonic.

We shall now introduce another type of spinors that will be used in §10.3 below.
Let M = S2, the two-dimensional sphere. As always, we choose a local orthonormal
basis e;,i = 1,2 of the tangent bundle T'S%. S? carries a unique spin structure (see
§2.4); let 852 be the corresponding spinor bundle. The spinor ¢ is called a twistor
spinor if

1
Vyo+ V- o =0 (4.4.14)

for any vector field V on S2.
We now come to Weitzenbock formulas that constitute analogues of Theorem
4.3.3.

Theorem 4.4.1. Let M be a spin manifold with a local orthonormal frame field
€1,...,en (as in Lemma 4.3.4, n = dim M ). Then the Dirac operator @ satisfies

1
P=-Vi.+ 1 (4.4.15)

where R is the scalar curvature of M.
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Proof. Asin (4.4.12), we assume

Ve (e;) =0 at the point € M under consideration, for all 4, j, (4.4.16)

as well as

0
[ei,e;] =0 since this holds for all coordinate vector fields e; = e (4.4.17)
Z»’L

We compute, for a spinor field o, at =z,

@20 =¢;jVe,((eiVe,) o)

EjCiVEjVEI.O' by (4.4.16)

—Ve, Ve, 0+ Z €;e; (vejvei - veive],) o because eje; + e;e; = —20;;,
i<j

—Vﬁieia + Z ejeiR(ej,ei)o (4.4.18)

1<j

by (4.3.42) and where R(-,-) is the curvature tensor of the Levi-Civita connection V
and where we have used Theorem 4.1.2 and (4.4.17).

R(ej,e;) here acts on spinor fields, and if we express this operator w.r.t. our local
frame field ey, we obtain a factor § as in (4.4.5), coming from Lemma 2.4.3:

1
Rlei,ej) = 5 Z(R(ei,ej)ek,eﬁekel, (4.4.19)

k<l

where ere; again operates by Clifford multiplication. In order to derive (4.4.15) from
(4.4.18), it thus remains to evaluate

1 1
3 Z Z(R(ei,ej)ek,el>eiejekel =3 Z (R(ei,ej)er, er)eiejexer. (4.4.20)
j<i k<l ikl
If i, j, k are all distinct,
€i€j€ = €€L€; = €LCi€Ej,

and the first Bianchi identity (see Lemma 4.3.1) implies in this case that

R(ei,ej)er + R(ej, ex)e; + Rleg, ei)e; = 0.
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The remaining terms are
1
3 Z ((R(ei,ex)er, er)eiexerer + (R(e, €;)er, e)ereierer)
4,5,k

1
=-1 Z(R(ei,ek)ek,el)eiel by (4.1.34) and e; = —1
ikl

1
—ZRileiel where R;; is the Ricci tensor

1
= ZRii since R;; = Ry; (see (4.3.19)), eier + ere; = —20;5

1
- -R
4

|

Theorem 4.4.2. Let M be a spin® manifold with a local orthonormal frame field
€1,...,en and a spin® connection V o. The Dirac operator Pa satisfies

1 1
Pr=-Viee + TR+ 5Fa, (4.4.21)

where Fa, an imaginary valued two-form, is the curvature of A. (Fa acts on spinors

by Clifford multiplication; in our frame field, Y Faije; A e; becomes % > Fajeie;
i<j 1<j

as usual.)

Proof. The proof is the same as the proof of Theorem 4.4.1, except for the additional
u(1) part A of the connection that leads to the additional F4 in the formula. |

Perspectives. See the references given in the Perspectives on §2.4. The Dirac operator
on the spinor bundle (Definition 4.4.1) was introduced by Atiyah and Singer [9] in their
investigation of the index of elliptic operators. The simpler Dirac operator on the Clifford
bundle had been studied earlier by Kéhler[182].

4.5 The Bochner Method

Lemma 4.5.1. Let (e;)i=1,...a be a local orthonormal frame field on M, with dual
coframe field (n')i=1,... 4, as in Lemma 4.3.4.
For a 1-form n, we then have

— A,y = =2(An,m) + 2(Ve,n, Ve,n) — 2(n,n" Aule;)R(ei, e)n). (4.5.1)
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Proof. Let xg be a point in M where we perform the computations, and choose

normal coordinates centered at xy and e; = %. Again, the formulas will not depend

on the choice of a local orthonormal frame. Then, by the remark after Theorem 4.3.3
and (4.3.42)

—A(n,n) = Ve, Ve, (n,m)

(4.5.2)
= 2<Vei77> Ve,-,77> +2(n, Ve, veﬂ?) .

(4.3.42) and (4.3.41) then yield (4.5.12). |

Lemma 4.5.2. With the notation of Lemma 4.5.1, we have for a 1-form n on M
— A(n,n) = —2(An,n) + 2|Vn|*> + 2Ric (1,7) (4.5.3)
with |Vn|* == (Ve,n, Ve,n) and writing n = fin',

Ric (n,n) := Ric (fiei, fje;) = fif; Ric(es,€5).

Proof. We compute the curvature term in (4.5.1) for a 1-form n:

(n,n' A (e R(ei,es)m) = (fon',n' Aulej)R(es, ) fun®)
—fofu(n 0’ Aules) Rigmign™)
—fefi(n’s Rigign')

= —fefkRrjej

= —fofruRre

—Ric (n,7m),

where we have used the tensor notation of §4.3 (e.g. (4.3.6) and (4.3.18)). |

As an alternative, we now provide a derivation of (4.5.3) in local coordinates for
the case where n = df for some function f. We choose Riemann normal coordinates
at the point z under consideration, that is,

gij(x) = 05,  gijk(x) =0 for all ¢, 7, k. (4.5.4)
We also have

“Adf = —dAf
o f iipk OF
O0xtOxI —9 FijW)

O f 1 af %
= (W - §(gim,ik + Gim,ik — gii,km)&r_m)dx .

= d(g"”
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We then compute

2
A, df) = wi—k)Q (g%%)
I BT B S
T T 9ridxk Oxidk Ox*(0x*)? O’ Gij ek + Gkk,is — Ghiskj — Ghj,ki)
of of
Ozt O
’?f 7 Proof of of

= 29000k 9a0ck | 20w (0aF)? 00 | 21 i D

that is,
— A(df,df) = —2(Adf,df) + 2|Vdf|* + 2 Ric (df, df) (4.5.5)

which is equivalent to (4.5.3).

(4.5.3) directly yields an estimate for the first eigenvalue \; (as defined in Section
3.2), in terms of a lower bound for the Ricci curvature. This is the estimate of
Lichnerowicz.

Theorem 4.5.1. Let M be a compact d-dimensional Riemannian manifold with
Ric > p, for some constant p > 0, in the sense that for every tangent vector X

Ric (X, X) > p(X, X),
or equivalently, in local coordinates
RijX'X7 > pgi; X' X7,

Then
Al > ——p. (4.5.6)

Proof. We consider i = df for a function f : M — R and integrate (4.5.3) on M. By
(3.3.32), the left-hand side then vanishes, and we obtain

0 = —(Adf,df) + (Vdf,Vdf) + / Ric (df, df). (4.5.7)
M

We have (using A = dd* +d*d and dod = 0)
(Adf,df) = (dd"df,df) = (d"df,d"df) = (Af, Af) (4.5.8)
and (recalling (4.3.46))

(Af,Af) = (V2 Ve e, ) <d(VE, £, V2. f)=d(Vdf, Vdf) (4.5.9)

€j€j €i€j €i€j
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by the Schwarz inequality. Therefore, (4.5.7) yields

(A AS) > % pld ). (4.5.10)
If now f is an eigenfunction of A for an eigenvalue A # 0, i.e.,
Af=Af,
we obtain
N, df) = AT 1) = (Af.A) 2 —pldf.df) (4511)
whence (4.5.6). |

Remark. The estimate (4.5.6) is optimal, and in fact, equality holds if and only if M
is isometric to a standard sphere of constant Ricci curvature p, as shown by Obata
[233].

When we have a harmonic form, the first terms on the right-hand sides of (4.5.1)
and (4.5.3) disappear, and we obtain

Corollary 4.5.1. We use the notations of Lemma 4.5.1. If w is a harmonic form,
then

— Aw,w) = 2(Ve,w, Ve,w) — 2(w,n" Aulej)R(es, e;)w). (4.5.12)

O

Corollary 4.5.2. With the notation of Lemma 4.5.1, for a harmonic 1-form w on

Y — Afw,w) = 2|Vw|* + 2Ric (w,w) (4.5.13)
with |Vw|? := (V.,w,V,,w) and writing w = f;n',

Ric (w,w) = Ric (fies, fiej) = fif; Ric (es, €5). ]

We now apply this result to obtain
Theorem 4.5.2 (Bochner).

(i) Let M be a compact Riemannian manifold with nonnegative Ricci curvature.
Then every harmonic 1-form w is parallel (i.e. Vw = 0). In particular, the first
de Rham cohomology group satisfies

dim H} (M, R) < d (= dim M).

(ii) If M is a compact Riemannian manifold of positive Ricci curvature, then M
has no nontrivial harmonic 1-form. Thus,

Hip(M,R) = {0}.
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Proof. As before, integrate formula (4.5.13) to obtain, using (3.3.32),

’e /M Alww) = (1) = 2/M(|Vw|2 + Ric (w,w)) * (1). (4.5.14)

By our assumption, the integrand on the right-hand side is pointwise nonnegative. It
therefore has to vanish identically. This implies in particular

Vw =0, (4.5.15)

and w is parallel.

A parallel 1-form is determined by its value at one point of M (cf. the discussion
before Definition 4.1.2).

Therefore, the dimension of the vector space of parallel 1-forms is at most the
dimension of the cotangent space T M, i.e. d. Likewise, (4.5.14) implies

Ric (w,w) = 0. (4.5.16)

Thus, if M has positive Ricci curvature, we must have w = 0. O

Remark. In (ii) of the preceding theorem, it suffices to assume that M has nonnegative
Ricci curvature, and that there exists some point xy where the Ricci curvature is
positive. Namely, from

Ric (w,w) =0,

we then conclude that, w(zg) = 0, and since w is parallel, it then vanishes everywhere.

Below, we shall derive a stronger result (Corollary 5.3.1, Theorem of Bonnet—
Myers) on the topology of Riemannian manifolds of positive Ricci curvature by
a different method. Nevertheless, the Bochner method is an important tool in
Riemannian geometry because it has a rather general range of applicability. It also
applies to harmonic sections of bundles (suitably defined), harmonic mappings (see
Chapter 8) etc. The harmonicity of the object under consideration will imply a
formula of the type of (4.5.12). The essential point of (4.5.12) is that instead of third
order derivatives that would appear for a general, nonharmonic object, one only has a
commutator term given by a curvature expression. The other term on the right-hand
side is a square, hence nonnegative. If one then assumes that the curvature is such
that the curvature term also is nonnegative, both terms have to vanish identically,
because the integral of the left-hand side vanishes. The vanishing of the square term
then implies that the object is parallel. If the curvature is even positive, the vanishing
of the curvature term implies that the object itself vanishes.

We shall see another instance of the Bochner method in §8.2.

When combining the preceding reasoning with the Weitzenbock formula of
Theorem 4.4.1, we get

Theorem 4.5.3 (Lichnerowicz). Let M be a compact spin manifold. If M has
nonnegative scalar curvature, then every harmonic spinor field is parallel. If the
scalar curvature is positive, then every harmonic spinor field vanishes.
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Proof. As in the proof of Lemma 4.5.1, we compute for a harmonic spinor field o
—A(o,0) =2(V,0,V,,0) +2(c0, V2, o)
1
= 2(V,,0,Ve,0) + §R<O', o) by (4.4.15).

As in the proof of Theorem 4.5.2, we integrate this formula to get

2 [(VeoVeo) w45 [ Rioo) () =0

If R > 0, both integrands have to vanish identically; in particular V., = 0 meaning
that o is parallel. If R > 0, 0 = 0. O

Perspectives. Further applications of the Bochner method may be found in the monograph
[305]. See also the Perspectives on §8.2.

4.6 Eigenvalue Estimates by the Method of Li—Yau

In this section, we shall introduce the method of Li—Yau for obtaining eigenvalue
bounds in terms of the diameter of a Riemannian manifold. The method proceeds
via gradient bounds for eigenfunctions.

As almost always in this book, M is a compact Riemannian manifold without
boundary of dimension d. We first consider the case where M has nonnegative Ricci
curvature.

We let u be an eigenfunction for a positive eigenvalue A of the Laplace—Beltrami
operator A (as defined in Section 3.2), i.e. Au = Au for some eigenfunction u. The
key idea of the method is to use the maximum principle in order to get a gradient
bound on w in terms of A\. When we then integrate that gradient bound along a
geodesic connecting two points of M, that is, whose distance then is bounded by the
diameter of M, we obtain a lower bound on A in terms of that diameter. In order to
see why the maximum principle is useful, let us first provide a variant of the proof
of Theorem 4.5.1. Let ||[Vul|? = ||dul* (recall (3.1.18)) assume its maximum at the
point g € M.?2 Then the maximum principle tells us

— Al|Vul*(z0) <0. (4.6.1)
(4.5.7) then yields at

— (Adu, du) + ||Vdul||* + Ric (du,du) < 0. (4.6.2)

2Here we are changing the notation as compared with Section 4.5. In particular, we now write
IVu|/? in place of (du,du) because this notation will be more convenient below. We also call our
eigenfunction u now instead of f.
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Replacing (4.5.7) by (4.6.2), we can then proceed as in the proof of Theorem 4.5.1 to
obtain (4.5.11) at the point zy and derive the Lichnerowicz bound.

The actual method of Li-Yau now applies the maximum principle not to ||[Vul|?,
but to an auxiliary function also involving w itself. We proceed with the details. It
is convenient to first achieve some normalization. Since | y U= % i) 2 Au = 0, the
supremum of u is positive and its infimum is negative. By multiplying « by some
(possibly negative) constant, we may assume

1=supu >infu=—-k> -1 (4.6.3)

Lemma 4.6.1. Let Ric(M) > 0. Then

IVul? <

2\
1 +k(1 —u)(k+u). (4.6.4)

Proof. For purposes of normalization, we consider, for € > 0,

1—k
u— 5
== 4.6.5)
17k (
(1+e¢)=
which satisfies
1-k
Av = A D with e = —————
v (v+ c.) with ¢ AT00+h
1
maxv = <1
1+e
. 1
minv = — > —1.
1+e

The key to the proof is an application of the maximum principle to the auxiliary
function

_ Ivo)?

F .= . 4.6.6
02 (4.6.6)

When F assumes its maximum at xg € M, we have
VF(xg) =0, AF(xg) >0, (4.6.7)

which we are now going to exploit.
We choose an orthonormal frame (e;);=1,.. 4 at zo. The vanishing of the gradient
yields

2
Ve; Ve, Ve, = —% for all 7, (4.6.8)

and from AF(z) > 0, we obtain

0> A|Vol? 8 ve,Ve,ve,ve,v 2|Vt — 2| Vol Avy N [IVv]|*0?
SR g (1= )2 1= 2) =)

(4.6.9)
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Inserting (4.6.8) into (4.6.9) cancels the second term on the right-hand side against
the last one so that we obtain

2||Vol|* = 2[|Vv||? Avy

1—922

0> —A|Vo|® + (4.6.10)

From the Ricci identity (4.5.7) and the assumption of nonnegative Ricci curvature,
we obtain

—A{dv, dv) = —2(dAv, dv)+2|Vdv|* +-2 Ric (dv, dv) > 2|Vdo|*> —2)|| Vo[, (4.6.11)

We may now choose our frame (e;) such that v,;, = 0 for j # 1, i.e.,, Vo = v,,. We
then have

Vdv|* =) (V 2>N (Vv 2> (V 2 _ JIVell®o” 4.6.12
|Vdv|® = Z( e;Ve;)” = Z( eiVe;)” 2 (Veve,)” = (1—02)? (4.6.12)
ij i

from (4.6.8). (4.6.10), (4.6.11), (4.6.12) yield

2||Vo|*v? —2||Vo|[* 4 2||Vv|]2 Avy

SIVOL T o Vo2 <
(1 _ ’02)2 H U” — 1 — 2 ’
hence 5 5
% — M1 = 0?2) < — V|2 + Mov + ),
hence )
v
o <A1 e <A1+ c0)
— U

hence by (4.6.6) and the choice of o,
max F(z) < A1+ ce).
Expressing this in terms of u (recall (4.6.5)) and letting ¢ — 0 yields (4.6.4). |
This gradient estimate then directly yields

Theorem 4.6.1 (Li—Yau). Let M be a compact Riemannian manifold of nonnegative
Ricci curvature with diameter D := maxy yen d(x,y). Then the first eigenvalue of

M satisfies
2

A >

> 55 (4.6.13)

Proof. We use an eigenfunction u for an eigenvalue A\ with the normalization (4.6.3)
as before. Let u achieve its maximum (minimum) at @1 (z2), and let v(¢) be a shortest
geodesic arc from z7 to z2. From (4.6.4), we obtain

= Vet N I )




190 Chapter 4 Connections and Curvature

All positive eigenvalues, in particular \; therefore satisfy

1+k 72 S T w2

Az 2 D2~ 2p?

|

Perspectives. This section only gives an introduction to the method of obtaining eigenvalue
estimates via gradient bounds on eigenfunctions. The method of Li and Yau is developed
in [202], and also reproduced in [258], and we have also utilized that exposition. Let us
describe here the further results obtained by this method. First of all, the estimate (4.6.13)

was improved to the optimal
2

A > ﬁ (4.6.14)

by Zhong and Yang[314]. In fact, the estimate can still be improved in terms of the lower
Ricci curvature bound
Ric(M) > p > 0.

Yang [308] showed that then
2

Mzt Ly ﬁ (4.6.15)
Concerning upper bounds, Cheng [64] showed for instance that for Ric(M) > 0, we have
2d(d +4
NPTTER] a0

Next, without the assumption of nonnegative Ricci curvature, when we only have a lower
bound
Ric(M) > p, with p < 0,

Li and Yau showed

Al

(\Y

m exp(—1— /1 +4(d — 1)D2(~p)). (4.6.17)

The proof again works via a gradient estimate for a first eigenfunction u, normalized again
via supu = 1, this time applying the maximum principle to the auxiliary function %
for g > 1.

For higher eigenvalues, Li and Yau obtained the following result as a consequence of their
estimates for the heat kernel of a Riemannian manifold [203]. Again, it is assumed that M

has nonnegative Ricci curvature.
d
Ae > CQ( ) 2/ (4.6.18)
for some constant ca(d) depending only on the dimension. These estimates are derived

from estimates for the heat kernel p(z,y,t) of a Riemannian manifold of nonnegative Ricci
curvature of the form

d
p(z,y,t) < VCC:IE;@) (%) for t < D”. (4.6.19)

Recalling (3.2.22),
plz,y,t) =Y e N (2)v;(y) (4.6.20)

j=1
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for an orthonormal basis of eigenfunctions v;, we have

et = /M p(z,z,t). (4.6.21)

k=0

From this, (4.6.18) is derived through appropriate choices of ¢ (depending on k).
For more details on the estimates of Li and Yau, we refer to [52,202, 203, 258].

Finally, we wish to briefly report here about isospectral manifolds, that is, different
Riemannian manifolds with the same spectrum. The existence of such isospectral manifolds
shows that the spectrum does not determine the Riemannian metric completely, even though
it encodes many geometric invariants. The first isospectral manifolds, certain 16-dimensional
tori, were found by Milnor [218]. Vignéras [294] constructed isospectral Riemann surfaces,
with methods from arithmetic. In a fundamental paper, Sunada [278] found a method
for producing isospectral domains in Euclidean space, and this method could then also be
utilized in [116] to systematically produce isospectral compact 2-dimensional Riemannian
manifolds by a geometric technique. A comprehensive survey of the topic is [114], and some
more recent results are [115,261,262,279).

4.7 The Geometry of Submanifolds

Let M be an m-dimensional submanifold of the n-dimensional Riemannian manifold
N. The metric (.,.) on N induces a metric on M, as described in §1.4. The question
arises how to compute the Levi-Civita connection VM of M from the one on N, V¥,

Theorem 4.7.1. We have
VY = (V)T for X,Y € T(TM), (4.7.1)

where T : Ty,N — T, M for x € M denotes the orthogonal projection.

Proof. In order that the right-hand side of (4.7.1) is defined, we have to extend X and
Y locally to a neighborhood of M in N. This is most easily done in local coordinates
around = € M that locally map M to R™ C R"™. The extension of X = 5’(1:)6% then
for example is

~ mo 9
1 ny __ (1 n
X(zy.. .,z )f;ﬂg(x ey T )8951”

We then have
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Since (4.3.1) has to hold for VM as well as for V¥, (4.7.1) follows. (It follows from
the representation of V¥ by Christoffel symbols, that (VYY)T does not depend on
the chosen extensions. It is also clear that (VYY)? defines a torsion free connection
on M because V¥ is a torsion free connection on M, and since VYY — V¥ X — [X, Y]
vanishes, also the part of this expression that is tangential to M has to vanish.) O

With the help of Theorem 4.7.1, we may easily determine the Levi-Civita
connection of S™ C R™*!. Let v(x) be a vector field in a neighborhood of 29 € M C N,
that is orthogonal to M, i.e.

(v(z),X)=0 foralX e T, M. (4.7.2)

We denote the orthogonal complement of T, M in T, N by T, M. The bundle TM~*
with fiber T, M+ at x € M is called the normal bundle of M in N. (4.7.2) thus means

v(x) € T,M*.

Lemma 4.7.1. (VY1) " (z) only depends on v(x), the value of v at .

Proof. For a real valued function f in a neighborhood of z

(V) (@) = (X (N @) + f(2)(Vxr) (2)
= f(@)(Vxv)' (2),

since v(z) € TpM*. O
Lemma 4.7.1 makes the following definition possible.
Definition 4.7.1. The second fundamental tensor of M at the point x is the map
S:T,M x TyM* — T, M, (4.7.3)
defined by S(X,v) = (V¥v)T.
Lemma 4.7.2. For X,Y € T, M,
0, (X,Y) = (S(X,r),Y) (4.7.4)

is symmetric in X and Y.
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Proof.
LY = (VYY)

(V¥ Y) since Y € T, M
— (v, VRY) since (,Y) = 0 and V" is metric

= <1/ VNX + X, Y] since V¥ is torsion free

= (v, V¥ X) since [X,Y] € T, M,v € T, M+

= (VYV X) since (v, X) = 0 and V is metric

= (V¥»)T,X) since X € T, M
0,(Y, X). (4.7.5)

|

Definition 4.7.2. (,(-,-) is called the second fundamental form of M w.r.t. N.

Remark. The first fundamental form is the metric, applied to X and Y € T, M, i.e.
(X,Y). For a fixed normal field v, we write S, (X) = S(X,v). S, : T, M — T, M then
is selfadjoint w.r.t. the metric (.,.), by Lemma 4.7.2. Suppose now (v,v) = 1; i.e. v
is a unit normal field. The m eigenvalues of S, which are all real by selfadjointness
are called the principal curvatures of M in the direction v, and the corresponding
eigenvectors are called principal curvature vectors.

The mean curvature of M in the direction v is

1
H,:=—1trS,.
m
The Gauss—Kronecker curvature of M in the direction v is
K, :=detS,.
For an orthonormal basis eq,...,e,, of T, M,
K, = det(ly (e, ¢5)).

We now consider the case where M has codimension 1, i.e. n = m + 1. In
this case, for each € M, there are precisely two normal vectors v € T, M+ with
(v,v) = 1. We locally fix such a normal field and drop the subscript v. If we were
to choose the opposite normal field instead, ¢ and S would change their sign, and
the mean curvature M as well. For even m, however, the Gauss—Kronecker curvature
does not depend on the choice of the direction of v.

Furthermore, because of (v,v) = 1, Vﬁy is always tangential to M, and
geometrically, it measures the “tilting velocity” with which v is tilted (relative to
a fixed parallel vector field in N) when moving on M in the direction X.

We now want to compare the curvature tensors of M and N, RM and RV. It
turns out that their difference is given by the second fundamental tensor; namely
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Theorem 4.7.2 (Gauss Equations). Let M be a submanifold of the Riemannian
manifold N, m =dimM,n =dim N, k =n—m,x € M, v1,...,vr an orthonormal
basis for (TuM)*, Sy = Sy, le = Ly (o = 1,...,k). With the convention that a
Greek minuscule occurring twice is summed from 1 to k, for X, Y, Z, W € T, M

RM(X,Y)Z — (RN (X,Y)Z)" = oY, 2)S0 X — la(X,Z)S,Y (4.7.6)
and hence also

(RM(X, Y)Z,W) — (RN(X,Y)Z,W)

(4.7.7)
= ‘ea(Ya Z)Ea(Xa W) - goz()(a Z)ga(x W)
Proof. Since everything is tensorial, we extend X,Y, Z, W vy, ..., v to vector fields
in TM and TM™, resp., with the v, always being orthonormal.
V2 =(V¥2)" +(V¥2)" = VW2 + (va, V¥ Z)va,
since the v, form an orthonormal basis of TM~L.
Hence
VAVYZ =VEVY Z + X (We, VE 2o + (Va, VY Z)VE v,
ie.
(VAVEZ)T = VEVY Z + (U6, VY Z) (Vi) T (478)
=V¥VYZ —1,(Y,2)S4(X) by (4.7.5). o
Analogously
(VEVEZ)T =VUVNZ — 1,(X,2)S,(Y). (4.7.9)
Moreover,
(V[X Y] zZ)" V[X v)Z by Theorem 4.7.1. (4.7.10)
(4.7.6) follows from (4.7.8) — (4.7.10), and (4.7.7) follows from (4.7.6). |

The “theorema egregium” of Gauss is the following special case of Theorem
4.7.2:

Corollary 4.7.1. For a surface M in R3 (i.e. m = 2,n = 3) the Gauss curvature,
defined as the determinant of the second fundamental form, hence defined through
the embedding of M in R3, coincides with the Riemannian curvature of M which
s determined by the metric, hence independent of the embedding. Thus, the Gauss
curvature does not depend on the embedding of M into R? either. O

Definition 4.7.3. A Riemannian submanifold M of a Riemannian manifold N is
called totally geodesic if all geodesics in M are also geodesics in N.

Theorem 4.7.3. M is totally geodesic in N if and only if all second fundamental
forms of M wvanish identically.
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Proof. Let ¢ : I — M be geodesic in M, i.e. VM¢ = 0. Because of (VN¢)T = VMé
(Theorem 4.7.1), ¢ is geodesic in N if and only if (VY é)t =0, ie.

(VVé,v)y =0 forall v e TM*™.
Now

(Ve vy = —(¢,VYv), since (¢,v) =0 and VV is metric
= —4,(¢¢).

The claim directly follows. O

For example, each closed geodesic in a Riemannian manifold defines a 1-
dimensional compact totally geodesic submanifold.

The totally geodesic submanifolds of Euclidean space are precisely the affine
linear subspaces (and their open convex subsets). The closed totally geodesic
subspaces of the sphere S” C R"™"! are precisely the intersections of S™ with
linear subspaces of R"*1, hence spheres themselves. This follows directly from the
description of the geodesics on S™ in §1.4. A generic Riemannian manifold, however,
does not have any totally geodesic submanifolds of dimension > 1.

We want to briefly discuss a global aspect.

Let M be an oriented submanifold of the oriented Riemannian manifold N. This
means that M itself is an oriented manifold whose orientation coincides with the one
induced by N. If thus for z € M, ej,...,e, is a positive basis of T, N for which

e1,...,6n are tangential to M, then eq,...,e,, constitute a positive basis of T, M.
If under this assumption, we have n = m + 1, we may also determine the sign of
the unit normal field v by requiring that if eq, ..., e, is a positive basis of T,, M, then

€1,...,Em,V is a positive basis of T, N. Suppose now that N = R", i.e. that M is an
oriented hypersurface of R™. Let p : TR™ — R™ map each fiber of TR™ isomorphically
onto R™, in the usual canonical manner, i.e. by parallel transport into the origin.

Definition 4.7.4. pov: M — S"~ ! is called the Gauss map of M.

The Gauss—Kronecker curvature, i.e. the Jacobian of dv(z) : T, M — T, M, then
becomes the Jacobian of the Gauss map. It thus measures the infinitesimal volume
distortion of M by the Gauss map. Theorem 4.7.2 allows an easy computation of
the curvature of the sphere S® C R**!. Namely, for z = (z!,...,2"*!) € S", a unit
normal vector v(x) is given by

;0
v(x) =a2"'—.
(@) =a"55
Furthermore,
nt1 0 0
VR v(z) = =—(a' - = —,
597 (z) oxJ )8951 OxJ
Since we have already seen that the isometry group of S™ operates transitively on S,

we may consider w.l.o.g. the north pole (0,0,...,0,1). 6%, e a% are tangential to
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S™ at this point. It follows that

S(%) - % - <1/(1:), %M;«)

forj=1,...,n

9
ozl

and

(g7 528) = (a7 5w =

(RS" (%, %) %, %> = ;100 — Sirdie. (4.7.11)

In particular, the sectional curvature is 1.
We also obtain the formula

We conclude

RS"(X,Y)Z = (Y, Z)X — (X, Z)Y. (4.7.12)

Perspectives. The theorema egregium of Gauss was the starting point of modern
differential geometry. It provided the first instance of a nontrivial intrinsic differential
invariant of a metric, and it motivated Riemann’s definition of sectional curvature. For
more details, we refer to [93].

4.8 Minimal Submanifolds

In this section, we want to consider a particular class of submanifolds, namely
those that are critical points of the volume functional, that is, the so-called minimal
submanifolds.

Let M be an m-dimensional submanifold of N, with frame éy,...,é,,, coframe
At,...,7™ and volume form 7 as before, and let

d:M— M

be a diffeomorphism. Let eq,..., e, be a frame on M, 7 the volume form.
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Then
Vol (M) = / 7‘7“
hvs
M
= / tb*ﬁl/\.../\qf‘ﬁm‘ (4.8.1)
M

= / [Prer AL A <I>*em|n‘
M

Nf=

ni -

= / (Poer Ao APy, Puer Ao A Due)
M

We now consider a more special situation. We define a local variation of M to be a
smooth map
F:Mx(—e,e)— N (£>0)

with

supp F :={zx € M : F(x,t) #x for some t € (—¢,¢)} (4.8.2)

being a compact subset of M and
F(z,0) =2 forall z € M.

For small enough [t|,®:(-) := F(-,t) then is a diffeomorphism from M onto a
submanifold M; of N, by the implicit function theorem. We assume that ¢ > 0
is chosen so small that this is the case for all ¢ € (—e,¢). Since the subsequent
computations are local, we also assume that {x € M : F(x,t) # x} is orientable and
that ey, ..., e, is a positively oriented orthonormal basis.

The variation of volume then is (by (4.8.1))

Vol (@ (M)

d

Tt

= (Druer Ao A EQpea Ao A Dy, Druer A A Dpiep,)
-3,

1
/ <(I)t*€1 VAN @t*em,q)t*el VAN @t*em)2mt:0
M

|¢'t*61 VANAN ¢t*em| mt:O '
Putting
d
X = aQt\t:O’
we obtain

d
= VoL (®@:(M))i=o

_i/ (er Ao AVEX A Nem,er Ao Nep)
a1 M |€1/\.../\em|
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Namely, if ¢4 (s) is a curve on M with ¢, (0) = z,c,,(0) = eq, and ¢, (s,t) = Py(cqa(s)),
then

0
(I)t*ea = %Ca(& t)ls:O

and

0
E(I)t*ea‘t:o = a&ca(& t)|s=t=0

= %aca (57 t)|s=t=0
= Vlé X\s=0
=v)X.
Therefore,
d N
7 Vol (@(M))ji=o = | (V& X, ea)y
M (4.8.3)

- /M{ea<X, ea) — (X, VY ea)}n.

Now e, (X, eq) = div X7, and since X vanishes outside a compact subset of M (see
(4.8.2)), we have by Gauss’ theorem

/M ea(X,eq) =0.

As in the proof of Lemma 4.3.4 3), we may assume that at the point under
consideration
Vﬁi eq = 0.

We then obtain from (4.8.3)

%Vol (®4(M))=0 = — /M (X, VN en) . (4.8.4)

We conclude

Theorem 4.8.1. A submanifold M of the Riemannian manifold N is a critical point
of the volume function, i.e.

%w (@4(M))}1—0 = 0 (4.8.5)

for all local variations of M if and only if the mean curvature H, of M vanishes for
all normal directions v.
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Proof. We choose an orthonormal basis v1,...,v; (k =n —m) of T, M* for x € M
and write ,
Xt =¢y,;. (4.8.6)
Then ‘ .
(X+,Vle,) =& trS,, =m&H,,. (4.8.7)

Since every section X of TM~ over M with compact support on M defines a local
variation
F(x,t) := exp, tX(x)

of M, (4.8.5) holds if and only if (4.8.7) vanishes for all choices of £/, and the conclusion
follows. |

Definition 4.8.1. A submanifold M of the Riemannian manifold N is called minimal
if its mean curvature H, vanishes for all normal directions v.

We want to consider a somewhat more general situation. We let M and N be
Riemannian manifolds of dimension m and n, resp., and we let

f:M— N

be an isometric immersion. This means that for each p € M, there exists a
neighborhood U for which
f:U—fU)

is an isometry (f(U) is equipped with the metric induced from N). The point here is
that f(M) need not be an embedded submanifold of N but may have self-intersections
or may even be dense in N. We may then define local variations F'(z,t) : M — N with
F(z,0) = f(x) as before, and f(M) is critical for the volume functional if and only if
its mean curvature vanishes, in the sense that for all U as above, f(U) has vanishing
mean curvature in all normal directions. Such an f(M) then is called an immersed
manimal submanifold of N. We now want to write the condition for the vanishing of
the mean curvature, namely

(VN ea) =0 (4.8.8)

in terms of f.
For that purpose, we introduce normal coordinates at the point x € M under
consideration, i.e. at x

0 0
9.0 a8 = 5@[1’
<8x 8xg> (4.8.9)
M _
Vafﬂ 9B 0,

fora, 0 =1,...,m.
Here , VM is the Levi-Civita connection of M, and because f is an isometric
immersion, for all X and Y € T, M,

VY = Vi 1Y = (VY £.Y)T by Theorem 4.7.1. (4.8.10)
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(This fact may also be expressed by saying that V is the connection in the pull back
bundle f*(Tf(M)) induced by the Levi-Civita connection of N.)

o\ ofi d
co=1(507) = 5 af

where (f1,..., f™) now are local coordinates for N near f(x). Thus, for a function

9N =R, (eal9))(f(2) = 52w o f(z).

Then, computing at x,
(VY ea)t =V e, by (4.8.9), (4.8.10)
afi o
=V 52 Oz Ofi
o?ff o aft ofF ;i 0

(0x)2 0f7 " da® Do OfT

Here, I‘zk are the Christoffel symbols of N.
We conclude that f(M) has vanishing mean curvature, i.e. (4.8.8) holds if and
only if
82fj . afz afk

— + 1Y — =0 forj=1,...,n. 4.8.11

ey T Eul @) g g =0 ford " (48.11)
(4.8.11) requires that the coordinates are normal at z. In arbitrary coordinates,
(4.8.11) is transformed into

or o*
Oz OzP

— Ap I+ A%B (@) (f(2)) =0 forj=1,...,n, (4.8.12)
where Ay is the Laplace-Beltrami operator of M (see §3.3) and (Va8)a,8=1,....m 18
the metric tensor of M.

In §8.1, solutions of (4.8.12) will be called harmonic maps. Thus, an isometric
immersion is minimal if and only if it is harmonic.

A consequence of (4.8.12) is

Corollary 4.8.1. The one-dimensional immersed minimal submanifolds of N are the
geodesics in N. O

We now consider the case where N is Euclidean space R". In Euclidean
coordinates, all Christoffel symbols I/, vanish, and we obtain

Corollary 4.8.2. An immersed submanifold of R™ is minimal if and only if all
coordinate functions are harmonic (w.r.t. the Laplace—Beltrami operator of the
submanifold induced by the ambient Euclidean metric). In particular, there are no
nontrivial compact minimal submanifolds of Fuclidean space.

Proof. The first claim follows from (4.8.12). The second one follows from the fact that,
on a compact manifold, every harmonic function is constant by Corollary 3.3.2. And
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a manifold whose coordinate functions are all constant is a point, hence trivial. [

There is, however, a multitude of noncompact, but complete minimal surfaces
in R3. Besides the trivial example of a plane, we mention:

1) The catenoid, given by the coordinate representation

f(s,t) = (cosh scost,cosh ssint, s).

2) The helicoid, given by the coordinate representation

f(s,t) = (tcoss,tsins,s).

3) Enneper’s surface, given by the coordinate representation

fs) = (2 53+5t2 t+t3 s*tos?
T 2 6 27 2 6 272 27

We leave it as an exercise to the reader to verify that these have vanishing mean
curvature and hence are minimal surfaces indeed.

In order to obtain a further slight generalization of the concept of a minimal
surface in a Riemannian manifold, we observe that (4.8.12) is not affected if the
operator occurring in that formula is multiplied by some (non-vanishing) function.
In order to elaborate on that observation, we assume that Y is a two-dimensional
Riemannian manifold and that coordinates z',2? are chosen on ¥ for which 2+ and
-2 are always orthogonal and of the same length w.r.t. the metric (+,)y of &, ie.

Ox?
(oo 321), = (5 5),

4.8.1
< o 0 > —0 (4.8.13)
81‘1’ 8:52 o a
This is equivalent to the metric v being represented by
N (z)(det @ dxt + da® @ da?) (4.8.14)

with some positive function A\?(x) (x = («!,22)). Moreover, the precise value of \2(z)
is irrelevant for (4.8.13).
In those coordinates, (4.8.12) becomes, for an isometric immersion f : 3 — N,

1 82 i 82 i . ) ja L P j@ A
it (e + e + T (G555 + 5555 ) —o.

and since as observed the factor A+(m is irrelevant, this becomes

A A ofioft of oft
(3_90{)2 - (8_x£)2 Tl (G 5 + G50 = O (4.8.15)
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Since f is required to be an isometric immersion, (4.8.13) becomes

of Jof af of
<%_“}1’ %_1;:> - <@7 @>’ (4.8.16)
(Gar 527) =0

where now the metric is the one of N.
In order to provide a conceptual context for a reformulation of the preceding
insights, we state

Definition 4.8.2. A surface ¥ with a conformal structure is a two-dimensional
differentiable manifold with an atlas of so-called conformal coordinates whose
transition functions z = p(z) satisfy

dz' @ dz! + d2? ® d2® = (P (2)(do' @ dat + da? ® da?) (4.8.17)

(z = (24,22),2 = (2',2?)), for some positive function p?(z). A map f : 3% — N
from a surface ¥ with a conformal structure into a Riemannian manifold IV is called
conformal if in conformal coordinates always

In order to interpret (4.8.17), we compute
dzt @ dz' +d2? @ d2? = (Lipl, + 02ipk))dat @ da.
(4.8.17) then implies

09" 0p' | 0p?0p* _ 0! dp' | 0p? 0p*
Ozl Oz'  Ox! Ozt Ox2 922 Ox2 Ox2

and

000t g0 _
Ozl Ox2 Ozl 922

Thus, the coordinate transformations are conformal in the Euclidean sense. A special
case of a surface with a conformal structure is a Riemann surface as defined in
Definition 9.1.1 below.

We also observe that (4.8.18) is independent of a particular choice of conformal
coordinates, by a computation analogous to the one just performed.

Definition 4.8.3. Let X be a surface with conformal structure, N a Riemannian
manifold.

A (parametric) minimal surface in N is a nonconstant map f : ¥ — N satisfying
(4.8.15) and (4.8.16).
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This definition includes the previous definition of a minimal surface, i.e. a two-
dimensional minimal submanifold of N. Namely, the pull back (f*g)ags of the metric
tensor g;; of N is given by

afi afi  ,of of
0xB <8xa7 8x5>’

and if f is conformal, i.e. satisfies (4.8.16), then

Yo (@) = X*(2)0ap

for some function \?(x).

If A\2(x) # 0, this is the situation previously discussed, and the vanishing of the
mean curvature of f(¥) was shown to be equivalent to (4.8.15). A?(x) # 0 means that
the derivative of f has maximal rank at x, and thus is a local immersion. Therefore,
the only generalization of our previous concept admitted by Definition 4.8.3 is that
we now include the degenerate case where

< of a—f> —0= < or of > (4.8.19)

da1 9! dx?" 9z

at some (but not all) points of X.
It may actually be shown that this can happen at most at a discrete set of points.

Perspectives. Parametric minimal surfaces in R? are treated in [93]. For a comprehensive
treatment of minimal surfaces, we refer to the monographs [74-76,232]. A good reference
for minimal submanifolds of arbitrary dimension and codimension is [307].
Some further topics about minimal surfaces will be discussed in Chapter 9.

Exercises for Chapter 4

1. Compute the transformation behavior of the Christoffel symbols of a connection
under coordinate transformations.

2. Let F be a vector bundle with fiber C" and a Hermitian bundle metric. Develop
a theory of unitary connections, i.e. of connections respecting the bundle metric.

3. Show that each vector bundle with a bundle metric admits a metric connection.

4. Let xg € M, D a flat metric connection on a vector bundle F over M. Show that
D induces a map m (M, x9) — O(n), considering O(n) as the isometry group of
the fiber F,,.
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10.

11.

12.
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Let S7 := {@ € R""! : |2| = r} be the sphere of radius r. Compute its curvature
tensor and volume.

Consider the hyperboloid in R? defined by the equation
4yt —22=—1,2>0
and compute its curvature.

Verify that the catenoid, the helicoid, and Enneper’s surface are minimal
surfaces.

Determine all surfaces of revolution in R® that are minimal. (Answer: The
catenoid is the only one.)

Let F': M™ — R™"! be an isometric immersion (m = dim M). Give a complete
derivation of the formula
AF =mn

where A is the Laplace—Beltrami operator of M and 7 is the mean curvature
vector of F(M).

Let FF: M™ — S™ C R™"! be an isometric immersion. Show that F (M) is
minimal in S™ if and only if there exists a function ¢ on M with AF = ¢F and
that in this case necessarily ¢ = m.

Show that for n > 4, there exists no hypersurface (i.e. a submanifold of
codimension 1) in R"™ with negative sectional curvature.

Verify the formula @ = ¢l o V given in §4.4.



Chapter 5

Geodesics and Jacobi Fields

5.1 First and second Variation of Arc
Length and Energy

We start with a preliminary technical remark:

Let M be a d-dimensional Riemannian manifold with Levi-Civita connection V.
Let H be a differentiable manifold, and let f : H — M be smooth. In the sequel, H
will be an interval I or a square I x I in R2. Since f is not necessarily injective, it is
not always possible to speak in an unambiguous way about the tangent space to f(H)
at a point p € f(H), even if f is an immersion. Let for example p = f(z) = f(y) with
x #y. If fis an immersion, we may restrict f to sufficiently small neighborhoods U
and V of z and y such that f(U) and f(V) have well defined tangent spaces at p.
Thus, in a double point of f(H), the tangent space can be specified by specifying the
preimage (z or y). This can be formalized as follows: We consider the bundle f*(T'M)
over H, pulled back by f. The fiber over € H here is T(,)M. This process already
has been treated in a more general context in Definition 2.1.5. We now introduce a
connection f*(V) on f*(TM) by putting for X € T, H, Y a section of f*(TM),

(f*V)xY = Vg x)Y (5.1.1)
(here, f*(T'M), is identified with Ty, M).

As in §4.4, in order that the right-hand side is well defined, Y first has to be
extended to a neighborhood of f(H); as in §4.4, however, it turns out that the result
will not depend on the choice of extension. In the sequel, instead of (f*V), we shall
simply write V, since the map f will be clear from the context.

J. Jost, Riemannian Geometry and Geometric Analysis, Universitext,
DOI 10.1007/978-3-642-21298-7_5, (© Springer-Verlag Berlin Heidelberg 2011
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A section of f*(T'M) is called a vector field along f. An important role will be
played by vector fields along curves ¢: I — M, i.e. sections of ¢*(TM).

Let now ¢ : [a,b] — M be a smooth curve, ¢ > 0. A variation of ¢ is a
differentiable map F' : [a,b] x (—&,e) — M with F(¢,0) = ¢(t) for all ¢ € [a,b]. The
variation is called proper if the endpoints stay fixed, i.e. F(a,s) = c(a), F(b,s) = ¢(b)
for all s € (—e,e). We also put cy(t) := c(t,s) := F(t,s), é(t,s) := Zc(t,s) (more
precisely, dF(2)c(t,s)), ¢ (t,s) = £c(t,s) (more precisely dF (£ )c(t, s)).

As in §1.4, let L() and E(y) denote the length and the energy of a curve 7.
The following lemma is a reformulation of formulas from §1.4. Here, we want to give
an intrinsic proof. For simplicity, we shall write L(s), E(s) in place of L(cs), E(cs)

resp.

Lemma 5.1.1. L(s) and E(s) are differentiable w.r.t. s, and we have
b (D ¢ d,Vac
o= (f”.“.)’f) A >> i, (512)
a 2

b
E’(O):(c’(b,O),c'(b,O))—(c’(a,()),c'(aﬂ))—/ <%,V%%(t,s)>dt. (5.1.3)

Proof.

1 %8¢ Jdc
E(s) = 5/(1 <a(t,s),a(t,s)>dt,and then

d 1 ("9 /0c de
%E(S)_i/a &<a(t,8),§(t,$)> dt

b
0
= / <Vaa —0(7375)7 a—j(t,s)> dt since V preserves the metric

b
= / <Vg@(t,s), C(t, s)> dt since V is torsion free

[ (GG S~ (G v a0
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and similarly,

L(s)—/ <g§(t 5), 8t(t s)>%

d _ b<v@%%(t S)vat(t 8)>
&) _/a (Ge(t,s), 55 (t,5))® "

In the special case where ¢ = ¢ is parametrized proportionally to arclength, i.e.
lc(t,0)|| = const., (5.1.2) becomes

b
20 = (€l - [ @ aam). (5.1.4)

(¢,é)2

Lemma 5.1.1 implies that ¢ is stationary for E (w.r.t. variations that keep the
endpoints fixed) and if parametrized proportionally to arc length, also stationary
for L if and only if

Vgc'(t, 0) =0. (5.1.5)

We recall that V o stands for Vp (o ); now dF(Z2) = 2c(t,s) = ¢, and (5.1.5), as to

be expected, is the equation for ¢ belng geodesic.

For the case where ¢ = ¢ is geodesic, we now want to compute the second
derivatives of ¥ and L at s =0

Theorem 5.1.1. Let ¢ : [a,b] — M be geodesic. Then

b b
E"(0) :/ (V%c’(t70),V%c’(t70)>dt 7/ (R(¢,d)d,é)dtys—g + <V 2 )= Z‘Z -
(5.1.6)

and with ¢+ = ¢ — (ﬁ,c’)—H (the component of ¢ orthogonal to ¢),

1 b
L"(0) = W{/ (Vo Vad®) = (R(e, )™, 6)dt +(V o, &)= b}‘ .
C a t t s=0
(5.1.7)
An important point is that for a geodesic ¢, the second variation depends only

on the first derivative %c(t,s)|8:0 of the variation, but not on higher derivatives.
This fact will allow the definition of the index form I below.
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Proof. According to the formulas of the proof of Lemma 5.1.1

Lre = [ 2 (v %), Xt

ds?
b de dec
/a <v§r%(t SV g o (t,s)>dt

b dc oc .
/a<vasvaf8_( ),E(t,s)>dt again,

since V is metric and torsion free

/ab<V atg—( ’s)7v%%(t,s)>dt
o [ (749 5ot St a

ot’ 9s) 9s’ ot

/ < (66 36) oc 8c> dt by definition of R.

Since c¢ is geodesic, we have V% %(t, 0) =0, and conclude

E()—/( 2 20009, X0 i
- (a5 ZE ool
(V5050 o
Similarly,
a L\ ’Ot

L{/ab<v§t§(t 0.V g—( ,0)> dt —/a <R(%,gz)

’ =
O 2 S (e, )

dc Oc

0s’

ot

=)t

s=0
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Also
. / /- . ! C / C / o ! - .
(R(,¢)e ) = (R(e.d = (g )i = (151 ).
so that for the second variation of L through a proper variation, only the component
of the variation vector field % orthogonal to ¢ appears. O

In the same manner, we may consider closed geodesics ¢ : S* — M. The formulas
for the second variations of E' and L then of course do not contain any boundary terms
anymore. Otherwise, they remain the same.

We can already draw some consequences:

If the sectional curvature of M is nonpositive, the curvature term in the second
variation formula is always nonnegative, because of the negative sign in front of it.
The first term only vanishes for parallel variations and is positive otherwise. If we
consider a proper variation that is nontrivial, i.e. ¢/ # 0, we get %E(O) > 0, hence
E(cs) > E(cp) for sufficiently small |s|. We conclude

Corollary 5.1.1. On a manifold with nonpositive sectional curvature, geodesics with
fized endpoints are always locally minimizing.

(Here, “locally minimizing” means that there exists some § > 0 such that for
any (smooth) curve v : [a,b] — M with v(a) = ¢(a),(b) = ¢(b) and d(y(t),c(t)) < 4§
for all ¢ € [a,b], we have E(y) > E(c).)

Proof. Let ¢ : [a,b] — M be a smooth geodesic, and let v : [a,b] — M be another curve
with v(a) = c(a),v(b) = ¢(b), and such that for no ¢ € [a,b], the distance between ~(t)
and c¢(t) exceeds the injectivity radius of ¢(t). We may then find a smooth geodesic
interpolation between ¢ and ~y, namely the family c(t,s) := eXPe(¢) sexpc_é) ~(t), ie.
a family that satisfies c(t,0) = c(¢),c(t,1) = v(¢) for all ¢ € [a,b], and for which all
the curves ¢(t, s) for fixed ¢ and s varying in [0, 1] are geodesic. Thus, %Si %(t,s)=0
for all ¢t and s, and from the proof of Theorem 5.1.1 d—zE(s) >0 for all s € [0,1],

b dsz

not only for s = 0. Since £ F(s)s— = 0 as c is geodesic, we conclude E(v) > E(c).
(Since we may assume that 7 is parametrized proportionally to arclength, we also get
L(v) > L(c).) O

Although it is a general fact that sufficiently short geodesics are minimizing
(cf. §1.4), on a positively curved manifold, longer geodesics need not be minimizing
anymore, as is already seen on S2.

Similarly,

Corollary 5.1.2. On a manifold with negative sectional curvature, closed geodesics
are strict local minima of E (and L) (except for reparametrizations).

Proof. For each variation normal to ¢ the curvature term is positive, because of the
negative sign in front of it. O
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On a manifold with vanishing curvature, geodesics are still minimizing, but not
necessarily strictly so anymore, as the example of a flat torus or cylinder shows.
On a manifold with positive curvature, closed geodesics in general do not minimize
anymore, see S2 again. We want to derive a global consequence of this fact.

Theorem 5.1.2 (Synge). Any compact oriented even-dimensional Riemannian
manifold with positive sectional curvature is simply connected.

Proof. Otherwise, there exists a nontrivial element of m (M, zo) (let o € M be the
base point). Let this element be represented by a closed curve v : St — M. ~ cannot
be homotopic to a constant curve even if we do not keep the base point fixed. On
the other hand, by Theorem 1.5.1, v is homotopic to a closed geodesic ¢ of shortest
length (and smallest energy) in this free homotopy class. Thus, ¢ : S — M cannot
be a constant curve.

Parallel transport P along ¢ from ¢(0) to ¢(2m) = ¢(0) is orientation preserving
and leaves the orthogonal complement E of ¢(0) invariant. Since E has odd dimension
(since M has an even one), there exists a vector v € E with Pv = v.

Let now X be the parallel vector field along ¢ with X (0) = v. We consider a
variation ¢ : S x (—e,€) : (t,8) — c(t, s) of ¢ with ¢/(¢,0) = X(¢) for all t.

Since ¢ is geodesic, E'(0) = 0. Since X is parallel and X (0) = X (27),

2

E(0) = /0 27T<V%X(t),V%X(t»dt— /0 (R(e, X)X, &)t

=— / QW(R(C’, X)X, ¢)dt
<0.

Hence
E(cs) < E(c) for sufficiently small s,

and ¢ cannot have least energy in its homotopy class.
This contradiction proves the claim. O

Remark. The previous reasoning would have applied to L instead of E as well.

Let now X be a vector field along ¢, i.e. a section of ¢*(T'M); in the sequel, ¢
will always be geodesic. There exists a variation ¢ : [a,b] x (—¢,e) — M of ¢(t) with

dc _
&\520 =X
We put
b
I(X,X) = / ((V%X, Vo X) - (R(&, X)X, c'>) dt,
i.e.

I(X,X) = j—;E(O), if X(a) = 0= X(b).
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Instead of a 1-parameter variation c(t, s), we may also consider a 2-parameter variation

and put (Y := 2¢)

I(X,)Y) = /b(<v§,tx,viy> — (R(¢, X)Y, ¢))dt. (5.1.8)

I(X,Y) is bilinear and symmetric in X and Y (by (4.3.10)).
Definition 5.1.1. [ is called the index form of the geodesic c.

For a vector field X along ¢ that is only piecewise differentiable, we define
I(X, X) as the sum of the respective expressions on those subintervals where X is
differentiable. Each piecewise smooth vector field X along ¢ may be approximated by
smooth vector fields X, in such a manner that I(X,,, X,,) converges to I(X, X). For
technical purposes, it is useful, however, to consider piecewise smooth vector fields. A
variation that is piecewise C2 gives rise to a piecewise C'* vector field, and vice versa.

5.2 Jacobi Fields

Definition 5.2.1. Let ¢ : I — M be geodesic. A vector field X along c is called a
Jacobi field if
V%VﬁX—FR(X,c')c':O. (5.2.1)

As an abbreviation, we shall sometimes write
X=V.X, X=VuiViX.
dt dt dt

(5.2.1) then becomes )
X +R(X,¢)¢=0. (5.2.2)

Lemma 5.2.1. A vector field X along a geodesic ¢ : [a,b] — M is a Jacobi field if
and only if the index form of ¢ satisfies

I(X,Y)=0
for all vector fields Y along ¢ with Y (a) =Y (b) = 0.

Proof.
I(X,Y) = /b(<vﬁx7vﬁy> C(R(X,&)6Y)) dt,
' using the symmetries of the curvature tensor
= /b(<V;tV;tX, Y) — (R(X,¢)¢,Y))dt,

since V is metric and Y (a) = 0 =Y (),
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and this vanishes for all Y if
V%V%X‘FR(X,(})(::O

holds (by the fundamental lemma of the calculus of variations). |

Lemma 5.2.2. A vector field X along the geodesic ¢ : [a,b] — M is a Jacobi field if
and only if it is a critical point of I(X,X) w.r.t. all variations with fized endpoints,
i.e.

diI(X +8Y, X +8Y)j5—0 =0
s

for all vector fields Y along ¢ with Y (a) =0 =Y (b).

Proof. We compute

b
%I(X +8Y.X 4 5Y)|y = 2/ (~(V4 V5 X,Y) — (R(X, )6, Y)) dt

by the proof of Lemma (5.2.1).

The Jacobi equation thus is the Euler-Lagrange equation for
I(X)=I(X,X).

More generally, one can consider the second variation for each critical point of a
variational problem. The second variation then is a quadratic integral in the variation
vector fields, and the second variation may hence be considered as a new variational
problem. This new variational problem is called an accessory variational problem of
the original one. Most of the considerations of this section may be generalized to such
accessory variational problems.

We now want to prove existence and uniqueness of Jacobi fields with given initial

values. For this purpose, we shall simply interpret the Jacobi equation as a system
of d (= dim M) linear second order ODEs.

Lemma 5.2.3. Let c: [a,b] — M be geodesic. For any v,w € T,qM, there exists a
unique Jacobi field X along ¢ with

X(a) =v,X(a) = w.

Proof. Let v1,...,vq be an orthonormal basis of T,,)M. Let Xy,..., Xy be parallel
vector fields along ¢ with X;(a) = v;, ¢ = 1,...,d. Then, for each ¢ € [a,b],
X1(t),...,Xq4(t) is an orthonormal base of T, M. An arbitrary vector field X along
c is written as

X=€X; (€)= (X(1), X))
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Since the vector fields X; are parallel, we have

dgi

d2£i

X =—
dt?

X,

da
dt
We likewise write the curvature term in (5.2.1) as a linear combination of the X :
R(X;,¢)é = ph Xy
and then also _
R(X,é)e = € pk X,
The Jacobi equation (5.2.1) now becomes

d2§k i
< dt? +& Pf) X =0,

i.e. a system of d linear second order ODEs

) Lk
— =+ t)pit)=0, k=1,....d
2 TEMe) =0, soend,
and for such systems, the desired existence and uniqueness result is valid. O

It is easy to describe those Jacobi fields that are tangential to c.

Lemma 5.2.4. Let ¢ : [a,b] — M be geodesic, \,;n € R. Then the Jacobi field X

along ¢ with X (a) = Xé(a), X (a) = ué(a) is given by

X(t) = A+ (t = a)p)é(t).

Proof. Directly from (5.2.1), since R(¢, ¢) = 0 because of the skew symmetry of R. [

Thus, tangential Jacobi fields do not depend at all on the geometry of M, and
hence, they cannot yield any information about the geometry of M. Consequently,
they are without any interest for us. We shall see in the sequel, however, that normal
Jacobi fields are extremely useful tools for studying the geometry of Riemannian
manifolds.

FExamples.

1. In Euclidean space R", geodesics are straight lines. Jacobi fields are linear:
Namely, the Jacobi field X along a straight line ¢ with X(a) = v, X(a) = w is
given by

Xt)=V(t)+ (t—a)W(t), (5.2.3)

where V() and W (t) are parallel fields along ¢ with V(a) = v, W(a) = w.
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2. S C R™"!. Let ¢: [0,7] — S™ be geodesic with [|¢]| =1, v,w € Ty)S™, V,W
parallel vector fields along ¢ with V(0) = v, W(0) = w. Assume (v,¢(0)) =0 =
(w, ¢(0)). We claim that the Jacobi field X with X (0) = v, X(0) = w along ¢ is
given by

X(t) =V (t)cost + W (t)sint. (5.2.4)

Namely, since V' and W are parallel,
X(t) = —V(t)sint + W(t) cost
X(t) = —V(t)cost — W (t)sint.
By (4.7.12),
R(X,&)é = (¢, &)X — (X, é)e = X, since (¢,¢) =1

and since v and w, hence also V' and W are orthogonal to ¢.
Hence, )

X + R(X,¢)e=0,
and X is indeed a Jacobi field.

Arbitrary initial values that are not necessarily orthogonal to ¢ may be split
into a tangential and a normal part. The desired Jacobi field then is the sum of the
corresponding tangential and normal ones, because as (5.2.1) is linear the sum of two
solutions of (5.2.1) is a solution again.

If more generally ||¢|| = p, the Jacobi field with initial values v, w normal to ¢
is given by

X (t) = V(t) cos(ut) + W (t) sin(ut). (5.2.5)
If we consider more generally the sphere
no.__ n+1 . —
Sy i={z e R"" :|z| = p}

of radius p, then the curvature is given by
R(X,Y)Z = p—12(<y, 2X — (X, Z)Y)
and the Jacobi field with initial values v,w normal to ¢ with [|¢[| =1
X(t) =V(t)cos % + pW(t) sin % (5.2.6)
Theorem 5.2.1. Let ¢ : [0,T] — M be geodesic. Let c(t,s) be a variation of c(t)

(c(+,+) : [0, T] X (—e,e) = M), for which all curves c(-,s) =: cs(+) are geodesics, too.
Then,

X(t):= %c(t7 5)|s=0

is a Jacobi field along c(t) = co(t). Conversely, every Jacobi field along c(t) may be
obtained in this way, i.e. by a variation of c(t) through geodesics.
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Proof.
dc
X0 =V 2V & e o
oc
= V8V Bl e
oc Oc Oc\ Oc

- o ge o)« by definition of
=VsVa t\so R(as’at> Dt oo Y definition of 1

e 80 . .
since all curves cg are geodesic
815 |s=0

oc\ Oc "
=-R (X, E) o by definition of X.

Thus, X indeed is a Jacobi field.
Conversely, let X be a Jacobi field along c(t). Let v be the geodesic v : (—¢,¢) —

M with ~(0) = ¢(0),4/(0) = X(0).
Let V and W be parallel vector fields along v with
V(0) = (0), W(0) = X(0).
We put
c(t,s) == expy o) (H(V (s) + sW(s))). (5.2.7)

Then all curves c(+, s) = c¢;(+) are geodesic (by definition of the exponential map), and
c(t,0) = exp,(g) t¢(0) = c(t). Thus, c(t, s) is a variation of c(t) through geodesics. By
the first part of the proof,

Y(t):= %c(t7 5)|s=0

then is a Jacobi field along c. Finally,

0
Y (0) = %(expy(s) 0)[s=0

0
= s ($)|s=o

= X(0) by definition of +.

Y (0) = Vgﬁc(t 5)]s=0

= V@ - c(t 8)|s=0, since V is torsion free

=V (V(3) + () s

=W (0) since V and W are parallel along
= X(0).

Thus, Y is a Jacobi field along ¢y with the same initial values Y (0),Y (0) as X. The
uniqueness result of Lemma 5.2.3 implies X = Y. We have thus shown that X may
be obtained from a variation of ¢(t) through geodesics. O
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The computation at the beginning of the previous proof reveals the geometric
origin of the Jacobi equation:
Let c(t, s) = ¢s(t) be a family of geodesics parametrized by s, i.e.

Vo

5t Ot

(t,s) =0 foralls.

Then also

Oc
V%V%a(ts):o,

and this implies that X (t) = %(t, 5)|s=0 satisfies the Jacobi equation. Consequently,
the Jacobi equation is the linearization of the equation for geodesic curves. This
also illuminates the relation between Jacobi fields and the index form. If one has in
particular a proper variation of a geodesic through geodesics, then also the second
derivative of the length and energy functionals w.r.t. the family parameter vanish.

As an example, consider the family of great semicircles on S™ through two fixed
antipodal points, e.g. north pole and south pole. Here, the length is even constant
on the whole family.

The theory of Jacobi fields can be generalized to other variational problems, and
actually, this theory was already conceived by Jacobi in general form.

Corollary 5.2.1. Every Killing field X on M is a Jacobi field along any geodesic ¢
in M.

Proof. By Lemma 2.2.7, a Killing field X generates a local 1-parameter group of
isometries. Isometries map geodesics to geodesics. Thus, X generates a variation of
¢ through geodesics. Theorem 5.2.1 then implies the claim. O

Corollary 5.2.2. Let c:[0,T] = M be a geodesic, p = ¢(0), i.e.
c(t) = exp, t¢(0).
For w € T,M, the Jacobi field X along ¢ with X (0) = 0,X(0) = w then is given by
X (t) = (Dexp,)(tc(0))(tw) or, in different notation, — Dyeo)exp,(tw)  (5.2.8)
(the derivative of the exponential map exp, : T,M — M, evaluated at the point

té(0) € T, M and applied to tw).

Proof. c(t,s) := exp,t(¢(0) + sw) is a variation of ¢(t) through geodesics, and by
Theorem 5.2.1, the corresponding Jacobi field is

X(t) = %c(t,s)‘szo = (D expp)(té(O))(tw),
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and

X(0) = (Dexp,)(0)(0) =0,
X(0) = w (as in the proof of Theorem 5.2.1).

|

Consequently, the derivative of the exponential map can be computed from
Jacobi fields along radial geodesics.

Corollary 5.2.2 yields an alternative method for a quick computation of the
curvature tensor of S™. Let xg € 8™,z € Ty, S™ with ||z|]| = 1. The geodesic ¢ : R — S™
with ¢(0) = ¢, ¢(0) = z then is given by

c(t) = (cost)xg + (sint)z .

Let w € T, S™, |[w| =1, {w,z) =0,

c(t,s) = (cost)xo + (sint)((cos s)z + (sin s)w)

then is a variation of ¢(¢) through geodesics. Furthermore, the vector field along c(t)
defined by W (t) = w is parallel (cf. Theorem 4.4.1). Hence, the corresponding Jacobi
field is

X(t) = %C(t7$)|s=o = (sint)W(¢) (cf. (5.2.4)).

‘We have

X(t)+X(t)=0.

The Jacobi equation then implies

X(t) = R(X(t),¢)e,
and in particular

(R(w, 2)z,w) = 1 = (w,w)(z, z) — (w, 2)>.
Lemma 4.3.3 implies
(R(u,v)w, z) = (u, z){v,w) — {(u,w)(v,z), ie. (4.4.13).

Another consequence is the so-called Gauss lemma:

Corollary 5.2.3. Let p € M,v € T,M,c(t) := exp,tv the geodesic with c(0) =
p,¢(0) = v (t € [0,1]), assuming that v is contained in the domain of definition of
exp, . Then for any w € T,M

(v,w) = ((Dy exp,)v, (D, exp,)w), (5.2.9)

where D, exp,, the derivative of exp,, al the point v, is applied to the vectors v and w
considered as vectors tangent to T,M at the point v.



218 Chapter 5 Geodesics and Jacobi Fields

Proof. By Corollary 5.2.2,

X(t) = Dyy exp,,(tw) (5.2.10)
is a Jacobi field along ¢, and .
X(0) = w,
and hence )
(v, w) = (¢(0), X (0)). (5.2.11)

We split X (t) into a part X' tangential to ¢ and a part X"°" normal to c.
By Lemma 5.2.4

X0 () = tué(t), with X*(0) = ué(0). (5.2.12)
Hence
(v, w) = (¢(0), X**(0)) with (5.2.11) and since
(e(), X" () =0
= (¢(1), X™"(1)) with (5.2.12)
= (¢(1), X (1)) since (¢(t), X" (t)) =0

= ((Dyexp,)v, (D, exp,)w) with (5.2.10).

O
(5.2.9) means that exp, is a radial isometry in the sense that the length of
the radial component of any vector tangent to T,M is preserved. If a curve v(s) in
T, M intersects the radius orthogonally, then the curve exp, ~(s) in M intersects the
geodesic ¢(t) = exp, tv orthogonally as well. In particular, c¢(t) = exp, tv is orthogonal
to the images of all distance spheres in T}, M.
Moreover, we may repeat Corollary 1.4.2:

Corollary 5.2.4. Let p € M, and let v € T,M be contained in the domain
of definition of exp,, and let c(t) = exp, tv. Let the piecewise smooth curve v :
[0,1] — T, M be likewise contained in the domain of definition of exp,, and assume
~v(0) = 0,9(1) = v. Then

[v]l = L(exp, tvjefo,1)) < L(exp, o), (5.2.13)

and equality holds if and only if v differs from the curve tv,t € [0,1] only by
reparametrization.

Proof. We shall show that any piecewise smooth curve 7y : [0,1] — T, M with v(0) =0
satisfies

Lexp,v) = [y (DIl (5.2.14)

with equality precisely for those curves whose image under exp,, is the radius ¢y(1),0 <
t < 1. This will then imply (5.2.13).
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We write
V(t) =r(t)e) (r(t) € R p(t) € T,M)

with ||p(t)]| = 1 (polar coordinates in T, M). Applying the subsequent estimates on
any subinterval of [0,1] on which v is differentiable, we may assume from the onset
that v is smooth everywhere.

We have

V() =+ (B)p(t) +r()p(t)  with (p(t), () = 0.

Thus, by Corollary (5.2.2), also

(Dsty exp @(t), Dyy exp p(t)) =0, [|Dyy exp(®)]| = lle(®)ll = 1,

and it follows that

[[(expy 07)" ()] = [[(D~e)y expp) (YD)
> [F(1)],

hence

L(exp, ) = /O [[(exp,, o) (¢)[|dt = /0 #(B)]dt = r(1) = r(0) = 7D,

with equality only if ¢(¢) = 0 and r(¢) is monotone, i.e. if v(¢) coincides with the
radial curve ¢y(1),0 < ¢ < 1 up to reparametrization. O

We point out that alternatively, one can also prove Corollaries 5.2.3 and 5.2.4
with the arguments of the proofs of Theorem 1.4.5 and Corollary 1.4.2.

Corollary 5.2.4 by no means implies that the geodesic c(t) = exp,tv is the
shortest connection between its end points. It is only shorter than any other curve
that is the exponential image of a curve with the same initial and end points as the
ray tv,0 <t < 1.

5.3 Conjugate Points and Distance Minimizing
Geodesics

Definition 5.3.1. Let ¢: I — M be geodesic. For to,t1 € I,tg # t1, c(to) and c(t1)
are called conjugate along c if there exists a Jacobi field X (¢) along ¢ that does not
vanish identically, but satisfies

X(t) = 0= X(t).

Of course, such a Jacobi field X is always normal to ¢ (Lemma 5.2.4). If tg,t1 €
I,ty # 11, are not conjugate along ¢, then for v € T, )M, w € Ty, )M, there exists
a unique Jacobi field Y (¢) along ¢ with Y (¢9) = v,Y (t1) = w. Namely, let J. be the
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vector space of Jacobi fields along ¢ (dim J. = 2dim M by Lemma 5.2.3). We define
a linear map

by

A: Jc — Tc(t[))M X Tc(tl)M

AY) = (Y(to), Y (tr))-

Since ty and ¢, are not conjugate along ¢, the kernel of A is trivial, and A is injective,
hence bijective as the domain and range of A have the same dimension.

Theorem 5.3.1. Let c: [a,b] — M be geodesic.

(i) If there does not exist a point conjugate to c(a) along ¢, then there ezists € > 0

with the property that for any piecewise smooth curve
g:la,b] = M

with g(a) = ¢(a), g(b) = c(b),d(g(t),c(t)) < e for allt € [a,b], and we have
L(g) = L(c) (5.3.1)

with equality if and only if g is a reparametrization of c.

(i) If there does exist T € (a,b) for which c(a) and c(T) are conjugate along c, then

there exists a proper variation
c(t,s) : [a,b] x (—e,e) = M

with
L(cs) < L(c) for0<|s| <e (cs(t):=c(t,s)). (5.3.2)

Proof.

(i) We want to apply Corollary 5.2.4. We therefore have to show that in the absence

of conjugate points, for each curve as in (i), there exists a curve v as described
in Corollary 5.2.4. W.Lo.g. a =0,b = 1. We put v := ¢(0).

By Corollary 5.2.2, since there are no conjugate points along ¢, the exponential
map exp,, is of maximal rank along any radial curve tv,0 < ¢ < 1. Thus, by
the inverse function theorem, for each such ¢, exp, is a diffeomorphism in a
suitable neighborhood of tv. We cover {tv,0 < t < 1} by finitely many such
neighborhoods ;i = 1,...,k; U; := exp,, ;.

Let us assume
tv € Ql for ti1 <t<t (tO = O’ tr = 1)

If £ > 0 is sufficiently small, we have for any curve g : [0,1] — M satisfying the
assumptions of (i),
g([ti—1,t:]) C U (5.3.3)
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We now claim that for any g satisfying (5.3.3), there exists a curve « in T, M
with exp,y = g,7(0) = 0,7(1) = v.
For this, we simply put
Y(t) = (expyja,)~ (g(t)) for t;y <t <t
~ then satisfies the assumption of Corollary 5.2.4, and we obtain (i).

(ii) Again, wlo.g. a =0,b = 1. Let X be a nontrivial Jacobi field along ¢ with
X (0) =0= X(7). We have X(7) # 0, since otherwise X = 0 by the uniqueness
result of Lemma 5.2.3. Let now Z(t) be an arbitrary vector field along ¢ with

Z(0)=0=Z(1),Z(r) = - X (7).
For nn > 0, we put

1 .

Y, () = X(t) +nZ(t) for 0 <t <,
2 o

Y77 (t) :=nZ(t) forr <t<1.

(1) = Ynl(t) for0 <t <,
T\ Y2() forr<t<l

With Z! := Z|[0’.,.],Z2 = Z|[‘r71] we have

1(Y,),Y,)) = (X(7),20Z(7)) + (2", Z")
= 2| X (") + (2", Z")
I(YWQ,YTIZ) = 772](22722).
Hence

1Y, Yy) = 1Y, Y, + 1Y Y)) = 2| X (1)1 +0°1(2, 2)

notn
for sufficiently small > 0. The variation c(t,s) := exp,(;) sY;(t) then satisfies
(with L(s) := L(cs))

L'(0) =0,L"(0) = 1(Y;,Y;) <0,
and the claim follows from Taylor’s theorem.

|

Theorem 5.3.1 (i) implies only that in the absence of conjugate points, a geodesic
is length minimizing when compared with sufficiently close curves. As is seen by
considering geodesics on a flat cylinder or torus that wind around more than once,
even when there are no conjugate points, a geodesic need not be the global shortest
connection between its end points.
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On the sphere S™, on any geodesic the first point conjugate to the initial point
is reached precisely after travelling a semicircle (see (5.2.4)). By Theorem 5.3.1
consequently each geodesic arc shorter than a great semicircle, i.e. shorter than
m, is locally length minimizing, whereas any geodesic arc on S™ longer than 7 is not
even locally the shortest connection of its end points.

For a curve c¢: [a,b] — M let V. be the space of vector fields along ¢, i.e.

V, = (c*TM),

and let V. be the space of vector fields along ¢ satisfying V(a) = V(b) = 0.

Lemma 5.3.1. Let ¢ : [a,b] — M be geodesic. Then there is no pair of conjugate

points along c if and only if the index form I of c is positive definite on V..

Proof. Assume that ¢ has no conjugate points. Theorem 5.3.1 (i) implies

I(X,X)>0 forall X €V, (5.3.4)

because otherwise c(t,s) = exp,y) sX(t) would be a locally length decreasing

deformation. If I(Y,Y) = 0 for some Y € V.., then by (5.3.4) for all Z € V., \ € R,

0<I(Y —AZ)Y —\Z) = =2\I[(Y, Z) + N’I(Z, Z),

o
and hence I(Y,Z) = 0 for all Z € V.. Lemma 5.2.1 then implies that Y is a Jacobi
field. Since there are no conjugate points along ¢, we get Y = 0. Hence, I is positive
definite.
Now assume that for ¢, t1 € [a,b] (w.l.o.g. to < t1), c(to) and c(¢1) are conjugate
along c. Then there exists a nontrivial Jacobi field X along ¢ with X (to) = 0 = X (t1).
We put

0 for a <t <ty,
Y(t) = ¢ X(t) forto <t<t,
0 for t;1 <t <b.
Then I(Y,Y) =0, and I is not positive definite. O

o

We now introduce the following norm on V. :
L 1
X0 s= ([ (30 + 0 xar) (535

Let H ! be the completion of V. w.r.t. |||
Introducing an orthonormal basis {V;} of parallel vector fields (i = 1,...,d =
dim M) and writing
X =¢,
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we have X = f.iVi, and

b 1
X1 = ([ @@+ eenar)
Hence, EI}: can be identified with the Sobolev space H 12((a,b),R%). We now consider

o
the index form of ¢ as a quadratic form on H ! :

[:H!xH! >R,
b (5.3.6)
I(X,Y) = / (X,V) = (R(é, X)Y, ¢)) dt.

Definition 5.3.2. The index of ¢, Ind (¢), is the dimension of the largest subspace
of H1

co

on which 7 is negative definite, and the extended index of ¢, Ind¢(c), is the

dimension of the largest subspace of H ., on which I is negative semidefinite. Finally,
the nullity of ¢ is
N(c) := Indg(c) — Ind(c).

Lemma 5.3.2. Ind (¢) and N(c) are finite.

Proof. Otherwise, there exists a sequence (X, )neny with
I(Xn, X,) <0 (5.3.7)

and ,
/ (Xn, Xm) dt = nm (5.3.8)

for all n,m € N. ((5.3.8) means that (X,) is an orthonormal sequence w.r.t. the
L2-product.)
(5.3.7) and (5.3.8) imply

b
/ (X, X) < sup|R| E(0) (5.3.9)

(where R is the curvature tensor of M).
By (5.3.8) and (5.3.9)
|1 Xn|| < const. (5.3.10)

By Rellich’s theorem (Corollary A.1.4), a subsequence converges in L2. This, however,
is not compatible with (5.3.8), since an orthonormal sequence cannot be a Cauchy
sequence. O

For t € (a,b] let J¢ be the space of Jacobi fields X along ¢ with X (a) = 0 = X (¢).

Lemma 5.3.3. N(c) = dim J?.



224 Chapter 5 Geodesics and Jacobi Fields

Proof. From Lemma 5.2.1. O

‘We now want to derive the Morse Index Theorem.

Theorem 5.3.2. Let c: [a,b] — M be geodesic. Then there are at most finitely many
points conjugate to c(a) along ¢, and

Ind(c)= > dim/J (5.3.11)
te(a,b)

Indo(c) = Z dim J! . (5.3.12)
te(a,b]

Proof. For each t; € (a,b], for which ¢(¢;) is conjugate to c(a), there exists a Jacobi
field X; along ¢ with X;(a) = 0= X;(¢;). We put

X;(t) fora<t<t,
vift) = g 2010 fora = t=
0 otherwise.

The Y; are linearly independent, and I(Y;,Y;) = 0 for all 4. Therefore, the number of
conjugate points is at most Ind ¢(c), hence finite by Lemma 5.3.2.
For 7 € (a,b], we put

(1) := Ind (C‘[a_’.,.]), wo(T) = Indo(c‘[,,,_ﬂ).
(1) ¢(7) is left continuous.

(i1) @o(7) is right continuous.

Proof of (i). For 7 € (a,b] let I be the index form of ¢/, ;1. Let the vector field X
along ¢4, satisfy I.(X, X) <0, [|X|| = 1. We consider the vector field X defined by
X(t) :== X(Zt) on [a,0]. Then

|, Fo.xwa= [ (E)T (* (G0 % (5e) e
(%) | ke as

/O<X( dtﬂ/ X(t),X(t))dt foro — 7.

Moreover, because of || X|| = 1, X is continuous by the Sobolev embedding theorem
(Theorem A.1.7). Hence, X also converges pointwise to X as o — 7, hence also

hence

/ a(R(c’,X’)X’,é) dt — / T(R(c‘,X)X, ¢ydt foro — .
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We conclude o
I,(X,X)— I,(X,X) foroc— T

In particular, o
I,(X,X) <0, ifois sufficiently close to 7.

For each orthonormal basis of a space on which I, is negative definite, we may thus
find a basis of some space on which I, is negative definite, provided ¢ is sufficiently
close to 7.

Since ¢ is monotonically increasing, this implies the left continuity of ¢.

Proof of (ii). Let (Tn)nen C (a,b] converge to 7 € (a,b]. For each n € N, let X,
be a vector field along ¢|jq,,,] With || X, || =1 and I, (X,, X,) < 0. After selecting a
subsequence, X,, converges weakly in the Sobolev H'? topology to some vector field
X along cj[4 7] (cf. Theorem A.1.9). Then

/(X,X)dtgliminf (X0, X} dt.
0 n—oo 0

Furthermore, by Rellich’s theorem (Corollary A.1.4), X, also converges
(strongly) in L2, hence

/ (R, X)X, é)dt = lim [ (R(¢, X)X, ¢)dt.
0 n—o0 O
‘We conclude

I(X,X) < liminf I, (X,, X,) < 0.

We also need to check that X does not vanish identically. Since I(X,,, X,) <0,
we have

/ <X'n,X'n>dt§n/ (X, X, dt,
0 0

where the constant x depends on the norm of ¢ and the curvature tensor R. Since
the Sobolev norm || X,,|| = 1, this implies that the right-hand side cannot go to 0 as
otherwise so would the left-hand side, and then also ||X,,| would go to 0. Since X,
converges strongly to X in L2, by Relich’s theorem, the L?-norm of X is positive as
well. Moreover, by a similar argument, if we have two such sequences (X}), (X2),
with [ < X}, X2 > dt = 0 for all n, then the same holds for the limits X', X2

Since g is monotonically increasing, this implies the right continuity of ¢g.

We can now easily conclude the proof of Theorem 5.3.2:

Let a < t; <tg < ... <t <bbe the points for which ¢(t;) is conjugate to c(a).
Lemma 5.3.3 implies

wo(t) — () =0 forte (a,b\{t1,... tx} (5.3.13)

Hence
k

D dimJi= > (polt) — (1) = > (polt:) — p(t:))-

t€(a,b] te(a,b] i=1



226 Chapter 5 Geodesics and Jacobi Fields

Since ¢ is left continuous and ¢ is right continuous, we have

eo(ts) = p(tiy1) (i=1,...,k—1).

Hence
k

> _(polts) = (t) = polti) — g(tr).

i=1
Since ¢ is left continuous, Lemma 5.3.1 implies (¢1) = 0. The continuity properties
of ¢ and ¢p and (5.3.13) imply that ¢ and ¢( can jump only at those points 7 where
wo(T) # (1), i.e. at the conjugate points. In particular, g is constant on [tg,b],
hence @o(tx) = ¢o(b). Altogether, we conclude @ (b) = sumye(q,p dim JE, ie. (5.3.12).
(5.3.11) then follows with the help of Lemma 5.3.3. |

As an application of the second variation, we now present the theorem of Bonnet—
Myers:

Corollary 5.3.1. Let M be a Riemannian manifold of dimension n with Ricci
curvature > X > 0, i.e.

Ric(X,X) > MX,X) forall X € TM.

Let M be complete in the sense that it is closed and any two points can be joined
by a shortest geodesic (cf. the Hopf-Rinow theorem 1.7.1). Then the diameter of

M is less than or equal to my/ ”T_l In particular, M is compact. Also, M has finite
fundamental group m(M).

Remark. The diameter is defined as

diam(M) := sup d(p,q),
p,qeM

where d(-,-) denotes the distance function of the Riemannian metric.
The sphere
S(r) = {x e R"" . |z| =7}

of radius r has curvature %2, hence Ricci curvature ";21 and diameter mr. We choose

r such that A = ”T_Zl Corollary 5.3.1 then means that if M has Ricci curvature not
less than the one of S™(r), then the diameter of M is at most the one of S™(r).

Proof. For each p < diam(M), there exist p,q € M with d(p,q) = p and then by the
completeness assumption a shortest geodesic arc ¢ : [0, p] — M with ¢(0) = p, c(p) = g.
Let e1,...,e, be an orthonormal basis of T, M, e; = ¢(0). As usual, from this, we
may construct a parallel orthonormal basis

{et), Xa(t), ., Xn(t)}
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along c. With Y;(t) := (sin %)Xi(t),i =2,...,n we have

I(Y;,Y;) = /Op<f<i'@-7Y,-> — (R(Y;,¢)é,Yy))dt

_ /Op <sin2 %t) (Z—z — (R(X;, )¢, XZ->) dt.

Since ¢ is the shortest connection of its end points, by Theorem 5.3.1 (ii), there is no
pair of conjugate points in the interior of ¢, and Lemma 5.3.1 implies

1(Y;,Y;) >0 for all 4,

hence also
- p M t 2 . . .
0<;[(K7K)=A (Sln2 %) (2—2(71—1)—];{10(0,0)) dt

w2 N
< (?(n—l)—)\)/o st?dt7

since the Y; form an orthonormal basis of the subspace of T,;)M normal to ¢.

Consequently, p < w4/ "T_l, and since this holds for any p < diam(M ), we obtain the

estimate for the diameter. The universal cover of M satisfies the same assumption
on the Ricci curvature. Hence, it is compact as well. This implies that the group of
covering transformations, i.e. m (M), is finite. |

5.4 Riemannian Manifolds of Constant Curvature

We have already met Euclidean spaces and spheres as Riemannian manifolds of
vanishing and constant positive sectional curvature, resp. We now want to discuss
hyperbolic space as an example of a Riemannian manifold with constant negative
sectional curvature.

For this purpose, we equip R?*! with the quadratic form

(x,x) = —(2°)? + ()2 + ...+ (@) (z=(°...,2")).

We define
H" :={z e R""": (z,2) = —1,2° > 0}.

0

Thus, H" is a hyperboloid of revolution; the condition x” > 0 ensures that H" is

connected.
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The symmetric bilinear form
I:=—(dz°)? + (dz")? + ... + (dz™)?

induces a positive definite symmetric bilinear form on H". Namely, if p € H", T, H"
is orthogonal to p w.r.t. (-,-). Therefore, the restriction of I to T,H™ is positive
definite by Sylvester’s theorem. We thus obtain a Riemannian metric (-,-) on H™.
The resulting Riemannian manifold is called hyperbolic space.

Let O(n,1) be the group of those linear selfmaps of R"! that leave the form
(.,.) invariant. Those elements of O(n,1) that map the positive z%-axis onto itself,
then also leave H™ invariant and operate on H™ by isometries. This is completely
analogous to the isometric operation of O(n + 1) on S™ C R"*1. As we have seen in
§1.4 for S™, we see here that the geodesics of H™ are precisely the intersections of H™
with two-dimensional linear subspaces of R?+1.

If p e H",v € T,H™ with |v|]| = 1, the geodesic ¢ : R — H" with ¢(0) =
p,¢(0) = v is given by

¢(t) = (cosh t)p + (sinh ¢)v;

indeed,

(c(t),e(t)) = —cosh®t 4 sinh?t = —1,
since

<pap> = _13 <p,1)> = Oa <U3U> =1
and

(¢(t), é(t)) = —sinh® ¢ + cosh® t = 1.

As on S™, we may now compute the curvature with the help of Jacobi fields.
For this, let w € T,H", (w,w) = 1,(w,v) = 0. We then obtain a family of
geodesics
c(t, ) := (cosht)p + sinh t(cos sv + sin s w).

The corresponding Jacobi field

X(t) = 3c(t, 8)js=0 = (sinht)w

0s
then satisfies B
X (t) = X(t).
The Jacobi equation implies R(X,¢)é = —X, and so the sectional curvature is —1.

We may then also obtain a space H"(p) of constant sectional curvature —p by
scaling the metric with factor p and considering
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5.5 The Rauch Comparison Theorems and Other
Jacobi Field Estimates

We first compare the three model spaces S™, R™, H" of curvature 1,0, —1. Let ¢(t) be
a geodesic with |[¢[| = 1, v € TyoyM, M € {S™,R", H"} with [jv|| = 1. The Jacobi
field J(t) along ¢ with

J(0)=0,J(0)=wv
is given by (sint)v, tv, (sinht)v, resp.

According to our geometric interpretation of Jacobi fields as infinitesimal
families of geodesics (Theorem 5.2.1) this means that on S™, geodesics with the same
initial point initially diverge, but then converge again, whereas such geodesics diverge
linearly on R™ and even exponentially on H™.

Let now M be a Riemannian manifold with curvature K satisfying

ASK <

and suppose initially A < 0, > 0. We shall estimate a Jacobi field in M from above
by the Jacobi field in H™(—\) with initial values of same lengths, and from below by
the corresponding one in S™ (). This implies that the distance between geodesics and
also the derivative of the exponential map of M can be controlled by the geometry of
the model spaces H™(—)\) and S™(u). Since tangential Jacobi fields are always linear
(Lemma 5.2.4), hence independent of the geometry of M, for our curvature bounds
A < K < i, we shall need to assume in the sequel A < 0 and p > 0, or else we shall
have to restrict attention to Jacobi fields whose tangential component J*" vanishes
identically.
For abbreviation, we put for p € R

cos(\/pt) if p> 0,
cpt) =<1 if p=0,
cosh(y/=pt) if p <O,

and

\/Lﬁsin(\/ﬁt) if p >0,
sp(t) = qt if p=0,
ﬁsinh(\/—pt) if p < 0.

These functions are solutions of the Jacobi equation for constant sectional curvature
p, namely

f@) +pf(t) =0 (5.5.1)
with initial values f(0) = 1, f(0) = 0, resp. f(0) = 0, f(0) = 1. ¢(t) will always be a
geodesic on M parametrized by arc length, i.e. satisfying

el = 1. (5.5.2)
Let J(t) be a Jacobi field along c(t).
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Theorem 5.5.1. Suppose K < u, and as always, ||¢| = 1. Assume either > 0 or
Jn = 0. Let f, == |J(0)|c, + || (0)s, solve

f+uf=0

with j;J(vO) = |J(0)], £(0) = [J['(0), i-e. fu=1J(0)|cu + || (0)sy-

fut) >0 forO<t<rm, (5.5.3)
then
(L, DN fu > (T, IV fu on [0,7], (5.5.4)
[J(t) _ [J@)] .

= fulty) = futa)’ fO<hist<T (5:5.5)
[T(0)]eu(t) + [T (0)su(t) < [J(E)|  forO<t<T. (5.5.6)

We point out that the assumption (5.5.3), i.e.
fu() >0 on (0,7)

is indeed necessary. To see this, let M = S™(u —¢€),J(0) =0; f.(t) then has a zero

at t = T J(t) has one at t = T In particular, for small positive € and any t

which is only a little larger than ﬁ, we have J%(tﬁ)ﬁ < 1, and for example, (5.5.5)
does not hold anymore.

Proof.
T+l = |17|(_<R<J, &), J) + pl, )
I j
+ e = (.0)%)
>0

because K < p, for 0 < ¢t < 7, provided J has no zero on (0, 7).
We then also have

(|J‘.fu - |J‘fu) = |J|”fu - |J|fu >0,

since fu + puf, =0, provided f,(t) > 0.
Because of |J|(0) = f,,(0),|J| (0) = £.(0), we conclude

|I[ fu = |T|fu >0,

ie. (5.5.4).
Next I
1 .
(U) = LI~ 1) >0,

fu fi
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and from this and the initial conditions, we get (5.5.5). In particular, the first zero of
J cannot occur before the first zero of f,,, and the preceding considerations are valid
on (0,7).

(5.5.5) implies (5.5.6). |

Corollary 5.5.1. Assume K < p,c, > 0 on (0,7), and in addition either u > 0
or J¥ = 0. Furthermore, let ||¢|| = 1,J(0) = 0,|R| < A where R stands for the
curvature tensor.

Then

() — i) < |J(T)|%At2. (5.5.7)

Proof. Let P be a parallel vector field of length 1 along ¢, t € (0, 7)

(I (t) =t (2), P(1))' | = [E(R(J, &)é, P)(t)]

< AtlJ ()]
t
< At|J(7)] j“((T)) by (5.5.5), because of J(0) = 0
"
< At J(1)], since ¢, > 0 on [0, 7].
Integrating this yields (5.5.7), as J(0) = 0. |

We now want to study the influence of lower curvature bounds. It will turn out
that this is more complicated than for upper curvature bounds.

Theorem 5.5.2. Assume A < K < p and either A\ < 0 or Jan = 0; |l¢]| = 1.
Moreover, let J(0) and J(0) be linearly dependent.
Assume
St >0 on (0,7). (5.5.8)

Then for 0 <t <,
(&) < [J(0)[e(t) + [J] (0)sx(t). (5.5.9)

Proof. Let p € R,n:= max(u — p,p — A). Let A be the vector field along ¢ with

A+pA=0,
A(0) = J(0), (5.5.10)
A(0) = J(0).

((5.5.10) is a system of linear 2nd order ODEs, and hence, for given initial value and
initial derivative, there is a unique solution.) Let a : I — R be the solution of

i+ (p—mna=nl|A|,

a(0) = 4(0) = 0, (5.5.11)
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and let b : I — R be the solution of

b+ pb =nl|J|,

b(0) = b(0) =0 (5.5.12)

(since (5.5.11) and (5.5.12) are linear 2nd order ODEs, too, again there exist unique
solutions).
For each vector field P along ¢ with ||P|| = 1, we then have by (5.5.10)

(] = A, P)" + p(J — A, P)| = [{J + pJ, P)| <]

by choice of 1 and since J solves the Jacobi equation.
Therefore, by (5.5.12) for d := ((J — A, P) —b)'s, — ((J — A, P) — b)3,,

d=((J ~ A,P) = b)"s, — (] — A, P) — b)§, <0,

and hence, if s, > 0 on (0,t], because d(0) =0,

(l(u _A,P)— b)). m=20 (5.5.13)

Sp s2(t)
Note that (J — A, P) — b has a second order zero at ¢ = 0, and hence
L((J — A, P) — b) vanishes for ¢t = 0.
Therefore, we obtain from (5.5.13)
1

S ((J—A,P)—0b)<0 on (0,7). (5.5.14)

If s, > 0 on (0,7), this implies
|J—A|<b on (0,7) (5.5.15)

and by (5.5.12) then )
b+ (p—n)b < n|A|. (5.5.16)

From (5.5.12) and (5.5.16) we conclude with the same argument as the one leading

to (5.5.14),
1

(b—a) <0,
Sp—n
i.e.
b<a (5.5.17)

provided
Sp—n >0 on (0,7).

From (5.5.15) and (5.5.17)
|J — Al <a. (5.5.18)
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Now by (5.5.10)
(A, A)(A, A) — (A, A)(A, A)) =0, (5.5.19)
and hence,
(A AY(A, A) — (A, A)(A, A) =0, (5.5.20)

because this expression vanishes for ¢ = 0, since A(0) = J(0) and A(0) = J(0) are
linearly dependent by assumption. This implies

A" + plA] =0,
i.e. putting
fo =17(0)[co + [J]'(0)s0, (5.5.21)
we have
Al = fp. (5.5.22)

This implies in turn in conjunction with (5.5.11)
a= foeny — fo (5.5.23)

(5.5.18), (5.5.22), (5.5.23) yield
[T < fon-

Putting p = %(u—i—)\), ie. p—n =\ weget (5.5.9). (Note that then n = %(u—)\) >0,
and hence s, > 0 implies s,_, > 0 on (0,7).) O

Theorem 5.5.3. Suppose ||¢|| = 1,|K| < A. Let J(0) and J(0) be linearly dependent.
Let P, denote parallel transport along ¢ from ¢(0) to c(t).
Then

1J(t) — Pi(J(0) + tJ(0))] < |J(0)|(cosh(VAt) — 1)

+ 11 (0) (% sinh(vV/A?) — t> .

(5.5.24)

Proof. From (5.5.20)
(i)' 0.
4]
This means that ﬁ%‘ is a parallel vector field. In the proof of Theorem 5.5.2, we now
put p = 0. We then get |A| = pg (cf. (5.5.22)), i.e.
A(t) = P(J(0) + tJ(0)).
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With p = 0, we have n = A, and hence s, and s,_, > 0 for ¢t > 0, as required in the
proof of Theorem 5.5.2. (5.5.18) and (5.5.23) then yield the claim. |

Remark. If we do not assume ||¢|| = 1, in all the preceding estimates, ¢ has to be
replaced by t||¢|| as the argument of s, c,, fr etc.

Namely, let
t
el

be the reparametrization of ¢ by arc length, i.e. ||¢]| = 1.

Then ) .
7= ()

is the Jacobi field along & with J(0) = J(0), J(0) = EOF namely, since J satisfies the

lefl

Jacobi equation, J satisfies

J+ R(J,&E=0.

Thus, estimates for J yield corresponding estimates for J.

Remark. The derivation of the Jacobi field estimates of the present section follows P.
Buser and H. Karcher, Gromov’s almost flat manifolds, Astérisque 81, 1981.

Perspectives. The Rauch comparison theorems are infinitesimal comparison results for the
geometry of a Riemannian manifold in terms of the geometry of spaces of constant curvature.

A global comparison result is Toponogov’s theorem:

Let M be a Riemannian manifold with sectional curvature K > A. Let A be a triangle
in M with corners p,q,r and distance minimizing geodesic edges cpq, cqr, cpr. Then there
exists a geodesic triangle Ap in the simply connected space My of curvature A with the
same side lengths as A and with angles at its corners not larger than the ones of A at the
corresponding corners. In case A > 0, we have in particular

21

L(O8) £ .

5.6 Geometric Applications of Jacobi Field
Estimates

We first recall Corollary 5.2.2: Let c(t) = exp, t¢(0) be geodesic, w € T, M, J the
Jacobi field along ¢ with J(0) = 0,J(0) = w. J(t) then yields the derivative of the
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exponential map

J(t) = (Die(o) expy) (tw). (5.6.1)
We obtain
Corollary 5.6.1. Let the sectional curvature of M satisfy A < K < u. Furthermore,
let (w, ¢(0)) = 0. Then, provided t||¢(0)| < \/Lﬁ in case (> 0,

w5 EOD h sl < o 2O
ol RO < (Do) expp)w| < fw|—m2e=— e (5.6.2)

(Of course, if w is a multiple of ¢(0), we have (Dye(o)erp,)w = w.)

Proof. For ||¢(0)]| = 1, this follows from (5.5.6) and (5.5.9).
We now put ¢(t) := exp, HPEO;H ¢ is thus a reparametrization of ¢, and ||é]| = 1.

Let J be the Jacobi field along & with J(0) = 0, J(O) = w. Finally,
1 .
(Dre(o) expy) (tw) = W(Dtué(o)ué(o) expy,) (t]|¢(0)(|w)

= ol ( il J(tleol)

and J(t]|¢(0)]]) is controlled by s, (t]|¢(0)]) and sx(¢[|¢(0)])) from below and above,
resp. O

Theorem 5.6.1. Let the exponential map exp, : T,M — M be a diffeomorphism on
{veT,M :|v| < p}. Let the curvature of M in the ball

B(p,p) :=={q € M :d(p,q) < p}

satisfy
A< K < p, withh <0,u >0,

and suppose

T
< —— in case p > 0. 5.6.3
N 1 (5.6.3)
Let r(z) == d(z,p), k(z) := 3d*(z,p). Then k is smooth on B(p,p) and satisfies
grad k(z) = —exp, ' p, (5.6.4)
and therefore
|grad k(z)| = r(x). (5.6.5)

Vi (z) etg (v/ir (@) |[v]* < Vdk(v,v)

5.6.6
< V=dr(z) ctgh (V=Ar(2))[[v]? (5:0:0)

forx € B(p,p),v € T, M.
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Proof. We have
grad k(z) = —exp, ' p,

because the gradient of k is orthogonal to the level surfaces of k, and those are the
spheres S(p,r) == {qg € M : d(p,q) = r} = exp,{v € T,M : |jv|]| = r}(r < p); in
particular, the gradient of k has length d(z,p), proving (5.6.5).

The Hessian Vdk of k is symmetric, and can hence be diagonalized. It thus
suffices to show (5.6.6) for each eigen direction v of Vdk. Let y(s) be the curve in M
with v(0) = z,v/(0) = v.

c(t,s) = expys (¢ exp;(ls) D), (5.6.7)

in particular ¢(0,s) = v(s),¢(1,s) = p.
Then by (5.6.4)
9]
(swad K)(1(5)) =~ )0
hence

(Vo grad K)(2) = ~V g relt, )0
' (5.6.8)

= -V 2c(t s)
2 55 8)li=0,5=0-

J(t) = Ze(t, 5)|s=0 is a Jacobi field along the geodesic from z to p with J(0) = 4(0) =
v,J(1) =0 € T,M (by (5.6.7)). (5.6.8) thus implies

V., grad k(z) = —J(0),

ie.

Vdk(v,v) = (V, grad k,v) = —(J(0), J(0)). (5.6.9)
Since v is an eigen direction of Vdk, V, grad k and v, i.e. J(0) and J(0) are linearly
dependent. (5.5.6) and (5.5.9) imply for t = 1(J(1) = 0) (recall the remark at the
end of §5.5)

[vlen(r(@)) + 171 (0)su(r(2)) <0 < Jvlex(r(z)) +[J](0)sr(r(2))

and with (5.6.9), this gives (5.6.6). |

We want to briefly describe the relation between Jacobi fields and the second
fundamental form of the distance spheres

dB(p,r) ={q € M,d(p,q) =r}.
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Assume the hypotheses of Theorem 5.6.1; in particular, assume that exp, is a
diffeomorphism of {||v|| < p} onto B(p, p), and that r < p.
We have

N(z) = gradk(z) = —exp,'p (by (5.6.4)); (5.6.10)

where N () is the exterior normal vector of the distance sphere containing x. For the
second fundamental form S of the distance sphere and for X tangential to this sphere,
we then have

S(X,N)=VxN since N(x) has constant length r
on 0B(p,r), the part of VN normal to 0B(p,r) vanishes (5.6.11)
= Vyx grad k.

We now obtain a diffeomorphism from dB(p, r) onto B(p,r+t) (assuming r+t < p)
by

E(z) :=exp, tN(z) (x € IB(p,r)).

Let v(s) be a curve in dB(p,r) with 4(0) = v,v(0) = x. Then

J(t) = %Et(v(S))p:o (5.6.12)

is a Jacobi field along F;(z) with
J(0) = 4(0)

:/U’

and

J(0) = Vg 2 exp, (1N (1))

=V g 2 oD (N ()
= Vo N(())ms
= S(v,N)
= S(J(0),N).
Since Ei(7(s)) is a curve in dB(p,r + t), we likewise have
J(t)=S(J(t),N). (5.6.13)
We put Si(-) = S(-, N(¢)).

From this, we get

J(t) = V2 (Se(J (1) = Se(J (1) + Se(J (2)).
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The Jacobi equation J + R(J, N)N = 0 thus implies a Riccati equation for Sy :
Si() = —=R(-,N)N = Sy 0 Sy (). (5.6.14)

Thus, on the one hand, (5.6.13) describes the geometry of distance spheres through
Jacobi fields. On the other hand, solutions of the Riccati equation satisfy a first order
ODE and hence are easy to estimate, and from such estimates one may then obtain
Jacobi field estimates. In order to explain this last point, let P be a vector field
parallel along F¢(x) with ||P|| = 1. Then

($(P), P) = —(R(P,N)N, P) — (S2(P), P). (5.6.15)
Since the second fundamental tensor is symmetric,
(S%(P), P) = (S¢(P), S;(P)) (cf. Lemma 4.4.2). (5.6.16)

We put X(+) = HITHSt(-). Since all expressions in (5.6.15) are quadratically homoge-

neous in ||N||, we obtain

N\ N
(=(P), Py = —(R(P, W)W,P> — (3(P),%(P)) o
<—(r(P, W)W,P>—<Z(P),P>2.
If the sectional curvature satisfies A < K, because of ||P| =1,
@ = (3(P), P)
then satisfies the differential equation
O < —=\— 2 (5.6.18)

Now

satisfies the differential equation
CIE)\ =—-\— Ct§7
and it easily follows that

(t) < cta(t), provided p(s) > —ocofor all swith0 < s < ¢.
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With (5.6.13), we conclude from this for a Jacobi field J along E; with J(0) =0

JON
(53 o<
sx(t)
provided in (0, ¢] there is no point conjugate to 0.

In particular

(@] < |T1(0)sx (1), (5.6.19)

i.e. a special case of (5.5.9), up to the first conjugate point.

Perspectives. Let M, be the simply connected space form of curvature p. Let V?(r) denote
the volume of a ball in M, with radius r. Let M be a Riemannian manifold, p € M,r < i(p)
(= injectivity radius of p) (i.e. B(p,r) is disjoint from the cut locus of p). We then have the
volume comparison theorems of R. Bishop:

If Ric (M) > Ric(M,), then

Vol (B(p,r)) < V*(r)

and P. Giinther:
If K(M) <p (K is the sectional curvature), then

Vol (B(p,r)) > V?(r).

These estimates are also proved with the help of Jacobi field estimates.

5.7 Approximate Fundamental Solutions and
Representation Formulas

Lemma 5.7.1. Suppose exp, : T,M — M is a diffeomorphism on the ball {v €
T,M : ||v|| < p}, and suppose the sectional curvature in B(p, p) satisfies

A< K<pu withA<0,u>0,

put A := max(—\, ), and assume

7T .
p < —= in case > 0.

Vi
Then, with r(z) = d(z,p), for © # p
|[Alogr(z)| < 2A ifn=dimM =2, (5.7.1)

IA(r(2)> )] < ”T_QATQ*”(I) if n = dim M > 3. (5.7.2)
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Proof. We prove only (5.7.2) as (5.7.1) is similar.

2-n

—Ar(@)? " = —A(d(,p) T

= 2 ) (@) arad o)

2
+ 2 (P, p) (—A)d2 ().

Now by Theorem 5.6.1
lgrad &2z, p)|I* = 44%(z, p),
2n(1 — pr*(z)) < —Ad*(x,p)
<2n(1 — A\r?(z)) noting — A = trace Vd,

and (5.7.2) follows. O
Lemma 5.7.2. Suppose B(p,p) is as in Lemma 5.7.1. Let w, be the volume of the

unit sphere in R™,n = dim M. For h € C*(B(p,p),R) then (with A as in Lemma
5.7.1)

ifn=2,
r(z) 1
wah(p) — (Ah)log —= — — h| <2A |h, (5.7.3)
B(p.p) P P JaB(p.p) B(p.p)
ifn >3,
1 1 n—2
n — 2)wyh(p f/ (Ah — — / h
( Jenh(e) B(p,p) )(T(x)n_Q pn_2> P JoB(p.p)
(5.7.4)
n—2 |h|
<——A — -
2 B(pp) T(2)"
Proof. We prove only (5.7.4) as (5.7.3) is similar.
We put
g(x) 1= ()2 = g,
Then for e >0
/ (gAh — hAg) = / (hgrad g — ggrad h,d V).
B(p,p)\B(p.e) a(B(p,p)\B(ps€))

(7 denotes the outer unit normal of 9(B(p, p)\B(p,¢)).)
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Now
n—2 ||
|hAg| < —A/ —— by (5.7.2),
/Bmp)\B(p,s) 2 Jppp @)
910B(p.p) = 0,
-2
/ h{grad g,d7v) = nn71 / h,
OB(p,p) P 9B (p,p)
lim g(grad h,dv') =0,
=0 JoB(pe)
lim (grad g,d7V) = —(n — 2)w, h(p),
=0JoB(p.e)
and (5.7.4) follows. |

For the interpretation of the preceding formulas, we observe that in the
Fuclidean case
Ar(z)> ™ =0 for z #p, (5.7.5)

whereas individual second derivatives of r(z)?>~" grow like r(z)™" for = — p.
Therefore, in the Riemannian case, although (5.7.5) is not an identity anymore it
holds up to an error term which gains two orders of magnitude against the crude
growth estimate r(x)~". The same holds for the representation formulas in Lemma
5.7.2. The error terms on the right-hand side are two orders better than the other
integrands.

Perspectives. The results of this section are from [170]. Extensions of these results can be
found in [153].

5.8 The Geometry of Manifolds of Nonpositive
Sectional Curvature

In this section, we shall present some results that apply to compact or complete
Riemannian manifolds of nonpositive sectional curvature. It is very instructive to
see how strongly an infinitesimal geometric condition, namely that the sectional
curvature is nonpositive, influences the global geometry and topology of the manifold
in question.

At one place, we shall refer to a subsequent chapter for a proof ingredient. This
is done for the sake of conciseness although the result in question can also be given
an elementary — but not entirely trivial — proof with the tools already developed, and
an ambitious reader may wish to find such a proof.

From §5.6, we obtain
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Lemma 5.8.1. Let N be a Riemannian manifold with sectional curvature < 0. Let
p € M. Then the exponential map

exp, : I,N — N

has everywhere mazimal rank.
Furthermore, for

1
K(x) = 5d(,)
if exp,, s a diffeomorphism on the ball B(p,p),x € B(p,p),v € T,N, we have

Vdk(v,v) > ||v|?. (5.8.1)

Proof. Corollary 5.6.1 and Theorem 5.6.1. O

These are local results. We shall now state a fundamental global result:

Theorem 5.8.1. Let N be a complete Riemannian manifold of nonpositive sectional
curvature, p,q € N. Then in any homotopy class of curves from p to q, there is
precisely one geodesic arc from p to q, and this arc minimizes length in its class.

Proof. There exists a sequence (7,,) of curves from p to ¢ with

lim L(y,) = r := inf{ lengths in given homotopy class }
(L denoting length).
W.Lo.g., for all n
Yn C B(p,r+1)

in particular
v N B(p,r +2\B(p,r + 1) = 0.

The proof of Theorem 1.5.1 therefore works with B(p,r+1) instead of the Riemannian
manifold M considered there to show the existence of a shortest geodesic arc v from
p to ¢ in the given homotopy class.

To show uniqueness, we first observe that by Theorem 5.1.1, every geodesic arc
~ from p to g is a strict local minimum of energy among all arcs with endpoints p and
q, because L, (W, W) > 0 for all W # 0 with W(p) = 0 = W(q). (Here, W is a section
along 7. The index form I, was defined in (5.1.8).)

Let now +; : [0,1] — N,i = 1,2, be homotopic geodesic arcs from p to ¢, with
Y1 # 72, and let

r:[0,1] x[0,1] = N
be a homotopy, i.e. with

F(ta 0) =M (t)7 F(t7 1) = PYZ(t)a for all ¢,
r(,s) =p, I'(1,s) =g, for all s.
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Let
R := max E(T(-,s)). (5.8.2)
s€(0,1]
As in Theorem 7.11.3 below, one shows that there exists another geodesic arc s,
different from v, and s, with

max(E(y1), E(72)) < E(vs) < R. (5.8.3)

Again, by Theorem 5.1.1, 73 is a strict local minimum of E, and so, replacing e.g. 72
by =3 in the previous argument, we obtain a fourth geodesic arc 74 with

E(v3) < E(y4) < R.

(It is not hard to see from the proof of Theorem 7.11.3, that v3 may be connected
with 1 or v through arcs of energy < R so that the maximum in (5.8.2) will not be
increased.) We therefore obtain a sequence (v, )nen of geodesic arcs from p to g with

E(y,) <R for all n.

Let vn(t) = exp, tv, with v, € T} N, [lvn]l? < 2R. After selection of a subsequence,
(Un)nen converges to some v € T, M with ||v||* < 2R. Since all v,, are different from
each other, but exp, v, = ¢ for all n, exp, cannot have maximal rank at v. This is a
contradiction, since by Lemma 5.8.1, the exponential map of a manifold of nonpositive
curvature has everywhere maximal rank. Thus, 71 = 79, proving uniqueness. O

As a corollary, we have the following result of Hadamard—Cartan:

Corollary 5.8.1. Let Y be a simply connected complete Riemannian manifold of
nonpositive sectional curvature. Then Y is diffeomorphic to R" (n = dimY'), and
such a diffeomorphism can be obtained from the exponential map

exp, : T,Y(=R") =Y
of any p € Y. This exponential map is distance nondecreasing, i.e.

lv —w| < d(exp,v,exp,w) for allv,w € T,Y.

Proof. Theorem 5.8.1 implies that for every p,q € Y, there exists precisely one
geodesic arc from p to ¢ because there is only one homotopy class of such arcs as Y
is simply connected. One easily concludes that for every p € Y, exp, : T,V — Y is
injective and surjective. (It is defined on all of 7)Y because Y is complete.) Since it
is of maximal rank everywhere by Lemma 5.8.1, it follows that Y is diffeomorphic to
T,Y. The distance increasing property of the exponential map follows from Corollary
5.6.1. O
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Lemma 5.8.2. Let Y be a simply connected complete manifold of nonpositive

curvature, p € Y. Then, with k(z) = 3d*(x,p), for everyv € T,Y, x € Y

— 2
Vdk(v,v) > ||v]|. (5.8.4)
Proof. From Corollary 5.8.1 and Lemma 5.8.1. O

We also have

Theorem 5.8.2. Let ¢1(t) and ca(t) be geodesics in'Y, a simply connected complete
manifold of nonpositive sectional curvature. Then

d*(c(t), e (1))

s a convex function of t.

Proof. Since the geodesic arc from ¢;(t) to ca(t) is uniquely determined by Theorem
5.8.1, it depends smoothly on t. Hence d*(c1(t), c2(t)) is a smooth function of ¢. For
each t, we denote this geodesic arc from ¢ (t) to ca(t) by (s, t), with s the arc length
parameter. Then

@ (c1(t), ea(t)) = 2B(y(,1)). (5.8.5)
Now by Theorem 5.1.1 (exchanging the roles of s and ¢ in that theorem)

d2 d(c1(t),c2(t)) 9 P
e E0(1) =/O (Vg =:1(5:1), V.o 5o (5,t)ds

d(e1(t),e2(t))
[ (2 oy o,
0 Os’ Ot ) ot’ Os

where R denotes the curvature tensor of Y. Since Y has nonpositive sectional
curvature, (5.8.6) implies

(5.8.6)

CEEG(1) > 0

and with (5.8.5) the claim follows. |

A reformulation of the preceding result is

Corollary 5.8.2. Let Y be a simply connected complete manifold of nonpositive
(sectional) curvature. Then
. YxY—-R

is a convex function. (Note that here, d? is considered as a function of two variables.)

Proof. According to Definition 4.3.6, we have to show that the Hessian of d? is positive
semidefinite.
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By (4.3.50), we have to compute the second derivative of d? along geodesics in
Y x Y. Such geodesics ¢ are given as (c1, c2) where ¢1, ¢ are geodesics in Y. We thus
have to show that d?(ci(t),c2(t)) is a convex function of the arc length parameter t.
This is Theorem 5.8.2. O

Remark. On a not necessarily simply connected Riemannian manifold N of
nonpositive sectional curvature, the results of Lemma 5.8.2 and Theorem 5.8.2 hold
locally:
If
exp, : I,N — N

is a diffeomorphism on the ball {v € T,N : |v|]| < p) C T,N for some p > 0, then
(5.8.4) holds for x € B(p,p) C N, and d? is convex on B(p,p) x B(p,p), i.e. for any
geodesics c1, ¢z : [0,1] — B(p,p), d*(c1(t),ca(t)) is a convex function of .

Building upon Lemma 5.8.2, we shall now derive some quantitative versions of
the preceding convexity results.

Lemma 5.8.3. As always in this section, let N be a Riemannian manifold of
nonpositive sectional curvature, p € N, and suppose that

exp, : I,N — N

is a diffeomorphism on the ball {v € T,N : ||v|| < p} (here, p > 0, and if N is
complete and simply connected, we may take p = oo by Corollary 5.8.1).
Then

d*(p,y(t)) < (1 = t)d*(p,7(0)) + td*(p,~(1))

, (5.8.7)
—t(1 = t)d*(7(0),7(1)).

Proof. Let ko : [0,1] — R be the function with

ko(0) = d*(p,7(0)),
kO(l) = d2(pa7(1))a
ko (t) = 2] (&)1

Then
d*(p,~(t)) < ko

as a consequence of (5.8.4). Since
ko(t) = (1 = t)ko(0) + tho(1) — t(1 = £)d*(7(0),%(1))

(note |17/ (t)|| = d(v(0),~(1))), the claim follows. |
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Corollary 5.8.3. Under the assumptions of Lemma 5.8.3, let

1,72 :[0,1] = B(vy,p) C N
be geodesics with
71(0) = p = 72(0).
Then, for0 <t <1,
d(y1(t),72(t)) < td(y1(1),72(1)). (5.8.8)

Proof. Applying (5.8.7) to 71(1) in place of p,v2(t) in place of ~(t),

d*(71(1),72(t)) < td?(31(1),72(1)) + (1 — t)d* (71 (1), p)
—t(1 = t)d*(72(1),p),

applying (5.8.7) to v2(t) in place of p,~1(t) in place of ~(t),

d*(1(t),72(t)) < td*(71(1),72(2)) + (1 — t)d*(p, 2(t))
—t(1 = t)d*(11(1),p).

Noting d?(p,v2(t)) = t2d?(p,v2(1)) and inserting the first inequality into the second
one yields the result. O

Remark. 1t is also easy to give a direct proof of Lemma 5.8.3 based on the Jacobi
field estimate (5.5.5).

We now come to Reshetnyak’s quadrilateral comparison theorem:

Theorem 5.8.3. As in the preceding lemma, let
exp, : Ip,N — N

be a diffeomorphism on the ball of radius p in T,N, N a Riemannian manifold of
nonpositive sectional curvature.
Let

V1,72 ¢ [07 1] - B(pap) - N
be geodesics. For 0 <t <1, and a parameter 0 < s <1 then

d(1(0),72(1) + d* (11 (1), 72(1 = 1)
< d?(71(0),72(0)) + d*(71(1),72(1)) + 2t°d* (72(0), 72(1))
+ (@ (1(0),71(1)) = d*(72(0),72(1))) (5.8.9)
— ts(d(71(0),71 (1)) — d(72(0),72(1)))?
— (1 = $)(d(71(0),72(0)) — d(y1(1),72(1)))*.

Note that this inequality is sharp for certain quadrilaterals in the Fuclidean plane.
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Proof. We first consider the case t = 1, s = 0. For simplicity of notation, we define

a; = d(7i(0),7:(1)), fori=1,2,
by == d(71(0),72(0)), by = d(71(1),72(1)),
di = d(72(0),7(1),  da:=d(71(0),72(1)).

SN

Figure 5.8.1: The quadrilateral comparison

Also, we let 6 : [0,1] — B(p,p) C N be the geodesic arc from v;(0) to y2(1), as always
parametrized proportionally to arclength. Its length is dy. We also put for 0 < A < 1

dy == d(72(0),0()), dy = d(n(1),8(})).
Then by (5.8.7)
d? < (1 —MN)b 4 a3 — \(1 — \)d3,
di? < Ab2+ (1= Na? — A1 — N)d3.
Therefore, for 0 < ¢,
di < (dj +d5)?
1
< (1+e)dg + (1 + g) dy?
< (1 4e)(1 = AbT+ (1 +¢)ha3
1 1
+ (Hg) b3+ <1+g> (1—Na?

— <2+5+ é) A1 — N)d3.

We choose € = % so that the coefficient in front of d3 becomes 1. This yields
1—-A A
d3+d? < a%+a§+Tb§+mb§.
With
by

N L
b1 + by’
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we obtain
d3 +d3 < a?+ a3+ b7+ b3 — (by —by)?.

This is the required inequality for t = 1, s = 0. For symmetry reasons, we also obtain
the inequality for ¢t = 1, s = 1, namely

di +d < af + a3+ by + b5 — (a1 — a2)?,
and taking convex combinations yields the inequality for t =1, 0<s<1:
di+d32 <al+ad+0b? +03—s(a; —az)® — (1 —s)(by — ba)*. (5.8.10)
We therefore obtain the inequality for 0 < ¢ <1 from (5.8.7) and (5.8.10)
d*(71(0), 72 () + d*(11(1),72(1 = 1))
< (1 —t)b] +td3 — t(1 —t)a3 + (1 — t)b3 + td; — t(1 — t)a3
< b2+ b3+ 2t%a3 — t(a3 — a?) — ts(ay — az)? —t(1 — s)(by — bo)>.
|
Theorem 5.8.3 allows us to derive the following quantitative version of the
convexity of the distance between geodesics.

Corollary 5.8.4. Let 1,72 : [0,1] — N be geodesics as in Theorem 5.8.3. Then we
have for 0 <t <1,0<s<1,

d*(7(t),72(1) < (1 = t)d*(11(0),72(0)) + td*(y1(1),72(1))
—t(1 = t){s(d(71(0),71 (1)) — d(72(0),72(1)))? (5.8.11)
+ (1= 5)(d(71(0),72(0)) — d(71(1),72(1)))*}.

Proof. We shall show the inequality for t = % It is then straightforward to deduce
the inequality for arbitrary ¢.
We keep the notations of the preceding proof, and we also put

w2, emilnn (L)
Then by (5.8.7)

1 1 1 1 1
2(n(3)(3)) = ged+ 38 - 3t
By (5.8.8)
2 2 9, 2, 1o 1 o 1 2
ef+e; <bi+0b3+ 5(11 — §S(a1 —ag)” — 5(1 —8)(by — b2)“.
Thus

1 1 1 1 1 1
@(n(3)(3)) < gt + 5% — 3o — e = g0 =) (br — o)
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which yields the inequality for ¢ = % O
As an application of Theorem 5.8.3, let us consider the following Pythagoras
inequality.

Corollary 5.8.5. Let the assumptions of Lemma 5.8.3 hold.
Suppose

(i.e. v(0) is the point on ~y closest to p). Then

d*(7(s),p) = d*(7(0),p) + s*d*(4(0),7(1)) for0<s <1 (5.8.12)

Proof. It suffices to treat the case s = 1.
By (5.8.7),

d*(y(t),p) < (1 = t)d*(7(0),p) + td*(y(1),p) — t(1 — t)d*(7(0),~(1)).

Since by assumption
d*(7(0),p) < d*(7(t),p),

we get
td*(y(1),p) = td*(7(0), p) + td*(7(0),7(1)) — t*d*(7(0),7(1)).
Dividing by ¢ and letting ¢ — 0 yields the desired inequality. O

We now turn to Karcher’s center of mass constructions and their applications.
While such constructions are meaningful and useful under more general conditions,
here we only consider nonpositively curved manifolds, because in that case, the
geometry is most favorable to them.

Thus, let Y be a complete, simply connected, nonpositively curved Riemannian
manifold. ~ We recall that by Corollary 5.8.1, exp, : T,Y — Y is a global
diffeomorphism. This will be used implicitly below in several places.

Let @ be a probability measure on Y, i.e. a nonnegative measure with

u(v) = [du=1.
Definition 5.8.1. ¢ € Y is called a center of mass for p if
[ dnty) = int [ . duty) < . (5.813)

In the sequel we shall always assume that the infimum in (5.8.13) is finite. This
is satisfied if, for example, the support of the measure p is bounded.
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FEzamples.
1. If p is a Dirac measure J, supported at ¢ € Y, then ¢ is its center of mass.

2. If 1 = (64, + 64,) for q1,q2 € Y, then the center of mass is y(3) where 7 :
[0,1] — Y is the unique geodesic from ¢; to go.

Lemma 5.8.4. .
Fo) =5 [ o) duty)

s a differentiable function of p, with

@mﬂm:—/wmﬂwww» (5.8.14)

Here, exp;! : Y — T,Y is considered as a vector valued function.
i P
Thus, q is a center of mass of p if

/expgl(y) du(y) = 0. (5.8.15)

Proof. (5.8.14) follows from (5.6.4). Thus, F is differentiable, and a minimizer has
to satisfy grad F'(p) =0, i.e. (5.8.15). |

We now use the nonpositive curvature of Y in an essential manner:

Lemma 5.8.5.

ﬂmzéff@wwmw

is a strictly convex function of p.

Proof. From Lemma 5.8.2 by integration, because p is nonnegative. O

We deduce

Theorem 5.8.4. There exists a unique center of mass for u, i.e. a unique q € Y
with

[ #andut) = int. [ @) duto).

Proof. This follows from the strict convexity and the fact that F(p) is coercive, i.e.
F(pn) — oo if d*(pn,po) — oo for some fixed py and a sequence (p,)nen C Y-

|
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Remark. Up to this point, we have not used the normalization

w(Y)=1.

Thus, Theorem 5.8.4 holds for any nonnegative measure (provided the infimum in
(5.8.13) is finite, of course). This will be applied in §8.3 below. The subsequent
estimates, however, will use this normalization; without that normalization, additional
factors will occur.

Lemma 5.8.6. Let q be the center of mass of . Then
for everype Y,
d(p,q) < ||grad F'(p)||, (5.8.16)

and for every v € T,Y,
IV ugrad F(q)] = o] (5.8.17)

Proof. Let v :[0,1] — Y be the geodesic from ¢ to p.
Thus,
1Y@ = d(p,q) for all t €[0,1].

‘We have

(grad F(p),4(1)) = — / (expy 9.4(1)) dpu(y)

- /(] e, (0t ) duty)
~ [t 3 @) an).

The last integral vanishes by (5.8.15), since ¢ is the center of mass for y. By the proof
of Corollary 5.6.1, since Y has nonpositive curvature (and since D a A(t) =0 as vy is

geodesic)

d _ . .
— el VA0) 2 )2

Thus
lgrad F(p)ld(p,q) > (grad F(p),%(1)) > d(p,q)*,

which implies (5.8.16). (5.8.17) is the infinitesimal version of (5.8.16) (of course,
(5.8.17) can also be derived directly from the proof of Corollary 5.6.1). O

Lemma 5.8.7. Let pi1, o be two probability measures on Y, with centers of mass
q1,q2 resp. Then

d(q1,q2) < /d(qz#/) |dpr — dps|(y). (5.8.18)
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Proof. By (5.8.16), with F;(p) = %fdz(y,p)dui(y), fori=1,2,
d(q1,¢2) < |lgrad Fi(qz)||
< ‘ / expy, (y) dm(y)'
= ‘ / (expy, y)(dp — duz)(y)‘ since grad I5(g2) = 0.
We use |exp,! y| = d(g2,y) to get (5.8.18). O

We now consider the situation where

p= fuv,

for some measurable map f: A — Y for a set A with a probability measure v.
Then

/d2(q,y) du(y) =/d2(q,f(x))dz/(x). (5.8.19)

For the moment, v will be fixed, and so we shall call a minimizer a center of mass for
the map f.

Lemma 5.8.8. Let f1, fo: A — Y be measurable maps with centers of mass q1,qo,
resp. Then

d(q1,q2) < /d(fl(x),fz(x))du(x). (5.8.20)

Proof. By Lemma 5.8.6 and (5.8.14)

d(q1,q2) < ‘/equ; fi(x) dv(x)

- ‘/ (expy,' 1) = expy,! fo(w) dv(a)

because gs is the center of mass for fo,

< / d(f1(x), fa()) dv(z),

because the exponential map into a space of nonpositive curvature is distance
nondecreasing by Corollary 5.8.1. O

Corollary 5.8.6. Let f: A —Y be measurable with center of mass q. Then, for all
T €A,

d(f(x),q) < / d(f (), F(y)) dv(y). (5.8.21)
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Proof. We consider the map fi(y) = f(y) and the constant map fa(y) = f(z), for
all y € A; the former has center of mass ¢, the latter center of mass f(x). We apply
(5.8.20). O

The next result will be applied in §8.6 below only:

Corollary 5.8.7. Let f1: (A1,11) — Y, fo: (A2,v2) — Y be measurable maps from
probability measure spaces into Y .

Let q1,qo2 be the corresponding centers of mass.

Let p : (A1,v1) — (A2, 1v2) be measurable, with fo = f1 0 .

Then

A1) < / A1 (@), fo( () din () + / A(fo(x), @2) |dvs — pudin|(z).  (5.8.22)

Proof. Let ¢4 be the center of mass for fo 0 p w.r.t. vy.
By Lemma 5.8.8

darai) < [ d(a(o). 2o () i ).

By Lemma 5.8.7, since ¢} is the center of mass for fo w.r.t. ¢,

dgnrd}) < / A(f2(2), @2) |dvs — pudin|(2).
O

We now turn to the smoothing or mollification of maps with values in spaces
of nonpositive curvature; this generalizes the standard construction for functions
(“Friedrichs mollification”).

We consider any C§° function

p:R—R

with p(s) > 0 for all s and p(s) = 0 for |s| > 1, for example

1
exp m— for [s] <1,
s) ==
Pls) {O for |s| > 1.

Given a ball B(z,h) C M in some Riemannian manifold M, with 0 < h < injectivity
radius of M at x, we put

p(@)
fB(gc,h)P(ﬂ%l)dz ' (5.8.23)

pzn(y) =
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Here, d(z,y) is the distance from = to y € B(x,h) w.r.t. the Riemannian metric of
M.

To simplify the presentation, and in particular to eliminate an additional
dependence on z, here, we do not work with the Riemannian volume form on
B(x,h) but rather with the Euclidean one, dz, induced via the exponential map
exp, : T, M — M. Because of the denominator in (5.8.23),

pz.n(y) dy

defines a probability measure on B(x,h) (which we may extend by 0 to the rest of

Definition 5.8.2. Given a map
f:M — N,

N a Riemannian manifold of nonpositive sectional curvature
its mollification with parameter h ( < injectivity radius of M) is defined by
Jn(z) :== center of mass of f w.r.t. the measure

pzn(z)dy on B(z, h).
Thus, fr(z) is the unique minimizer of

1

Fo) =5 [ @) de
B(x,h)

Here, we do not need to assume that N is simply connected because on the simply
connected ball, we can lift f to a map f : B(x,h) — N into the universal cover of N,
apply the center of mass construction there and project back to N.

Lemma 5.8.9. If f is locally integrable, then f, : M — N is continuous for h > 0.

Proof. Let z1,x5 € M; we denote the above measures defined by p; on the balls
B(x1,h), B(xza,h) by v1 and v, resp. By Lemma 5.8.7

d(fa (1), fu(z2)) < / A(f (@), fo(2)) |dvs — dus|(2),

and the difference measure dv; — dvy goes to 0 if the distance between z; and x5 goes
to 0. O

In fact, fj, is even smooth for h > 0. To see this, recall that fj,(z) as a center of
mass is characterized by (5.8.15), i.e.

grad F(fu(a)) == [ exvy ! (Fe)pan(z) dz =0,
B(x,h)
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Thus, in order to compute the derivative of f;, w.r.t. x, by the implicit function
theorem, we must show that the derivative of grad F'(p) w.r.t. p is nonzero.
This, however, follows from (5.8.17).

Theorem 5.8.5. Let f: M — N be locally integrable. Then, for 0 < h < injectivity
radius of M, the mollification fy of f is smooth.

Proof. We have just seen how the first derivative of f, w.r.t. x € M can be computed
from the implicit function theorem. Because of the smoothness of p, p(2) w.r.t. z,
higher derivatives then also exist. O

Lemma 5.8.10. Let f be continuous at x € M. Then
%inb Iu(x) = f(x). (5.8.24)

If f is uniformly continuous, then it is the uniform limit of the maps fr for h — 0.

Proof. Since f is continuous at z, given € > 0, we may find § > 0 such that

f(B(x,0)) € B(f(x),e)-

Because the ball B(f(x),¢) is convex, therefore also

fn(z) € B(f(2),¢)

for 0 < h < §. This implies (5.8.24). The remaining statement also follows from these
considerations. O

We close this section with some constructions and results about the asymptotic
geometry of complete simply connected Riemannian manifolds of nonpositive sectional
curvature. Let Y be such a manifold for the rest of this section.

Definition 5.8.3. Two geodesic rays ¢;(t),c2(t) (t > 0)inY (i.e. ¢1,¢2:[0,00) = Y)
parametrized by arc length are called asymptotic if there exists k € R with

d(c1(t),ea(t)) <k

for all ¢+ > 0. This defines an equivalence relation on the space of geodesic rays
parametrized by arc length, and the set of equivalence classes is denoted by Y (00).
(Y (o) is sometimes called the sphere at infinity of Y.)

FEzample. In Euclidean space, two geodesic rays, i.e. straight half-lines, are equivalent
iff they are parallel.
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Lemma 5.8.11. For each pair p € Y,z € Y (00), there exists a unique geodesic ray
¢ = Cpy parametrized by arc length in the equivalence class defined by x with ¢(0) = p.

Proof. Existence: Let ¢y be a geodesic ray representing x. For n € N, let ¢,(¢)
be the geodesic arc from p = ¢,(0) to co(n), parametrized by arc length as usual,
tn == d(p,co(n)), i.e. cn(tn) = co(n), and v, := Len(t)—o € T,Y the tangent vector
to ¢, at p. Since ¢,, is parametrized by arc length, v,, has length 1, hence converges
towards some v € T),Y after selecting a subsequence. We put

c(t) := exp, tv,t > 0.
Because of the convexity of d?(cy(t), ¢, (t)) (Theorem 5.8.2), for 0 <t < t,

d2(ca(t), co(t)) < max(d2(ca(0),c0(0)), d2(cn(tn), co(tn)))- (5.8.25)

d(cn(0),cn(tn)) since ¢, is parametrized by arc length
< d(cn(0),c0(0)) + d(co(0), co(n)) since ¢o(n) = cp(tn)
d

and likewise

n = d(co(0), co(n))
< d(co(0), ¢ (0)) + d(cn(0), co(n))
= d(co(0),p) + d(cn(0), cn(tn))
=d(p,co(0)) + tn,
hence altogether
d(co(tn), co(n)) = |n —tn| < d(p, co(0)).
This implies in conjunction with (5.8.25) for 0 <t <*t,

d(cn(t), co(t)) < max(d(p, co(0)), d(co(n), co(tn)))
= d(p, co(0)).
For n — oo, we therefore also get
d(c(t), co(t)) < d(p,co(0)). (5.8.26)
(5.8.26) means that ¢y and c are asymptotic. This proves the existence of ¢p, = c.

Uniqueness: Let ¢1,co be rays asymptotic to cg with ¢1(0) = p = ¢2(0). Then
forallt >0
d*(c1(t),ca(t)) < const.
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Since d?(cy(t), ca(t)) is convex in ¢ by Theorem 5.8.2 and vanishes for ¢ = 0, it vanishes
identically, hence ¢ (t) = c2(t), proving uniqueness. O

Lemma 5.8.11 implies that for each p,Y (c0) can be identified with the unit
sphere S,Y := {v € T,)Y : ||v|| = 1} in T, Y. Namely, each unit tangent vector uniquely
determines an equivalence class of asymptotic geodesic rays. It is also not difficult to
realize that the topology on Y'(co) defined through this identification is independent
of the choice of p. We thus obtain a natural topology on ¥ = Y U Y (00), the so-
called cone topology. Y thus becomes a compact space. We call v € T,Y,w e T,Y
asymptotic if the geodesic rays exp,, tv, exp, tw (t > 0) are asymptotic.

Since any isometry of Y maps geodesics onto geodesics and classes of asymptotic
geodesic rays onto classes of asymptotic geodesic rays, each isometry of Y induces an
operation on Y (c0), hence on Y, too.

Perspectives. Corollary 5.8.1 goes back to the work of von Mangoldt, Hadamard, and E.
Cartan.

The center of mass has been likewise instroduced by E. Cartan. The constructions
and applications presented here are due to Karcher[184]. In fact, Karcher’s constructions
are more general than presented here and also apply to the case where the manifold can have
positive curvature. Then, however, one has to work with local constructions, and one needs
to assume that the measures are supported in some convex ball, more precisely in a ball of
a radius that is smaller than min (injectivity radius, m/2v/k), x > 0 being an upper bound
for the sectional curvature. In spite of this restriction, of course the mollifications are quite
useful, for example for creating or investigating Lipschitz maps.

More generally, using triangle comparison properties as in this section, one can also
introduce and investigate metric spaces with any upper and/or lower curvature bounds. For
a general treatment, we refer to [18].

The theory of spaces with lower curvature bounds in the sense of Alexandrov has been
systematically developed by Yu. Burago, M. Gromov, G. Perel’'man[43].

Spaces with both upper and lower curvature bounds naturally arise as limits of
Riemannian manifolds with those same curvature bounds, as will be discussed in the following
survey.

Theorem 5.8.3 is a special case of a result of Y.G. Reshetnyak[245]. The proof given
here is taken from [163].

If X is a complete, simply connected Riemannian manifold of nonpositive curvature,
then by Theorem 5.8.2 the squared distance between any two geodesics is a convex function
of the arclength parameter. One may then abstract this property and call a complete metric
space (Y,d) that is a geodesic length space, i.e. for which any two points can be joined by
a length minimizing curve - such curves then again are called geodesics - a metric space
of nonpositive curvature if that convexity property holds. These spaces have been named
after Busemann as he was the first to systematically investigate this property. A stronger
property - which is still satisfied by all complete, simply connected Riemannian manifolds of
nonpositive curvature as shown in Lemma 5.8.3 - is the one introduced by Alexandrov that
the distances between any two points on a geodesic triangle are always less than or equal
to the ones in a Euclidean triangle with the same side lengths. In fact, in the Riemannian
case, both Busemann’s and Alexandrov’s property are equivalent to nonpositive sectional
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curvature. In the context of metric spaces, however, Busemann’s property is more general.
A reference for these theories is [163]. For applications of these concepts, see the Perspectives
on §8.7.

The compactification ¥ = Y U Y (c0) of a complete simply connected Riemannian
manifold of nonpositive curvature, sometimes called a Hadamard manifold, through
asymptotic equivalence classes of geodesic rays is due to Eberlein and O’Neill[87].

Anticipating some of the Perspectives for Chapter 8, the following monographs explore
the geometry of nonpositive curvature: [13], [12], [85].

Exercises for Chapter 5

1. Let My, M5 be submanifolds of the Riemannian manifold M. Let the curve
¢: la,b] — M satisfy c(a) € My,c(b) € Ma. A variation ¢ : [a,b] x (—e,6) > M
is called a variation of ¢(t) w.r.t. My, My if ¢(a,s) € My, c(b,s) € M for all
s € (—¢,¢).

What are the conditions for ¢ to be an extremal of L or E w.r.t. such variations?

Compute the second variation of E for such an extremal and express the
boundary terms by the second fundamental forms of M; and M.

2. Let M be a submanifold of the Riemannian manifold N, ¢ : [a,b] — N geodesic
with c(a) € M,é(a) € (ToyM)*. For 7 € (a,b],c(7) is called a focal point
of M along c if there exists a nontrivial Jacobi field X along ¢ with X (a) €
Tc(a)M,X(T) =0.

Show:

a: If M has no focal point along ¢, then for each 7 € (a,b), ¢ is the unique
shortest connection to ¢(7) when compared with all sufficiently close curves
with initial point on M.

b: Beyond a focal point, a geodesic is no longer the shortest connection to M.

3. Let S7~1 = {(2,...,2™,0) € R Saix? = 1} C S™ be the equator sphere.
Determine all focal points of S”~1 in S™, and also all focal points of S™ in R**1.

4. Let p,q be relatively prime integers. We represent S° as
53 = {(2172’2) S C2 : ‘21‘2 + |22|2 = 1}
Z, operates on S® via

with 0 <m < qg-—1.

(21,22) > (2275 e 00

Show that this operation is isometric and free. The quotient L(q,p) := S3/Z,
is a so-called lens space. Compute its curvature and diameter.



Exercises for Chapter 5 259

5.

10.

11.

12.

13.

Show that any compact odd-dimensional Riemannian manifold with positive
sectional curvature is orientable. (Hint: Use the argument of the proof of Synge’s
theorem 5.1.2.)

Show that the real projective space RP™ (cf. Exercise 3 of Chapter 1) is
orientable for odd n and nonorientable for even n. (Hint: Use Synge’s theorem
5.1.2 and the preceding exercise.)

. Show that Synge’s theorem does not hold in odd dimensions. (Hint: Use the

preceding exercise or Exercise 4 to give a counterexample.)

. Try to generalize the theory of Jacobi fields to other variational problems.

. Here is a more difficult exercise:

Compute the second variation of volume for a minimal submanifold of a
Riemannian manifold.

Give examples to show that a curve c(t) = exp, tv as in Corollary 5.2.4 need
not be the shortest connection of its endpoints. (Hint: Consider for example a
flat torus.)

Let ¢ : [0,00) — S™ be a geodesic parametrized by arc length. For ¢ > 0,
compute the dimension of the space J! of Jacobi fields X along ¢ with X (0) =
0 = X (t). Use the Morse index theorem 5.3.2 to compute the indices and nullities
of geodesics on S™.

Show that if under the assumptions of Theorem 5.5.1 we have equality in (5.5.6)
for some t with 0 < ¢t < 7, then the sectional curvature of the plane spanned by
¢(s) and J(s) is equal to p for all s with 0 < s <.

Let p € M,n =dim M, r(z) = d(x,p),

In the Euclidean case, w(zx,t) is fundamental solution of the heat operator, i.e.

for (z,t) # (p,0) )
(& + A)w(m,t) =0.

Under the assumptions of Lemma 5.7.1, derive the estimate

‘(% + A)w(x,t)‘ < QAQTZ(_::)W(CCJ)

for (x,t) # (p,0).






A Short Survey on Curvature
and Topology

We have now covered half of the chapters of the present textbook and the more
elementary aspects of the subject. Before penetrating into more advanced topics,
a short survey on some directions of global Riemannian geometry may be a useful
orientation guide. Because of the size and scope of the present book, this survey needs
to be selective.

A basic question, formulated in particular by H. Hopf, is to what extent the
existence of a Riemannian metric with particular curvature properties restricts the
topology of the underlying differentiable manifold.

The classical example is the

Gauss—Bonnet Theorem. Let M be a compact oriented, two-dimensional Rieman-
nian manifold with curvature K. Then its Fuler characteristic is determined by

1
X(M)=— [ KdVol M.
2 Sy

We have also seen some higher dimensional examples already, namely Theorem
5.1.2 of Synge on manifolds with positive sectional curvature, Theorem 4.5.2 of
Bochner and the Bonnet—Myers Theorem (Corollary 5.3.1) on manifolds of positive
Ricci curvature. We have already seen a result for nonpositive sectional curvature,
namely the Hadamard-Cartan Theorem (Corollary 5.8.1) that a simply-connected,
complete manifold of nonpositive sectional curvature is diffeomorphic to some R",
and in Chapter 8, we shall prove the Preissmann Theorem (Corollary 8.7.2) that any
abelian subgroup of the fundamental group of a compact manifold of negative sectional
curvature is infinite cyclic, i.e. isomorphic to Z. In order to put these results in a better
perspective, we want to discuss the known implications of curvature properties for the
topology more systematically.

J. Jost, Riemannian Geometry and Geometric Analysis, Universitext,
DOI 10.1007/978-3-642-21298-7_6, (© Springer-Verlag Berlin Heidelberg 2011
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We start with the implications of positive sectional curvature. Here, we have
the

Sphere Theorem. Let M be a compact, simply connected Riemannian manifold
whose sectional curvature K satisfies

1
0< Zn < K<k
for some fized number k. Then M is homeomorphic to the sphere S™ (n = dim M).

This was shown by Berger[19] and Klingenberg[188]. Recently, Brendle and
Schoen [40] showed that such a 1/4-pinched M is even diffeomorphic to a sphere,
building upon work of Boehm and Wilking [31] and using the Ricci flow method of
Hamilton described below. In fact, this result is a special case of [37]. Thus, exotic
spheres cannot carry such 1/4-pinched metrics as in the theorem. Furthermore, they
could classify the pointwise weakly 1/4-pinched manifolds [39]. Petersen and Tao [240]
could then also classify almost 1/4-pinched manifolds. For a systematic treatment,
we refer to [38].

The pinching number 1/4 is optimal in even dimensions > 4, because CP™ (see
§6.1) is simply connected, has sectional curvature between 1/4 and 1 for its Fubini—
Study metric and is not homeomorphic to S?™ for m > 1. In odd dimensions, the
pinching number can be decreased below 1/4, as shown by Abresch and Meyer[2, 3],
but the optimal value of the pinching constant is unknown at present.

For n = 2 or 3, the conclusion is valid already if M has positive sectional
curvature. For n = 2, this follows from the Gauss—Bonnet Theorem. For n = 3,
Hamilton[137] showed that any simply connected compact manifold of positive Ricci
curvature is diffeomorphic to S2. Hamilton studied the so-called Ricci flow, i.e. he
considered the evolution problem for a time-dependent family of metrics g;; on M
with Ricci curvature R;;.

0 2
5% (@, t) = —r(t)gij(2,1) — 2Rij (@, 1),
with initial metric g;(x,0) = g;(x), where

r(t) = J R(z,t)dVol (g(-,t))
J dvol (g(-,t))

is the average of the scalar curvature of the metric g;;(-,¢). He showed that if g?j isa
metric with positive Ricci curvature on a compact 3-manifold, then a solution of this
evolution problem exists for all time, the Ricci curvature stays positive for all ¢, and
as t — 00, g;;(-,t) converges to a metric of constant (positive) sectional curvature.
This method has since become important in Riemannian geometry, although in
general without suitable curvature assumptions on the initial metric, singularities will
develop in finite time. The analysis was carried further in [138]. For expositions, see
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[65,66]. In dimension 3, the complete understanding of the formation of singularities
and the continuation of the flow past such singularities was achieved by Perel’'man,
with profound implications for the structure and classification of 3-manifolds, see
[234-236]. In particular, a consequence of Perel'man’s work is the solution of the
Poincaré conjecture that any compact, simply connected, 3-dimensional differentiable
manifold is diffeomorphic to the 3-sphere S3. More generally, Perel’'man’s work leads
to a proof of Thurston’s geometrization conjecture that for any compact, orientable
and prime three-manifold M, there exists an embedding of a finite number of disjoint
unions (possibly empty) of incompressible two-tori in M such that every component
of the complement admits a locally homogeneous Riemannian metric of finite volume.
Here, M is called prime if it is not diffeomorphic to S? and if every (topological) two-
sphere that separates M into two pieces has the property that one of the two pieces is
diffeomorphic to a three-ball. The possible eight homogeneous 3-manifolds that can
occur in this decomposition had been identified by Thurston [287] and are

1. the three-sphere S3

the Euclidean space R3

the three-dimensional hyperbolic space H?
52 xR

H? xR

A N B R 0

the three-dimensional nilpotent Heisenberg group Nil that consists of upper
triangular 3 x 3 matrices with diagonal entries 1

7. PSL(2,R), the universal cover of the unit sphere bundle of H?
8. the three-dimensional solvable Lie group Sol.

Kleiner and Lott [187] wrote a useful set of notes on Perel’'man’s papers. The
first proof of Perel’man’s results that contained all details, including the Poincaré and
geometrization conjectures, was presented by Cao and Zhu [47] (see also [48] for a
slightly modified version). Another exposition of these results was given by Morgan
and Tian [225]. The topological aspects are emphasized in [24].

We have already mentioned the theorems of Bochner (Theorem 4.5.2) and
Bonnet-Myers (Corollary 5.3.1) on manifolds of positive Ricci curvature, and we
shall discuss some more restrictions on positive Ricci or scalar curvature below. These
results then, a fortiori, also apply restrictions on positive sectional curvature. Also,
the Theorem of Synge 5.1.2 is directly concerned with positive sectional curvature. In
contrast, for many spaces, it is unknown whether they can carry a metric of positive
sectional curvature. In particular, the problem of H. Hopf whether S? x S? can
carry a metric of positive sectional curvature is unsolved. The essential question is
to understand compact, simply connected Riemannian manifolds of positive sectional
curvature. Only very few examples of such manifolds are known. In fact, besides



264 A Short Survey on Curvature and Topology

the general series of compact rank one symmetric spaces (spheres, complex projective
spaces (see §6.1 below) in all even dimensions, quaternionic projective spaces in all
dimensions that are multiples of 4, and the Cayley projective plane in dimension 16),
one only knows the family of Allof~Wallach spaces in dimension 7[7] and the isolated
examples of Eschenburg[92] and Bazaikin[16,17]. These examples arise from quotients
of compact Lie groups with biinvariant metrics. For a survey, see [316]. Shankar[267]
constructed a positively curved manifold with a non-cyclic abelian fundamental group,
thus refuting a conjecture of Chern. More recently, it has been shown by Petersen
and Wilhelm[241] that some exotic spheres can carry a metric of positive sectional
curvature.

On the other hand, the first indications of a general structure theory seem
to emerge, in the work of Petrunin, Tuschmann, Rong, Fang [242], [243], [96]. In
particular, for any n € N and € > 0, there exist only finitely many compact
differentiable manifolds of dimension 2n+ 1 with vanishing first and second homotopy
group and pinching constant > e. In the even dimensional case, such a result
was already obtained by Cheeger, and there one does not have to require that the
second homotopy group vanish. For a comprehensive treatment, see [293]. Essential
points of this approach are that one studies the more general class of Alexandrov
spaces of positive curvature which allows to study sequences of positively curved
spaces and use compactness arguments by the result of Nikolaev quoted below,
and in particular to utilize collapsing techniques and that the role of the second
homotopy group becomes more prominent in determining the topological possibilities
of positively curved spaces. (So, one might speculate that the theory of minimal 2-
spheres developed in §9.2 might furnish useful tools for understanding the topology
of positively curved spaces.)

We also mention that Wilking[300] showed that in general, a metric of positive
curvature outside a finite number of points on a compact manifold cannot be deformed
into a metric of positive curvature everywhere.

For positive Ricci curvature, we have already exhibited some results. An
important generalization of these results is Gromov’s [125,128]

First Betti Number Theorem. Let M be a compact Riemannian manifold of
dimension n, with diameter < D and Ricci curvature > X (i.e. (Rij — Agij)ij 1S a
positive semidefinite tensor). Then the first Betti number satisfies

bi(M) < f(n,\, D)
with an ezplicit function f(n, A, D),
f(n,0,D) =n, f(n,A\,D)=0 for>D0.

Many examples of manifolds of positive Ricci curvature are known. For instance,
let us mention here the systematic construction of Grove and Ziller [132].
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Finally, it has been determined which simply connected manifolds admit metrics
of positive scalar curvature and which ones don’t, in the work of Schoen and Yau[257],
Gromov and Lawson[129] and S. Stolz[275]. In the nonsimply-connected case, also
restrictions for positive scalar curvature are known. For example, for dimension < 7,
a torus cannot admit a metric of positive scalar curvature, see Schoen and Yau[256].
Such a result for any n and other restrictions on metrics of positive scalar curvature
were given by Gromov and Lawson[130].

The preceding results all apply to compact manifolds. For noncompact
manifolds, let us only quote the splitting theorem of Cheeger and Gromoll[57].

Splitting Theorem. The universal covering M of a compact Riemannian manifold
with nonnegative Ricci curvature splits isometrically as a product M = N x RF. 0 <
k < dim M, where N is a compact manifold.

For a more detailed survey of manifolds of nonnegative curvature, we refer to
[122,301,316].

For manifolds of negative or nonpositive sectional curvature, much more is
known than for those of positive curvature. Some discussion can be found in the
Perspectives on §8.7. We also refer to the survey article [86].

Lohkamp[205, 206] proved that any differentiable manifold of dimension > 3
admits a complete metric of negative Ricci curvature. As a consequence, negative
Ricci curvature does not imply any topological restrictions.

Riemannian manifolds of vanishing sectional curvature are called flat. The
compact ones are classified by the

Bieberbach Theorem. Let M be a compact flat Riemannian manifold of dimension
n. Then its fundamental group contains a free abelian normal subgroup of rank n and
finite index. Thus, M is a finite quotient of a flat torus.

In analogy to the sphere theorem, one may ask about the structure of
Riemannian manifolds that are almost flat in the sense that their curvature is close
to zero. Since the curvature of a Riemannian metric may always be made arbitrarily
small by rescaling the metric, the appropriate curvature condition has to be more
carefully formulated in a scaling invariant manner. Let us look at a typical example:

We consider the nilpotent Lie group H of upper triangular matrices with 1’s on
the diagonal. Its Lie algebra is

0 Qi
f): A= :aijER,1§i<j§n



266 A Short Survey on Curvature and Topology

On h, we may introduce a family of scalar products via

142 = 3 a2g?0

i<j

for ¢ > 0. These scalar products induce left invariant Riemannian metrics on H whose
curvature can be estimated as

1Rq(A, B)Cllq < 24(n — 2| AIZI BIZICIIZ-

This bound is independent of ¢q. By a ¢-independent rescaling, we may therefore
assume that the sectional curvature satisfies | K| < 1. We let H(Z) be the subgroup of
H with integer entries, and one may thus construct left invariant metrics on H which
induce on the quotient H/H (Z) metrics with |K| < 1 and diam < ¢, for every € > 0,
simply by choosing ¢ sufficiently small.

Conversely,

Theorem. For every n, there exists e(n) > 0 with the property that any compact
n-dimensional Riemannian manifold M with

|K| (diam)? < £(n)

is diffeomorphic to a finite quotient of a nilmanifold. (A nilmanifold is by definition
a compact homogeneous space of a nilpotent Lie group.)

This is due to Gromov, see [44] for an exposition, and for the refinement that
M as above is actually an infranilmanifold by Ruh[246].

In order to place this result in a broader context, we introduce the notions of
convergence and collapse of manifolds. For compact subsets Aj, As of a metric space
Z, we define

o]

4% (A1, As) = inf{r: Ay C Upen, B(z, 1), As C Usen, B(z,)},
where %(aﬁ,r) ={yeZ:d(z,y) <r}
For compact metric spaces X1, X9, their Hausdorff distance is
di (X1, X2) = inf {df;(i(X1),j(X2)),
where i : X1 — Z,j : X9 — Z are isometries into a metric space Z}.

This distance then defines the notion of Hausdorff convergence of compact metric
spaces. Let My be a compact differentiable manifold of dimension n. We say that
My admits a collapse to a compact metric space X of lower (Hausdorff) dimension
than My if there exists a sequence (gj)jen of Riemannian metrics with uniformly
bounded curvature on My such that the Riemannian manifolds (M, g;) as metric
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spaces converge to X. This phenomenon has been introduced and studied by Cheeger,
Gromov, and Fukaya [58,59], [106].

It is easy to see that any torus can collapse to a point; for this purpose, one just
rescales a given flat metric by a factor € and lets € — 0. The diameter then shrinks
to 0, while the curvature always remains 0. Berger showed that S admits a collapse
onto S2. The construction is based on the Hopf fibration w : $2 — S§2 = CP! (see
§6.1), and one lets the fibers shrink to zero in length.

In this terminology the above theorem (as refined by Ruh) says that those
manifolds that can collapse to a point are precisely the infranilmanifolds. More
generally, it was shown by Tuschmann[292] that any manifold that admits a collapse
onto some flat orbifold is homeomorphic to an infrasolvmanifold and conversely, that
any infrasolvmanifold also admits a sequence of Riemannian metrics for which it
collapses to a compact flat orbifold. Here, an infrasolvmanifold is a certain type of
quotient of a solvable Lie group.

We next mention the following result of Cheeger[54], with the improvements by
Peters[237].

Finiteness Theorem. For anyn € N, A < oo, D < oo,v > 0, the class of compact
differentiable manifolds of dimension n admitting a Riemannian metric with

|K| <A, diam < D, Volume > v
consists of at most finitely many diffeomorphism types.

The lower positive uniform bound on volume prevents collapsing and is necessary
for this result to hold.

Diffeomorphism finiteness can however actually also be obtained if no volume
bounds are present and collapsing may take place.

This is demonstrated by the following finiteness theorem by Petrunin and
Tuschmann[243]. Instead of volume bounds this result only uses a merely topological
condition:

mo-Finiteness Theorem. For anyn € N, A < 0o, and D < oo, the class of compact
simply connected differentiable manifolds of dimension n with finite second homotopy
group admitting a Riemannian metric with

|K| <A, diam <D
consists of at most finitely many diffeomorphism types.

Cheeger’s finiteness theorem was refined in the so-called Gromov convergence
theorem, which we are going to present in the form proved by Peters[238] and Greene
and Wu[120].

Convergence Theorem. Let (Mj,g;j)jen be a sequence of Riemannian manifolds
of dimension n satisfying the assumptions of the finiteness theorem with A, D,v
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independent of j. Then a subsequence converges in the Hausdorff distance and (after
applying suitable diffeomorphisms) also in the (much stronger) C1% topology (for any
0 < a < 1) to a differentiable manifold with a CY*-metric.

Such a family of manifolds is known to have a uniform lower bound on their
injectivity radius. The crucial ingredient in the proof then are the a-priori estimates of
Jost—Karcher for harmonic coordinates described in the Perspectives on §8.7. Namely,
these estimates imply convergence of subsequences of local coordinates on balls of fixed
size, and the limits of these coordinates then are coordinates for the limiting manifold.

Nikolaev[230] showed that the Hausdorff limits of sequences of compact n-
dimensional Riemannian manifolds of uniformly bounded curvature and diameter and
with volume bounded away from 0 uniformly are precisely the smooth compact n-
manifolds with metrics of bounded curvature in the sense of Alexandrov.

Let us conclude this short survey by listing some other textbooks on Riemannian
geometry that treat various selected topics of global differential geometry and
which complement the present book: Chavel[53], Cheeger and Ebin[56], do Carmo
[81], Gallot, Hulin and Lafontaine[107], Gromoll, Klingenberg and Meyer[123],
Klingenberg[190], Petersen[239], Sakai[250]. Finally, we wish to mention the
stimulating survey Berger[20].



Chapter 6

Symmetric Spaces and Kahler
Manifolds

6.1 Complex Projective Space

We consider the complex vector space C"*1. A complex linear subspace of C"*! of
complex dimension one is called a line. We define the complex projective space CP™
as the space of all lines in C"*!. Thus, CP" is the quotient of C"*1\{0} by the
equivalence relation

Z~W: < INeC\{0}: W =)\Z.

Namely, two points of C*t!1\{0} are equivalent iff they are complex linearly
dependent, i.e. lie on the same line. The equivalence class of Z is denoted by [Z].

We also write
Z=(2°...,2")yeC !

and define ‘
U, :={[Z]: Z" £ 0} C CP",

i.e. the space of all lines not contained in the complex hyperplane {Z? = 0}. We then
obtain a bijection

@i - Uz — (Cn
via . R
A VA Al an
0 (L3 e
%([Z,,Z])—<Z,,7,7,,7)

J. Jost, Riemannian Geometry and Geometric Analysis, Universitext,
DOI 10.1007/978-3-642-21298-7_7, (© Springer-Verlag Berlin Heidelberg 2011
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CP”™ thus becomes a differentiable manifold, because the transition maps

piop; 1 piUinUy) ={z=(z',...,2") € C": 2 # 0} — ;(U; N ;)
1

—1/.1 ny __ 7 +1 n
pjop; (z,...,.2")=g;i([z,..., 2" L,z ..., 2"])
2! 2t il 2i71 Ritl P
- Zj7"'7zj7 z] PR ) ZJ b Zj 7"'7Zj b

(w.lo.g. i < j) are diffeomorphisms. They are even holomorphic; namely, with
2k =2k +iy* (i = /1) and

1(0 0
@'_§<W_Za_y'c>’
o 1[(d0 .0
@'_§<W+Za_yk>’

we have

%g@jog@;l(zl,...,z"):O fork=1,...,n.
z

Thus, CP" is a complex manifold in the sense of Definition 2.1.5.

We consider the (n + 1)-tuple
(2°,...,2m),

which satisfies the restriction that not all Z7 vanish identically, as homogeneous
coordinates [Z] = [Z°,..., Z"]. These are not coordinates in the usual sense, because
a point in a manifold of dimension n here is described by (n + 1) complex numbers.
The coordinates are defined only up to multiplication with an arbitrary nonvanishing

complex number \
[Z°,...,2") = \Z°,..., \Z"];

this fact is expressed by the adjective “homogeneous”. The coordinates (z!,...,2")
defined by the charts ¢; are called Euclidean coordinates. The vector space structure
of C"*! induces an analogous structure on CP" by homogenization: Each linear
inclusion C™*! ¢ C"*! induces an inclusion CP™ C CP". The image of such an
inclusion is called a linear subspace. The image of a hyperplane in C**! is again
called a hyperplane, and the image of a two-dimensional space C2 is called a line.

Instead of considering CP" as a quotient of C"*1\{0}, we may also view it as a
compactification of C™. One says that the hyperplane H at infinity is added to C";
this means the following: The inclusion

Cc" — CcpP"

is given by

Then
CP\C" ={[Z]=[0,2%,...,2"]} = H,
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and H is a hyperplane CP"~1.
It follows that

CP" =CruUCP™ ! =CcrucChtu...uco, (6.1.1)

(disjoint union). Topologically, CP™ thus is the union of (n+1) cells of real dimension
0,2,...,2n. With the help of the Mayer—Vietoris sequence of cohomology theory,! we
may easily compute the cohomology of CP" from (6.1.1). In order to represent CP"
as the union of two open sets as required for the application of this sequence, we put

U:=C"V:={zeC": |z =272 > 1} UCP" ! (as in (6.1.1)).
Then V has CP"~! as a deformation retract (consider
re: V= V,r(2) =tz for z € C",ry(w) = w for w € CP"!

and let ¢ run from 1 to o0), and U NV is homotopically equivalent to the unit sphere
S§2n=1 of C.

We now observe first that CP! is diffeomorphic to S2. It actually follows already
from (6.1.1) that the two spaces are homeomorphic. In order to see that they are
diffeomorphic, we recall that S? may be described via stereographic projection from
the north and south pole by two charts with image C and transition map

Z = =
z

(ct. §1.1). This, however, is nothing but the transition map

14— 2,1

of CP.
In particular, H°(CP!) = H?(CP!) = R, H'(CP!) = 0. For the general case, the
relevant portion of the Mayer—Vietoris sequence is

HY1(§?"=1) - HY(CP") — HY(C") ® HY(CP" ') — HI(S*" ). (6.1.2)
We now want to show by induction w.r.t. n that

HI(CP") = R for ¢ :.0,2,... ,2n,

0 otherwise.
This is obvious for ¢ = 0. For 2 < ¢ < 2n— 1 we have HI~1(5?"~1) = 0, HY(C") = 0,
and for ¢ = 2,...,2n—2 we obtain from (6.1.2) that H?(CP") = R since by inductive
assumption HI(CP"~!) = R, while for ¢ = 1,3,...,2n — 1, again by inductive

IThis sequence was derived in the previous editions of this textbook, but for the present edition,
we are not including an introduction to cohomology theory anymore as that can be readily found in
standard textbooks on algebraic topology.
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assumption, H7(CP"~!) = 0, hence also HI(CP") = 0. The case ¢ = 1 is similar.
H?"(CP") = R again follows from (6.1.2) or even more easily from Corollary 3.4.3.
Let us also show that CP" can be considered as a quotient of the unit sphere
527 +L i C*HL. Namely, each line in C**! intersects S?**! in a circle S, and we
obtain the point of CP" defined by this line by identifying all points on that circle.
The projection
7§ P

is called the Hopf map. In particular, since CP' = S2, we obtain a map
T:8% - 8%

with fiber S*.

The unitary group U(n+1) operates on C" ! and transforms complex subspaces
into complex subspaces, in particular lines into lines. Therefore, U(n+1) also operates
on CP".

We now want to introduce a metric on CP™. For this purpose, let

7: C"™\{0} — CP"

be the standard projection, U C CP", Z : U — C"t\{0} a lift of id, ie. a
holomorphic map with 7o Z = id. We put

w:= %8510g 12|12, (6.1.3)
putting for abbreviation
0 .
L= Z]
0 977 dz’,
0:= idZE.
ozZk

If Z': U — C"™1\{0} is another lift, we have
7' =pZ,

where ¢ is a nowhere vanishing holomorphic function.
Hence

50010]|2'|]” = Z00(log | Z|[* + log o + log 7)
=w+ %(55 logp — 00log @) (cf. (6.2.3) below)
= u)’

since dlogy = 0 = Olog @, because ¢ is holomorphic and nowhere vanishing.
Therefore, w does not depend on the choice of chart and thus defines a 2-form on CP".
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We want to represent w in local coordinates; for this purpose, let as above
UO = {[Z(]?azn] : ZO #0}7

since z* = % on Uy, Z = (1,2%,...,2") is a lift of m over Uy. Then

w= %85 log(1 + zjzj)

_ ia 23 dzI
2 14 zkz2k |7

hence _ . o .
i J J J J
- % {Cj:;:l;k - Zé jzze;;ij } (6.1.4)
At [1,0,...,0] again
w= %dzj Adz = da? A dy. (6.1.5)

Thus, w is positive definite (in a sense to be made precise in Definition 6.1.1) at the
point [1,0,...,0]. Since w is invariant under the operation of U(n + 1) on CP", it is
therefore positive definite everywhere.

We want to generalize the object w just introduced in the following

Definition 6.1.1. Let M be a complex manifold with local coordinates z =
(21,...,2™). A Hermitian metric on M is given by an expression of the form

hj,;(z)dzj ® dzF

where h;z(2) depends smoothly (i.e. C*°) on z and is positive definite and Hermitian
for every z.

The expression ‘

i , _

Ehj,;(z)dzj A dz"

is called the Kdhler form of the Hermitian metric.

That hj is Hermitian means

We also put
hi.=h.r,
kiR (6.1.7)
hjr = 0= h;p
Let now
-0 =0
L
R 0z’
wew 2 4w
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be tangent vectors (with complex coefficients) in z € M.

We put o )
(v, w) := hj,;(z)vjuﬂC + hki(z)vjwk. (6.1.8)
If v and w are tangent vectors with real coefficients, i.e.
9 )
—J J+n _~
U T oyi’
9 )
— ) = J+n _Z
W T e
with v*, w®* € R, =1,...,2n, then because of
g 0 0
Oxd 020 9z3’
9 (2 _ 9
8yj B 0z7 023 )’
we have

(0,0 = hyp(F + 0747 — 00*47) + (o) — i) ot + k)
= 2Re hj]::('U]’LUk + ,Uj+’l’7/wk+n) 4+ 2Im hjE(vjwk+n _ wkvj+”).

Consequently, each Hermitian metric induces a Riemannian one. This justifies the
name “Hermitian metric”.

Definition 6.1.2. A Hermitian metric hj,;dzj ® dz* is called a Kdhler metric, if
for every z there exists a neighborhood U of z and a function F' : U — R with
%hj,;dzj A dz¥ = O0F. OOF then is called the Kdihler form.

The 2-form w from (6.1.3) defines a Ké&hler metric on CP", called the Fubini—
Study metric.

This metric has many special properties. In particular, the operation of U(n+1)
on C™*1 induces an isometric operation of U(n+1) on CP" equipped with this metric.
This follows from (6.1.5) and the fact that || - || is invariant under the operation of
SO(2n + 2), hence in particular invariant under the one of U(n + 1).

For a line L in C™*! we may also consider the reflection at L, i.e.

S\L = ld,
5|Ll = —id.

s then induces an isometry o of CP" (equipped with the Fubini-Study metric) with
fixed point 7(L) and

do=—id: TW(L)(CPn — TW(L)C]PW

In particular

o? = id.



6.2 Kahler Manifolds 275

Definition 6.1.3. A Riemannian manifold is called symmetric if for every p € M
there exists an isometry o, : M — M with

Up(p) = pa
Doy (p) = —id (as a selfmap of T, M).

Such an isometry is also called an involution.

Thus, CP", equipped with the Fubini-Study metric, is a symmetric space.

Thus, complex projective space carries two different structures: it is both a
Kahler manifold and a symmetric space. The rest of this chapter is devoted to an
investigation of those structures.

6.2 Kahler Manifolds

In the preceding section, we have introduced complex projective space as an example
of a Kahler manifold. There exist simpler examples. Namely, C? with its standard
Euclidean metric is a Kahler manifold with Kahler form

w= idzj Adzd
2

Also, any complex 1-dimensional manifold ¥, that is, any Riemann surface (see §9.1)
is automatically a K&hler manifold since dw is a 3-form and therefore vanishes on the
real 2-dimensional manifold 3.

Moreover, any complex submanifold N of a Kéahler manifold M is automatically
a Kéhler manifold itself; we simply need to restrict the local Kahler potential F' of
M to N. Therefore, in particular, all complex projective manifolds, that is, those
that admit a holomorphic embedding into some complex projective space, are Kahler
manifolds. This makes K&hler geometry a useful tool in algebraic geometry.

In this section, we want to give a systematic introduction to Kahler geometry.
We start by recalling the rules from Lemma 2.1.4 for the calculus of the operators 0
and 0:

d=0+0, (6.2.1)
00 = 00 = 0, (6.2.2)
90 = —00. (6.2.3)

We can now state various equivalent versions of the Kéahler condition

7 . z _
W= §hj,;dz] Adz" = OOF, (6.2.4)



276 Chapter 6 Symmetric Spaces and Kéhler Manifolds

that is, that for every z, there exist some neighborhood U and some function F' defined
on U with this property.

Theorem 6.2.1. The following conditions are equivalent to a Hermitian manifold M
being Kdhler.

(i) The Kahler form w is closed, i.e.

dw = 0. (6.2.5)
(ii) In local (holomorphic) coordinates
ij;f;f - %, for all i, j,k, (6.2.6)
or equivalently,
%};g = a;g : for all i, j,2. (6.2.7)

(iii) At each zg € M, holomorphic normal coordinates can be introduced, i.e.

8}12'7' 8h7f
J (ZO) =0= azg

hij(z0) = 0ij, 2%

(z0), foralli,j, k2. (6.2.8)

In other words, we can find holomorphic coordinates near any zo, which we then
take the liberty to identify with 0, so that for z near 0,

hi3 (2) = 655 + O(|2[). (6.2.9)

The last condition expresses the essential content of the Kéhler condition,
namely the compatibility of the Riemannian and the complex structure. Condition (i)
has the advantage of expressing the Kéhler condition in a global, coordinate invariant
manner. This will make it particularly useful.

Proof. We first show that the Kéhler condition implies (i).
d(0OF) = (0 + 0)(00F) = 000F — 000F =0 by (6.2.2), (6.2.3).

This yields (i). (ii) is the local coordinate version of (i). In turn, (i) implies the
Kahler condition by the Frobenius theorem. Namely, since w is closed, dw = 0, on
each sufficiently small open set U, we can find a 1-form n with dn = w. w is a
(1,1)-form, and so, when we decompose the 1-form 7 into a (1,0)- and a (0, 1)-form,
n=mn""+n%!, we have

w=dn=(d+d)n=0on" +on*°
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with ~
ot =0=on"".

From the last condition, on our sufficiently small U, we can then find functions o and
[ with -
= da, = -8,

and so, keeping (6.2.3) in mind,
w = 09(a+ B).

Since w is real (0 = w), we may then also assume that the function F' := a+ [ is real,
and we have deduced the Kéhler condition from (i). It thus only remains to show that
(iii) is equivalent to the other conditions. It is clear that (6.2.9) implies dw(zp) = 0,
that is, (i). For the converse, we first achieve by a linear change of coordinates that
hZE(ZQ) = 51] ThUS,

w= %hj,;dzj AdzF = %((5jk + lljklZl + ajk;zz)dzj A dzF.

Here, (6.1.6) implies that
Ags0 = Qjkl, (6.2.10)
and (i) yields
Ajkl = Alkj- (6.2.11)
We shall now make the linear terms disappear by the following change of coordinates
, 1
2= - §aljk<kd. (6.2.12)
Using (6.2.10), (6.2.11), this yields
g j i_ = m j-n
w=(d¢ - arjiCFdCt) A (¢ — @pmC™dCT)
7
2
7 - L
= 50kd A dC* + O(J2f?).

+ (a4 a¢hdC A dCE +0(12]?)

This is (6.2.9). O

In particular, the Kéhler form w, being closed, represents a (complex) cohomol-
ogy class, i.e. an element of H2(M) ® C.

Lemma 6.2.1. The Kahler form u of a Kdahler metric on a complex manifold M
with dime M = n satisfies
wt=mnlx(1). (6.2.13)
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Proof. (6.2.13) is a pointwise identity. Let p € M. Since a Hermitian form can be
diagonalized by a unitary transformation, we may assume that local coordinates are
chosen such that at p

w= %dzj ANdzl = da? Ady’.

Therefore,
pt =nldat Adyt Ada® Ady? AL A da™ A dy™
=n! x (1),
since da', dy', da?, dy?, ... dz", dy"™ constitute a positive orthonormal basis of T M.

|

Corollary 6.2.1. The Kdihler form of a Kdihler metric on a compact manifold
represents a nontrivial cohomology class, and so does every u/,j = 1,...,n. Therefore,
the cohomology groups H*(M), H*(M),...,H*"(M) of a compact Kihler manifold
are nontrivial.

Proof. By Lemma 6.2.1

/Mu” = n!/M*(l) =n!Vol (M) > 0.

If we now had p/ = dy for some j € {1,...,n}, then we would also have
/ " :/ W A
M M
:/ dip A ™I
M

= / d(v A u"9) since p is closed by Theorem 6.2.1
M
=0 by Stokes’ theorem.

This is a contradiction. O

Corollary 6.2.1 expresses an instance of the important fact that the existence of
a Ké&hler metric yields nontrivial topological restrictions for a manifold. We shall soon
derive some deeper such results. Before doing that, however, we state some useful
local formulas in K&hler geometry.

For the inverse of the Hermitian metric (h;;), we use the convention

hi hy; = G (6.2.14)
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(note the switch of indices). With h := det(h;;), the Laplace-Beltrami operator

(3.3.27) becomes
10 = 0 =02
A=———(hh"— ) =-h"——. 6.2.15
h 0z* ( 077 ) 024027 ( )

This is most easily seen by using the coordinates given in (iii) of Theorem 6.2.1 and
then observing that both expressions transform in the right manner under coordinate
transformations.

Similarly, we have for the Christoffel symbols of a Ké&hler manifold
k kly
Ui =h"hg ;,

TE = hmk

me,])

(6.2.16)

because of (6.1.6), (6.2.6), (6.2.7). All other Christoffel symbols, that is, all those that
contain both bared and unbared indices, vanish. Using this, the formulas (4.1.32),
(4.3.6) for the Riemannian curvature tensor also simplifies to become

8 I )
R = Whﬁ —h <@h1n> <ﬁhm3> : (6.2.17)

R; ki = Rijre = 0. (6.2.18)
With the first Bianchi identity (4.3.8), and

Also,

Rizir = —Rizj» (6.2.19)
we then obtain

Rz = R (6.2.20)
and analogously,

Ryjir = Rijir- (6.2.21)

The Ricci tensor (4.3.18) of a Kéhler metric is given by
Ry; = h' Rz (6.2.22)
From (6.2.17), we then have a simple formula for the so-called Ricci form
Rypdz® A dz' = —901log det(h;3). (6.2.23)
Finally, the scalar curvature of a Kahler metric is

R = Alogdet(h;;). (6.2.24)
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The Ricci form is closed by (6.2.1) — (6.2.3) and therefore defines a cohomology class,
the so-called first Chern class

(M) := ingdzk Ad2t, (6.2.25)

which is independent of the choice of Kéhler metric. Namely, if h/ij is another Kahler
metric on M with Ricci class

R} dz" A dzt = —90log det(h;;),

then det(hy)
_ k I _ _ 93 et(hg;
(Rypz — Ryp)dz" Ndz" = —d0log det(hé)’ (6.2.26)
and this is exact since % is a globally defined function independent of the choice

of coordinates (this follows from the transformation formula (1.4.5)).

We recall from the end of §2.1 that on a complex manifold, the space of (complex-
valued) k-forms QF(M) admits a decomposition

QFM) = Y ari(M). (6.2.27)
ptq=k

The elements of QP9 are called (p, q)-forms. QP9 is generated by forms of the type
e(2)dz A .. AdZP A Az AL A d2e (6.2.28)
We now use the Kéahler form w to define
L:QPt — QPtLatl s [(n)i=npAw (6.2.29)

and its adjoint w.r.t. the L?-product

(n,0) = /M 1A %0, (6.2.30)

(where the star-operator * introduced in §3.3 has been linearly extended from the real

to the complex case),
A:=L*:Qpd - Qp-ba-l

For example, for n = nj,;dzj A dz’%, recalling
= Lhpd A dP
w = ) ik 4 Z,

we have, _
A(n) = —2ih7* ;. (6.2.31)
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Theorem 6.2.2. On a Kdhler manifold, we have the identities
[A, 0] = —i0*, (6.2.32)
[A,0] = i0* (6.2.33)
([A, Bl = AB — BA).

Proof. Since A is a real operator because w is real, each of these two identities
implies the other by conjugation. We shall now verify (6.2.33). For this, we shall
use the Kéhler condition in an essential way. Namely, A being the adjoint of the
multiplication with the Kéahler form w, its operation involves the Hermitian metric
h;3, but no derivatives of it, see e.g. (6.2.31). Thus, the commutator of A with the first
derivative operator 0 involves at most first derivatives of the Hermitian metric. By
(iii) of Theorem 6.2.1, we may assume that these first derivatives vanish at the point
under consideration. Therefore, we can neglect them and compute as on Euclidean
space. Thus, we only need to verify (6.2.33) on C?, and we proceed to do so. In fact,
most of the relevant formalism was developed in §2.4 and §3.3; we briefly recall it
here. We have the L?-product of k-forms

(o, 8) = /«:d a A 3. (6.2.34)
To see the pattern, we check that in the case d =1,
xdz = *(dz +idy) = dy — idz = —idz,
and
xdz = x(dx —idy) = dy + idx = idz,
as well as )
« (1) =dz Ady = %dz A dz. (6.2.35)

We let €; be the exterior product with \/Lidzj,
L 42
eja:=—dz) \a,
J /2
and similarly,

o= —=d Aa.
J V2
The factor \/Lg here is inserted because the Euclidean norm of dz? = da? + idy’ is \/Lg
Thus, the L?-adjoint ¢; of ¢; is given by contraction with %dzj, that is
Li(dz?t AL A dRTP A Az AL A dzzq)

0 . 1f.7¢{‘7157]p}5

= ()P 12dz0t AL Ad2Ien
L ANdFP NdZB AL NdZR i =G,
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We check this in a simple case — the general pattern will then be clear:
1
V2

=V2(dz', dz")
= (dz1, 11 (dz" A dzh)).

(erdz',dz" Adzt) = ( dz' Adz',dz" A dzi>

Next, we either recall (2.4.22), (2.4.23) (where, however, a somewhat different notation
was employed) or check directly that

€5l + Lj€; = 1, (6236)
€jte + ey =0 for j#4¢, (6.2.37)
€jty+tpe; =0 for all 4, 0. (6.2.38)

Putting 9; := % and 0; we then have

_ _0_
F T 923

6 = \/5 ZajGj = \/5 Z€j8j7
J J
5 = \/5 Zéjei = \/5 2655]',
J J
8*2—\/§ Zéij, 5*2—\/5 Zﬁjq,
J J
L:iZeje;, A:—’L'ZLij.
J J
Equipped with these formulas, it is now straightforward to complete the proof:
AD = —iV/2 Z Lite0j€j
e
= —iV2 Z OjLyLeej
3.0

= z\/ﬁ(Z djujti€5 + Z ajLeLg€j>
J

J#L
— —2\/§< ZajLieij + Z 8]-@ — Z (9jLZEng>
J J j#
= —Z\/§<Z ajeijLj + Z 8]-@ + Z 8j6jbebg>
J J J#L

= —Z\/§Z Oj€jLple — z\/iZaM
gt J

= O\ +i0".
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Thus, we have shown the identity on C?%, and the Kihler condition then makes this
also valid on a general Kéhler manifold, as explained. O

In addition to the Laplacian

A =dd* +d*d, (6.2.39)
we can also build the operators
Ap:= 00"+ 070, (6.2.40)
and
Ag:= 00"+ 9%0. (6.2.41)

Theorem 6.2.3. On a Kdhler manifold,

A =2Ay = 2A;. (6.2.42)

Proof. From Theorem 6.2.2,

Ay =i(9[A, 0] + [A, 0]0)
= i(OAD — OOA + ADO — IND)
= i(OAD + OOA — AOD — OAD) by (6.2.3) (6.2.43)

= —i(J[A, 8] + [A,0]9)
= A;

Next, - -
00" + 90 = —i(0(AD — IA) + (AD — ON)D) = 0, (6.2.44)

by Theorem 6.2.2 and (6.2.2).
Finally, from (6.2.44) and (6.2.1), we easily get

A=A0y+ A (6.2.45)
The relations (6.2.43) and (6.2.45) yield (6.2.42). |

In §3.4, we defined the cohomology groups H¥(M) and identified them with
spaces of harmonic forms, that is, solutions of

An =0, (6.2.46)

see Theorem 3.4.1. From Theorem 6.2.3, we infer that the operator A preserves the
decomposition (2.1.7) which in fact is orthogonal w.r.t. the L?-product,

okM) = @ (M), (6.2.47)
ptq=Fk
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that is,

A QPYM) — QP9(M). (6.2.48)
If we then define HP9(M) := H*(M)NQP4(M) (p+q = k) as the space of harmonic
forms of bidegree (p,q), we obtain the first part of the Hodge decomposition

theorem, while the second part follows from the fact that A is a real operator and
therefore, complex conjugation maps harmonic forms to harmonic forms:

Corollary 6.2.2. For a compact Kdahler manifold M,

H*(M,C)= @ H"(M,C), (6.2.49)
p+q=k
HP4(M,C) = HtP(M,C) (complex conjugate). (6.2.50)
d
The k-th Betti number of the compact manifold M (see Definition 3.4.1) is given
by

bi(M) = dimc H* (M, C), (6.2.51)

and if we put
RP4(M) = dime H?Y(M, C), (6.2.52)

we obtain

Corollary 6.2.3. For a compact Kahler manifold M,

b(M) = Y hP9(M) (6.2.53)
p+q=k
and
h¥P(M) = hP9(M), (6.2.54)
and consequently
bi(M) is even for odd k. (6.2.55)
O

We have already seen a restriction on the topology of a compact Kahler manifold
in Corollary 6.2.1. (6.2.55) is a deeper such restriction.

Perspectives. Kéahler geometry started with the remarkable paper of Kéahler[181] that
introduced the Kéhler condition and derived all the basic formulas and the perspectives for
the subsequent development of the subject. A thorough discussion of Kéahler’s paper can be
found in [33] and [183].
Some references that we have used in the present section are[296], [121] and [165].
Let us briefly mention some further aspects of Kahler geometry. Metrics on Kéhler
manifolds satisfying

R

are called Kdahler—Finstein metrics.

;5 = ph;; for some constant
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Since the Ricci form represents a cohomology class c¢i1(M), there are necessary
conditions for the existence of a Kéhler-Einstein metric with positive, negative or vanishing
u. Namely, ¢1(M) has to be representable by a positive or negative cohomology class, or
has to be cohomologous to 0, resp. For nonpositive p, these conditions were also shown
to be sufficient for the existence of a Kéhler—Einstein metric on a compact M in famous
work of S.T. Yau[312] (the case of negative 1 was also independently solved by Aubin, see
the account in [10]). This had important consequences in algebraic geometry, for instance
certain inequalities between Chern numbers of algebraic manifolds, see [311].

The case of positive p is not yet completely solved. In that case, there exist obstructions
for the existence of Kéhler—FEinstein metrics. Existence results in cases where these
obstructions vanish were obtained by Tian[289], Tian and Yau[291], Siu[269], Nadel[228].
Yau, Problem 65 in [313], conjecturally related the existence of a Kahler—Einstein metric to
stability properties in the sense of algebraic geometry of the underlying manifold. Tian[290]
developed the appropriate stability notion and showed its necessity for the existence of a
Kaéahler-Einstein metric. He thus disproved the conjecture that a compact Kéhler manifold
with positive Chern class always admits a Ké&hler—Einstein metric if it has no nontrivial
holomorphic vector field (another condition that is known to be necessary).

As noted, every complex manifold with dim¢ M = 1, i.e. every Riemann surface (see
Definition 9.1.1), is Kéhler since condition (i) Theorem 6.2.1 is trivially satisfied for any
Hermitian metric. Moreover, in that case, the Kahler—Einstein metrics are simply the ones
of constant curvature, and by the uniformization theorem, every Riemann surface admits
such a metric since its universal cover (C,S? or the hyperbolic upper half-plane H = {z =
x +1iy,y > 0}) does; in the latter case, the metric is ﬁ(de + dy?), see also §5.4. Moreover,
the metric is unique up to isometries.

If one studies the space of all compact Riemann surfaces of a given topological type
(Teichmiiller theory), it is then convenient to investigate the space of all metrics of constant
curvature on a given differentiable surface, because one can exploit additional geometric
information. In a similar vein, the aforementioned results of S.T. Yau have found important
applications in the classification of Ké&hler manifolds and algebraic varieties.

A certain class of Kéhler manifolds, the so-called special Kahler manifolds (see [102]),
has become important in string theory.

6.3 The Geometry of Symmetric Spaces

Besides CP", we have already seen other examples of symmetric spaces:

1. R4, equipped with the Euclidean metric, i.e. d-dimensional Euclidean space E<.
The involution at p € E? is the map o, (x) = 2p — z.

2. The sphere S? : Since its isometry group operates transitively on S¢, it suffices
to display an involution o at the north pole (1,0,...,0); such an involution is
given by

o(zt, ...z = (2, =22, .. -2

in the usual coordinates.
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3. Hyperbolic space H? from §5.4. Again, the isometry group operates transitively,
and it suffices to consider the point (1,0,...,0) (in the notations from §5.4),
the isometry here is

o(2,...,x%) = (2% —zt,..., —z?).

In the sequel, V will always denote the Levi-Civita connection.

Lemma 6.3.1. An involution o, : M — M of a symmetric space reverses the
geodesics through p. Thus, if ¢ : (—e,e) — M is geodesic with ¢(0) = p (as always
parametrized proportionally to arc length), then opc(t) = c(—t).

Proof. As an isometry, o, maps geodesics to geodesics. If ¢ is a geodesic through p
(with ¢(0) = p), then
Dop,é(0) = —¢(0).

The claim follows since a geodesic is uniquely determined by its initial point and
initial direction (cf. Theorem 1.4.2). |

Lemma 6.3.2. Let ¢ be a geodesic in the symmetric space M, ¢(0) = p, ¢(1) = q.
Then
oqop(c(t)) = c(t +27) (6.3.1)

(for all t, for which c(t) and c(t + 27) are defined). For v € TyyyM, DogDoy,(v) €
To(t427)M is the vector at c(t + 27) obtained by parallel transport of v along c.

Proof. Let é(t) := c(t + 7). ¢ then is geodesic with ¢(0) = ¢. It follows that

040p(c(t)) = o4(c(—1)) by Lemma 6.3.1
= oq(e(—t — 7))
=c(t+71)
= c(t + 27).

Let v € T,M and let V be the parallel vector field along ¢ with V' (p) = v. Since o), is
an isometry, Do,V is likewise parallel. Moreover, Do,V (p) = —V (p). Hence

Do,V (e(t)
Doy o Do,V (c(t)

= —V(e(=1),

)
)= V(e(t+21)) as before.

|

Corollary 6.3.1. A symmetric space is geodesically complete, i.e. each geodesic can
be indefinitely extended in both directions, i.e. may be defined on all of R.
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Proof. (6.3.1) implies that geodesics can be indefinitely extended. One simply uses
the left-hand side of (6.3.1) to define the right-hand side. |

The Hopf-Rinow theorem (Theorem 1.7.1) implies

Corollary 6.3.2. In a symmeltric space, any two points can be connected by a
geodesic. O

By Lemma 6.3.1, the operation of o, on geodesics through p is given by a reversal
of the direction. Since by Corollary 6.3.2, any point can be connected with p by a
geodesic, we conclude

Corollary 6.3.3. o), is uniquely determined. O

Definition 6.3.1. Let M be a symmetric space, ¢ : R — M a geodesic. The
translation along c by the amount t € R is

Tt *= O¢(t/2) © O¢c(0)-

By Lemma 6.3.2, 7; thus maps c(s) onto c¢(s + t), and D7 is parallel transport
along ¢ from c(s) to c(s + t).

Remark. 7 is an isometry defined on all of M. 7 = 7 maps the geodesic ¢ onto itself.
The operation of 7 on geodesics other than ¢ in general is quite different, and in fact
7 need not map any other geodesic onto itself. One may see this for M = S™.

Convention:  For the rest of this paragraph, M will be a symmetric space.
G denotes the isometry group of M. Gy is the following subset of G :

Go = {g: for t € R, where s — g5 is a group homomorphism from R to G},

i.e. the union of all one-parameter subgroups of G. (It may be shown that Gy is a
subgroup of G.)

Examples of such one-parameter subgroups are given by the families of
translations (7¢):cr along geodesic lines.

Theorem 6.3.1. Gy operates transitively on M.
Proof. By Corollary 6.3.2, any two points p,q € M can be connected by a geodesic
c; let p=¢(0),q = c(s). If (7¢)ter is the family of translations along ¢, then

q=Ts(p).

We thus have found an isometry from Gg that maps p to q. O

Definition 6.3.2. A Riemannian manifold with a transitive group of isometries is
called homogeneous.
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Theorem 6.3.2. The curvature tensor R of M is parallel, VR = 0.
Proof. Let ¢ be a geodesic, and let X,Y, Z, W be parallel vector fields along ¢, p =

c(to),q = c(to +t). Then ¢ = 7¢(p) and by Lemma 6.3.2

(R(X(a),Y(0))Z(q), W(q)) = (R(dre X (p), drY (p))dre Z(p), dr: W (p))
= (R(X(p),Y(p))Z(p), W(p)) since 7 is an isometry.

Let now v := ¢é(tg). The preceding relation gives
v(R(X,Y)Z, W) =0,
and since X, Y, Z, W are parallel,
(V,R)(X,Y)Z, W) =0.

Since V,R like R is a tensor, (V,R)(X,Y)Z depends only on the values of X,Y,Z
at p. Since this holds for all ¢, X, Y, Z, W we get VR = 0. O

Definition 6.3.3. A complete Riemannian manifold with VR = 0 is called locally
symmetric.

Remark. One can show that for each locally symmetric space N there exist a simply
connected symmetric space M and a group I' operating on M discretely, without fixed
points, and isometrically, such that

N = MJT. (6.3.2)

Conversely, it is clear that such a space is locally symmetric. Examples are given by
compact Riemann surfaces of genus g > 2 which may be realized as quotients of the
hyperbolic plane H?2.

Let us also introduce different examples, the so-called lens spaces:

We consider S® as unit sphere in C? :

S ={(z422) e C?: |2 + |22 = 1}.
On S3, we then have an isometric action of the torus S x S', namely
(21, 2%) (ewlzl,e“"sz) for 0 < o', ¢? < 2.

Let now p,q € N be relatively prime with 1 < p < q.
Let Zq be the cyclic group of order g. We then obtain a homomorphism

Zq—>51 x St

r— (627mr/q7€27rzpr/q)‘
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Thus, Z, operates isometrically on S3. Since p and ¢ are relatively prime, this
operation has no fixed points, and the lens space

L(q,p) = §°/2Z,

is a manifold.

Actually, L(2,1) is not only locally symmetric, but also symmetric. More
precisely, L(2,1) is the three-dimensional real projective space.

For ¢ > 2, however, the lens spaces are not symmetric. For example, the
involution at p = (1,0) € S2 is given (in our complex notation) by

op(zl,zQ) = (zi,—zz)

(recall the definition of S? at the beginning of this paragraph). o, therefore does
not commute with the Z, action. Therefore, the involution ¢, does not carry over to
L(q,p). Since on the other hand each involution is already determined by its operation
on the tangent space and since an involution would have to operate in the same way
as 0, on the tangent space of the point corresponding to p in the lens space, the lens
space cannot possess any such involution and hence cannot be symmetric.

We now want to determine the Jacobi fields on (locally) symmetric spaces. For
a Riemannian manifold N, p € N,v € T, N we define an operator

R,:T,N - T,N

by
Ry(w) = R(w,v)v. (6.3.3)

For a geodesic ¢, R4y maps the orthogonal complement of é(t) in T.+)N onto itself.
The operator R is selfadjoint. This follows from (4.3.10) and (4.3.9) or (4.3.7):

(Ry(w),w") = (R(w,v)v,w") = (R(w',v)v,w) = (R, (w'),w).

Since R is parallel for a locally symmetric space, R4 commutes with parallel
transport along c.

Let v be an eigenvector of Ry with eigenvalue p with [[v]| = 1, [|¢(0)|| = 1 (this
can be achieved by reparametrization), and

(v,¢(0)) =0,

i.e.

R(v,6(0))é(0) = Reo)(v) = po.

Let v(t) be the vector field obtained by parallel transport of v along ¢. Then v(t) is
an eigenvector of Ry with eigenvalue p, since R is parallel. Thus

R(v(t), é(1))é(t) = pu(t). (6.3.4)
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(6.3.4) implies that the vector fields

Ji(t) = ¢, (t)v(t),

6.3.5
Dat): = sp(0)elt), (0:3:5)

(¢, and s, defined as in §5.5) satisfy the Jacobi equation:
Ji(t) + R (Ji(t),é(t) é(t) =0, fori=1,2. (6.3.6)

Thus

Theorem 6.3.3. Let N be a locally symmetric space, ¢ geodesic in N, ¢(0) =: p,
Ut,...,Un_1 an orthonormal basis of eigenvectors of Ry orthogonal to ¢(0) with
eigenvalues pi,...,pn—1, V1(t),...,vn—1(t) the parallel vector fields along ¢ with

v;(0) =v; (j = 1,...,n —1). The Jacobi fields along c (orthogonal to ¢) then
are linear combinations of Jacobi fields of the form

¢, (D0; (1) and s, (t)o; (1), (6.3.7)
O

Definition 6.3.4. Let g be the Lie algebra of Killing fields (cf. Lemma 2.2.8) on the
symmetric space M, and let p € M. We put

t:={Xeg:X(p) =0},
p:={Xeg:VX(p) =0}

Theorem 6.3.4.

top=y,
tnp={0}.

Proof. tnNyp = {0} follows from the facts that each Killing field is a Jacobi field
(Corollary 5.2.1) (along any geodesic) and that Jacobi fields that vanish at some
point together with their derivative vanish identically (by Lemma 5.2.3) and finally
that by Corollary 6.3.2 any two points can be connected by a geodesic. Let now X € g
with X (p) # 0. Let ¢(t) := exp, tX (p) be the geodesic with ¢(0) = X(p), and let 7,
be the group of translations along ¢ (Definition 6.3.1). Then

d
Y(a) = 2 7m(9)ii=o0 (6.3.8)
is a Killing field, since the 7 are isometries (Lemma 2.2.7).
We have
Y(p) = X(p). (6.3.9)
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For v € T, M, let y(s) be a curve with ~/(0) = v. Then

0
V,Y(p) = Vo aTt(’Y(S))LG:t:O

0
= V% %Tt(ﬁ’(s))\s:tzo (6.3.10)
= V%DTt(U)‘t:()
= 0’

since by Lemma 6.3.2, D7, is parallel transport along ¢, and hence D7 (v) is a parallel
vector field along c.
We conclude
X=(X-Y)+Y,

with (X —Y) € £ by (6.3.9), and with Y € p by (6.3.10). |

Theorem 6.3.5. As a vector space, p is isomorphic to T,M. The one-parameter
subgroup of isometries generated by Y € p is the group of translations along the
geodesic exp, tY (p).

Proof. Let w € T, M. Let c(t) := exp, tw be the geodesic with ¢(0) = w. Let 7 be
the group of translations along c. As in (6.3.8), we put

d

Y(q) := ETt(Q)ItZO for all ¢ € M. (6.3.11)

As in the proof of Theorem 6.3.4, we obtain
Y(p)=wand Y €p.

This induces a linear map from T,M to p. The inverse of this map is simply the
restriction mapping Y € p to Y(p). Thus, we have found a bijective linear map
between T, M and p. By (6.3.11), Y also generates the one-parameter subgroup 7
(surjectivity follows from the proof of Theorem 6.3.4). O

Let us introduce the following notation: For a Killing field we denote the (at
this point only local) 1-parameter group of isometries generated by X by e*X (instead
of the previous notation ) or ¢;).

Lemma 6.3.3. Let X be a Killing field on the symmetric space M. Then X is
defined for all t € R. Thus, (€!X)icr is a 1-parameter group of isometries.

Proof. Let ¢ € M. We want to show that e!*(q) is defined for all ¢ € R. We shall
show that this is true for ¢ > 0, since the case ¢t < 0 is analogous. Let now

T :=sup{t € R : ¢7%(q) is defined for all 7 < t}.
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We assume T < oo and want to reach a contradiction.
We put
m = supld(g, e’ (q)) : ¢ < T/2}.

Since each g € G is an isometry, we have for all z,y € M
d(gz, gy) = d(z,y),

hence also

d(9°q, 99) = d(9q,q),

and thus

d(g°q,q) < 2d(gq,q)-
Therefore for 0 <t < T,
d(e" (q),q) < 2d(e"*¥(q),q) < 2m.
Therefore, for all 0 < t < T, e!*(q) is contained in
B(q,2m),

which is a compact set.
As in the proof of Corollary 1.4.3, we see that there exists € > 0 with the property
that for all x € B(q,2m) e (x) is defined for |t| < e. Thus, for 7:=T — £/2,

X (e (q)) = el TH/DX (g)

is defined.
This contradicts the assumption on 7" and proves the claim. O

For Y € p, we thus obtain from Theorem 6.3.5
eV =1, (6.3.12)

where (7¢) is the family of translations along the geodesic exp,, tY (p).
We now define a group homomorphism

s5p:G— G
by
sp(g) = op o goop, (6.3.13)

where o, : M — M is the involution at p. Since ag =id, we have

sp(g) =opogoo, ™t (6.3.14)
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We obtain a map

0p:9—9
by .
Op(X) == Esp(etx)\tzo- (6.3.15)
Theorem 6.3.6.
Ope = id,
Oplp = —id.

Proof. Let X €&, i.e. X(p)=0. Then for all ¢,
e (p) = p. (6.3.16)

Let ¢1 be a geodesic with ¢1(0) = p. Then for all ¢,

ca(s) = e ey (s)

likewise defines a geodesic through p, i.e. ¢3(0) = p. It follows that
tX)

sp(e)er(s) =op 0 e o opci(s)

=o,0e%ei(—s) by Lemma 6.3.1
= opCa(—5)

= c2(s),
ie.
sp(eX)e1(s) = e ey ().
Since each ¢ € M can be connected with p by a geodesic (Corollary 6.3.2), we obtain
sp(e™)(q) = ¢ (q)
for all ¢ € M, i.e. sy(e'X) =e!'X, and hence also
Op(X) = X,

ie.
__ 312
0p|? = ld.

Let now Y € p. From (6.3.12) (cf. Theorem 6.3.5),

Y =1 = Oc(t/2) © 0p by Definition 6.3.1,

20ne may easily modify the proof at this place so as to avoid using the completeness of M.
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where c(t) = exp, tY (p). Hence
sp(e) = g 0 Te(1y2) 0 0p 0 0
= 0p O Oc(t)2) because of 05 =id
= T—t,

which may be seen e.g. as follows: Let ¢ = ¢(t/2),¢(s) = ¢(t/2 — s). Then p =
é(t/2),¢(0) = g, hence

ap00c(t/2) = 0e(t/2) o 050
Therefore, this is the translation along ¢ by the amount ¢. Since ¢ is traversed in the
opposite direction as ¢, this is the same as translation along ¢ by the amount —t.

Since

T ¢ = eftY,

it follows that,
Sp(ety) e—tY7

hence

0,(Y) = -,
i.e.

Oplp = —id.

a

Lemma 6.3.4. 0,[X,Y] = [0,X,0,Y] for all X,Y € g. Thus, 0, is a Lie algebra
homomorphism.

Proof. By definition of 6, (6.3.15), 6,(X) generates the 1-parameter group e»(X),
ie.
sp(etX) = et (X, (6.3.17)
Now
d
XY= —De ¥ oY oetX|,_y cf. Theorem 2.2.4 (ii
dt
2 (6.3.18)
— 8?@ _tXBSYGtX|tZS:0.
B
Hence
32
Op[X,Y] = %Upe_txesyetxap\t:s:o
s
2
= 5108 ape_txaglcrpesyoglapetxap‘tzszo
0? _ <
= %sp(e s )5 (€ ) jp—smo0 cf. (6.3.14)
2
= %e*tep(x)es%(y)ewp(x)|t:S:0 by (6.3.17)
E
= [0,(X),0,(V)] by (6.3.15).
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Theorem 6.3.7.

Proof. Because of 9% = id, 6, has eigenvalues —1 and 1. By Theorem 6.3.6, ¢ is
the eigenspace with eigenvalue 1, p the eigenspace with eigenvalue —1 (note that by
Theorem 6.3.5, g = €@ p). If X is an eigenvector with eigenvalue A, Y one with
eigenvalue p, then, since 6, is a Lie algebra homomorphism (Lemma 6.3.3), [X,Y] is
an eigenvector with eigenvalue Ap. This easily gives the claim.

Corollary 6.3.4. ¢ is a Lie subalgebra of g.
Proof. tis a subspace of g and closed w.r.t. the Lie bracket by Theorem 6.3.7. [

Corollary 6.3.5. With the identification
T,M ~p
from Theorem 6.3.5, the curvature tensor of M satisfies
R(X,Y)Z(p) = —[[X, Y], Z](p) (6.3.19)

for X)Y, Z € p.

Proof. Let X € g,Y € p. The geodesic exp, tY (p) satisfies
Y(e(t)) =¢(t) forallt e R.

This follows e.g. from Theorem 6.3.5.
Since by Corollary 5.2.1, X is a Jacobi field along ¢, we obtain

VyVyX +R(X,Y)Y =0 (6.3.20)

along ¢, hence in particular at p.
This implies that we have also for Y, Z € p, since then also Y + Z € p, that

VyVzX+VzVy X+ R(X,Y)Z+R(X,2)Y =0 (6.3.21)
at p.

Now by (4.3.7),
R(X,2)Y = —R(Z,X)Y, (6.3.22)
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by (4.3.8),
’ R(X,Y)Z+ R(Y,Z)X + R(Z,X)Y =0, (6.3.23)

and by (4.3.3)
R(Y,Z)X =VyVzX —VzVyX — Viy 7 X. (6.3.24)

By Theorem 6.3.7, for Y, Z € p,[Y, Z] € &, hence
Y, Z](p) = 0. (6.3.25)
(6.3.21) — (6.3.25) imply
VyVzX +R(X,Y)Z=0 (6.3.26)
at p.
By (6.3.23) and (6.3.22) for X,Y,Z € p,

R(X,Y)Z(p) = —R(Y, Z2)X(p) + R(X, Z2)Y (p)
=VzVxY(p) - VzVyX(p) by (6.3.26)
= Vz[X,Y](p)

= Vixy)Z(p) - [[X.Y], Z](p)
= —[[X,Y},Z](p),

because of [X,Y](p) = 0 (Theorem 6.3.7). O

Corollary 6.3.6. The sectional curvature of the plane in T,M spanned by the
orthonormal vectors Y1(p), Ya(p) (Y1,Y2 € p) satisfies

K(Yi(p) A Ya(p)) = —([[Y1, Yz, Y2|, Y1) (p).

Proof. From (6.3.19). |

6.4 Some Results about the Structure of Symmetric
Spaces

In this section, we shall employ the conventions established in the previous one.

Let us first quote the following special case of a theorem of Myers and Steenrod:
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Theorem 6.4.1. The isometry group of a symmetric space M is a Lie group, and so
is the group Gy defined in §6.3. Moreover g is the Lie algebra of both G and Gy. O

A proof may be found, e.g., in [144]. Technically, this result will not be
indispensable for the sequel, but it is useful in order to gain a deeper understanding
of symmetric spaces.

We now start with some constructions that are valid not only for the isometry
group of a symmetric space but more generally for an arbitrary Lie group G with Lie
algebra denoted by g.

Each h € G defines an inner automorphism of G' by conjugation:

Int (h): G — G,
g — hgh™'.

Putting h = 0,, here we obtain s, from §6.3.
g as a Lie algebra in particular is a vector space, and we denote the group of
vector space automorphisms of g by Gl(g).

Definition 6.4.1. The adjoint representation of G is given by

Ad : G — Gl(g),
h+— D.Int (h)

where e € GG is the identity element.
In the notations of §6.3 we thus have
0p = Ad (op). (6.4.1)

Lemma 6.4.1. Ad is a group homomorphism, and for each h € G, Ad h € Gl(g) is
a Lie algebra homomorphism, i.e.

Ad h[X,Y]=[Ad hX, Ad,LhY] for all X,Y € g. (6.4.2)
This result generalizes Lemma 6.3.4.
Proof. That Ad is a group homomorphism follows from
Int (hiho) = Int (hy)Int (k).

That Ad h is a Lie algebra homomorphism follows as in the proof of Lemma 6.3.4. [

Definition 6.4.2. The adjoint representation of g is given by

ad : g — gl(g),
X — (D.Ad)(X),

where gl(g) is the space of linear selfmaps of g.
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Lemma 6.4.2.
(ad X)Y = —[X,Y]. (6.4.3)
Proof.
d X
(ad X)Y = EDC Int (e )Y},—o
2
= 55 Int (') 1=z
=[-X,Y] by Theorem 2.2.4 (ii).
|
Corollary 6.4.1.
(ad X)[Y, 7] = [(ad X)Y, Z] + [V, (ad X)Z].

Proof. From Lemma 6.4.2 and the Jacobi identity (Lemma 2.2.5). |
Corollary 6.4.2.

e X = Ad eX for all X € g.
Proof.

d .

Eead tX|t:O —ad X

=(D.Ad)X
d
T Ad etx\t:Oa

which easily implies the claim. O

Definition 6.4.3. The Killing form of g is the bilinear form
B:gxg—R,
(X,)Y)—tr(ad Xoad Y).
g (and likewise G) is called semisimple if the Killing form of g is nondegenerate.

Lemma 6.4.3. The Killing form B of g is symmetric. B is invariant under
automorphisms of g. In particular

B((Adg)X,(Ad g)Y)=B(X,Y) foradlX,Y €g,9€G. (6.4.4)
Moreover

B((ad X)Y,Z)+ B(Y,(ad X)Z) =0 forall X,Y,Z € g. (6.4.5)
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Proof. The symmetry of B is a direct consequence of the formula
tr (AC) = tr (CA) (6.4.6)

for linear selfmaps of a vector space.
Let now o be an automorphism of g. Then

(ad o X)(Y) = [o(—X),Y] by (6.4.3)
=[o(-X),007'Y]
=o[-X,07 Y]
=(ocoad X oo 1)(Y).
Therefore
tr(ad cXad oY) =tr(cad Xad Yo ') =tr (ad Xad Y)
with (6.4.6), i.c.

B(cX,0Y) = B(X,Y). (6.4.7)
Therefore, B is invariant under automorphisms of g. We now choose
o = Ad (e¥).
Differentiating (6.4.7) w.r.t. ¢ at ¢t = 0 yields (6.4.5). O

We also define
K:={g€G:g(p) =p}
K then is a subgroup of G. For X € ¢, we have !X ¢ K.

We now have two scalar valued products on p. Namely, for Y, Z € p, we may
form (Y (p), Z(p)), where (.,.) denotes the Riemannian metric of M, as well as

B(Y, Z).
We now want to compare these two products.

Lemma 6.4.4. Ad K leaves p and the product (-,-) on p invariant.

Proof. Since for k € K,k(p) = p, for Y € p, Int (k) maps the geodesic exp, tY (p)
through p onto another geodesic through p, and this geodesic is generated by
DkoY(k~Y(p)) = DEY (p).

Therefore, (Ad k)(Y) = Dk o Y (k™) is in p as well (cf. the proof of Theorem
6.3.6). Moreover, for Y, Z € p,
(Y(p), Z(p)) = (Dk oY (p), Dk o Z(p)) since k is an isometry
= (DkoY(k™(p)), Dk o Z(k™(p))) since k' (p) = p
— (Ad Y (p), Ad kZ(p)).
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Corollary 6.4.3. The Killing form B is negative definite on €.

Proof. Let X € ,Y,Z € p. By Lemma 6.4.4

(Ad ()Y (p), Ad () Z(p)) = (Y (p), Z(p))- (6.4.8)
We differentiate (6.4.8) at ¢ = 0 w.r.t. ¢ and obtain
(ad (X)Y(p), Z(p)) + (Y (p), ad (X)Z(p)) = 0. (6.4.9)

By Theorem 6.3.7 or Lemma 6.4.4, ad X yields a linear selfmap of p, and by (6.4.9),
this map is skew symmetric w.r.t. the scalar products (-,-)(p) on p. We choose an
orthonormal basis of p w.r.t. (-,-)(p) and write ad X = (a4j)i j=1,..n s a matrix
w.r.t. this basis. Since ad X is skew symmetric, we have

a;; = —aj; fori,j=1,...,n.

Therefore
n

B(X,X)=trad Xoad X =— Y a},

ij=1

and negative definiteness follows, since for X € € X # 0, also ad X # 0 because
otherwise Ade'™ = id, hence by X € K, De'® would be the identity of T,M, i.e.
eX ie. X =0. O

We now define the following scalar product on g :
for Y, Z € p, (Y, Z)g = (Y(p), Z(p)),
where the scalar product on the right-hand side is the Riemannian metric on T, M;

for X, W e ¢, (X, W)y : = —-B(X,W),
for X € &Y €, (X,Y)g:=0.

Lemma 6.4.5. (-,-)q is positive definite and Ad K -invariant.
Proof. Positive definiteness follows from positive definiteness of the Riemannian

metric on T,M and Corollary 6.4.3. Ad K-invariance follows from Lemmas 6.4.3
and 6.4.4. |

The infinitesimal version of the Ad K-invariance of (-,-)4 is
((ad X)Y, Z)g + (Y,(ad X)Z)g =0 forY,Zeg X et (6.4.10)
For Y € p, we now consider the linear functional

p— R,
X — B(X,Y),
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where B again denotes the Killing form of g. Then there exists Y* € p with
B(XaY) = <X7Y*>g

Since B is symmetric (Lemma 6.4.3), the map

p—p,
Y —Y",
is selfadjoint w.r.t. (-,-). Therefore, there exists an orthonormal basis Y1,...,Y, of
eigenvectors:
Then
B(Y;,Y;) = (Y3, Y)) = A (Y3, Y5)
= (Y5, Y7") = M(Y3, Yj).

Thus, eigenspaces of different eigenvalues are orthogonal not only w.r.t. (-,-)4, but
also w.r.t. B. We write the decomposition of p into eigenspaces as

P=p1D...DPm.
The eigenvalue of p; is denoted by p; (j =1,...,m).

Lemma 6.4.6.
[pi,p;] =0 fori#j. (6.4.11)

If g is semisimple, i.e. B is nondegenerate, then

1 1
()g = =B+ EB"“ +.. 4 M—B‘pm. (6.4.12)
m

Proof. Let Y; € p;,Y; € p;. Then

B(Y, Y[V Vi) = —BU,L V. [V Yl by (64.3), (645)
= —,LLj<Y—i7 [Yjv DG?KH)»

for example by Corollary 6.3.6 and by the symmetries of the curvature tensor.
In the same manner, however, we also obtain
B([Y:, V5], [Y3, Y;]) = —pa(Ys, [Y5, [Y5, Yill), (6.4.13)
and hence, since B is nondegenerate, we must have

Y3, Yj] = 0.
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Namely, by Theorem 6.3.7, [Y;,Y;] € £, and by Corollary 6.4.3, B is negative definite
on £ That the restriction of (-,-) onto € coincides with —Bj; is a consequence of the
definition of (-, -)4. Moreover, for Y, Z € p;

B(Y,Z) = p;{Y. 2),

and p; and p; for i # j are orthogonal w.r.t. (-,-) and B. This implies (6.4.12),
because, since B is nondegenerate, all p; must be # 0. O

Definition 6.4.4. Let g = ¢ @ p be the usual decomposition of the space of Killing
fields of the symmetric space M.
M is called of Fuclidean type, if

[p,p] =0,

i.e. if the restriction of the Killing form vanishes identically on p.

M is called semisimple, if g is semisimple.

M is called of compact (noncompact) type, if it is semisimple and of nonnegative
(nonpositive) sectional curvature.

Corollary 6.4.4. A semisimple symmetric space is of (non)compact type if and only
if B is negative (positive) definite on p.

Proof. Since B is negative definite on p, all y; are < 0, and Corollary 6.4.3 and
(6.4.13) imply
_<Y—i7 [}/}7 [}/JvYK]D > 0’

hence K > 0 by Corollary 6.3.6. If conversely K > 0, B must be negative
definite on p, because otherwise we would contradict (6.4.13), since by Corollary
6.4.3 B([Y;,Y;],[Y;,Y;]) < 0. The case K < 0 is analogous. O

Perspectives. Symmetric spaces were introduced and investigated by E. Cartan. They
form a central class of examples in Riemannian geometry, combining the advantage of a rich
variety of geometric phenomena with the possibility of explicit computations. Moreover,
symmetric spaces can be completely classified in a finite number of series (like S™ =
SO(n+1)/SO(n), hyperbolic space H™ = SO¢(n,1)/SO(n), CP™ = SU(n+1)/S(U(n)xU(1)),
Sl(n,R)/SO(n),Sp(p + q)/Sp(p) x Sp(q), etc.) plus a finite list of exceptional spaces.
Moreover, there exists a duality between the ones of compact and of noncompact type.
For example, the dual companion of the sphere S™ = SO(n + 1)/SO(n) is hyperbolic space
H™ = S0q(n,1)/SO(n). A reference for the theory of symmetric spaces is Helgason[144].
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6.5 The Space Sl(n,R)/SO(n,R)

We now want to consider examples: In fact, we shall specialize the examples of §2.3
to the case where we identify the vector space with R™. ,
Let M™ be the space of (n X n)-matrices over R (M™ ~ R™"),

Gl(n,R) : ={A € M" : det A # 0} (linear group),
Sl(n,R) :={Ae M":det A=1} (special linear group),
SO(n) :=SO(n,R) : = {A € M™: A" = A~ det A= 1} (special orthogonal group).

(Note that A’ is the adjoint A* of A w.r.t. the Euclidean scalar product.)

Obviously, these are Lie groups.

gl(n,R) := M"

when equipped with the Lie bracket
[X,Y] = XY - YX
becomes a Lie algebra, and so do
sl(n,R) :={X € M" : tr X =0},
so(n) :=so(n,R) :={X € M": X' = - X};
these are the Lie algebras of Gl(n,R),Sl(n,R),SO(n,R). As in §2.3, one verifies this
by considering for X € gl(n,R) the exponential series
t2
et ::Id+tX+5X2+... .

We have

det(eX) = e X, (6.5.1)

as is easily seen with the help of the Jordan normal form.
In particular, for all £ € R

™ € Gl(n,R).

By (6.5.1), if X € sl(n,R), then eX € Sl(n,R). Moreover, for X € so(n,R)
() —T1d+ X" + %(Xt)2 L —d-X+ %(X)Q e X ()
ie. eX €S0(n,R).
The series representation of !X also easily implies that the derivative of
gl(n,R) — Gl(n,R),

X X
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at X = 0 is the identity; note in particular that gl(n,R) and Gl(n,R) are of the
same dimension. Therefore, the exponential map X — eX is a diffeomorphism in the
vicinity of X = 0.

The exponential map then also yields a diffeomorphism between neighborhoods
of 0 in sl(n,R) and so(n), resp., and neighborhoods of Id in Sl(n,R) and SO(n), resp.,
because the corresponding spaces again have the same dimension.

From §2.3, we recall that for A, B € Gl(n,R),

Int (A)B = ABA™".

Therefore, for X € gl(n,R)

(AdA)X = %Aet’ffr1 lt=o = AXA™! (6.5.2)
and for Y € gl(n,R) then
62
(adY)X = %esye“e—sy\sztzo =YX - XY =[Y,X]. (6.5.3)

We now let E* € m™ be the matrix with entry 1 at the intersection of the i-th row
and the j-th column and entries 0 otherwise, EY = (e,)k.0=1,....n-
Then with X = (:Ekg), Y = (ykg),

ad X adYEY =

iJ 7 1J 3]
TheYtmCpnp — ThCpp Ymh — Ykt€sy, Tmh + €LpTemYmh A
,h=1,....n

and hence
trad XadY = (EY, ad X ad Y E¥)
= NTijYji — TiiYjj — Yiiljj + NT5iYij (6.5.4)
=2ntr XY —2tr X trY.
If X = A1d (Id = identity matrix), then
ad X =0.

Therefore, gl(n,R) is not semisimple. On s((n,R), however, the Killing form satisfies
by (6.5.4)
B(X,Y) = 2ntr XY. (6.5.5)

Therefore, for X # 0
B(X,X") >0, (6.5.6)

and the Killing form is nondegenerate.
A similar computation applies to so(n) : s0(2) = R is not semisimple. For n > 2,
we choose {%(E” — E7%) 1 i < j} as a basis for so(n). Then

<\/L§(Eij — B, L(BM - E““)> = Sipdje fori<jk <l
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and

V2
= (n — 1)xpeyer + TijYij,

trad X ad Y — <L(E"J' — E), ad X ad Y L(EY - Eﬁ)>

using tr X =trY =0 for X,Y € so(n).
Since X = —X* for X € so(n), we obtain
trad XadY = (n—2)tr X - Y.
In particular, for n > 2 let now B denote the Killing form of so(n), then for X # 0
B(X,X") <0,
and also
B(X,X) < 0.

Thus, the Killing form of so(n) is negative definite for n > 2. Note that the Killing
form of so(n) does not coincide with the restriction of the Killing form of sl(n,R)
onto so(n). In the sequel, we shall employ the latter.

(6.5.5) directly implies that B is Ad (Sl(n,R)) invariant. We now put

G =Sln,R), K =SO(n),
g=sl(n,R), t=so(n), p={Xcsl(nR): X=X}
Then because of X = 1(X — X') + 1(X + X?),
g=tep. (6.5.7)
Moreover, because of (XY — Y X)! = V!Xt — Xty?t
[e,€] C & [p,p] C & [ p] Cp. (6.5.8)

Next, let
M = G/K;

more precisely, M is the space of equivalence classes w.r.t. the following equivalence
relation on G :

g1~ ge:<= dke K:gy=qk.

Thus, M is the space of left cosets of K in G. As K is not a normal subgroup of G, M
is not a group. We want to equip M with a symmetric space structure. G operates
transitively on M by

JdKw— g K forged.
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Let
m:G— M

be the projection.

A subset Q of M is called open if 771(£2) is open in G. Then 7 becomes an open
map.

We want to show that M is a Hausdorff space. The preimage of K under the
continuous map

GxG—aG,
(91,92) — 97 ' 92

is closed since K is closed in G. Thus, if g;7'gs ¢ K, in G x G there exists a
neighborhood of (g1,g2) of the form Ql X Qg which is disjoint from the preimage
of K. If now 1 K # ¢, K, then g;'go ¢ K, and Q; := 7(Q;),i = 1,2, are disjoint
neighborhoods of g1 K and g2 K. Namely, if gK € QZ, there exists k; € K with
gk; € Q;, and if we had gK € Qi N Qy, (gk1,gks) would be mapped to kitks € K,
and €1 x Qy would not be disjoint to the preimage of K. This shows the Hausdorff

property.
In order to construct coordinate charts, we first have to recall the Cauchy polar
decomposition of an invertible matrix.

Lemma 6.5.1. For A € Gl(n,R), there ezist an orthogonal matriz R and a symmetric
positive definite matriz V' with
A=VR,

and this decomposition is unique.

Proof. Since A is invertible,
H:= AA

is symmetric and positive definite. We are going to show that there exists a unique
symmetric, positive definite matrix V with V2 = H. For this purpose, we first observe
that H may be diagonalized by an orthogonal matrix S :

H = S'AS with A = diag (\;), \; > 0 by positive definiteness.
We put

V = Stdiag (v/\i)S.
V then is symmetric, positive definite, and because of S* = S~!, it satisfies

VZ=H.

This shows existence. For uniqueness, we first show that for a symmetric, positive

definite matrix V, each eigenvector of V2 with eigenvalue \ is an eigenvector of V
1

with eigenvalue A\2. Namely, from V2z = Az it follows that

(V +VAI1d)(V — VAId)z = 0,



6.5 The Space Sl(n,R)/SO(n,R) 307

and therefore we must have y := (V — v AId)z = 0, because otherwise y would be an
eigenvector of V with eigenvalue —v/X < 0, contradicting the positive definiteness of
V.
This implies that the relation V2 = H uniquely determines V, because all
eigenvalues and eigenvectors of V' are determined by those of H.
We now put
R=V~'A

Then
RR' =V 'AAV ! = vVl =14,

and R is orthogonal.
This shows the existence of the decomposition. Uniqueness is likewise easy:
If A =VR, with orthogonal R and with symmetric, positive definite V', then

AA' = VRR'V! = V2,
and by the preceding, this uniquely determines V. R then is unique as well. O
Let
P:={A€Sl(n,R): A" = A A pos. def.}.

(Note that P is not a group.)
For X € p, then
eXeP

and the exponential map again yields a diffeomorphism between a neighborhood of
O in p and a neighborhood of Id in p. We now decompose A € Sl(n,R) according to
Lemma 6.5.1

A=VR

with R € O(n),V € P.
Let A be contained in a sufficiently small neighborhood of Id.
There then exist unique

X €so(n),Y ep

with
eX =R, e¥ =V.

This implies the existence of neighborhoods €4 of 0 in p, Q5 of 0 in so(n) for which

Ql X QQ —>G,
(V,X) s e¥eX

is a diffeomorphism onto its image.
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Lemma 6.5.2. G/K is homeomorphic to P. If G/ K is equipped with the differentiable
structure of P,
exp:p — G/K~PV e

becomes a local diffeomorphism between a neighborhood of 0 in p and a neighborhood
of Id- K in G/K.

Proof. We first construct a homeomorphism ® between G/K and P. For gK we write
by Lemma 6.5.1
g=VRwith V € PR € SO(n)

and put
P(g) =V.

This does not depend on the choice of representative of gK. Namely, if gK = ¢'K,
there exists S € SO(n) = K with ¢S = ¢/, hence ¢ = VRS = VR’ with R’ := RS €
SO(n), and ®(g') = V = ®(g). If conversely (g) = ®(¢’) =: V,theng =VR, ¢’ =V S
with R,S € SO(n), hence ¢ = g(R™'S) with R™'S € SO(n), hence gK = ¢'K.
Therefore, @ is bijective. ® is continuous in both directions, because

m:G— G/K
and

m:G — P,
AV,

with A = V'F' (the unique decomposition of Lemma 6.5.1), both are continuous and
open.

Moreover exp(p) C P, and since exp : gl(n,R) — Gl(n,R) is a local diffeomor-
phism, and p and P have the same dimension, exp, is a local diffeomorphism, too,
between a neighborhood of 0 in p and a neighborhood of Id in P. O

By Lemma 6.5.2, G/K becomes a differentiable manifold. We have already
displayed a chart near Id - K. In order to obtain a chart at gK, we simply map a
suitable neighborhood U of gK via ¢g~! onto a neighborhood ¢g~'U of Id - K and use
the preceding chart.

G then operates transitively on G/K by diffeomorphisms,

GxG/K — G/K,
(h,gK) — hgK.

The isotropy group of Id- K is K itself. The isotropy group of ¢K is K ¢!, and this
group is conjugate to K.

We want to construct Riemannian metrics on G on G/K w.r.t. which G operates
isometrically on G/K.
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For this purpose, we use the Killing form B of sl(n,R) and the decomposition
g=sl(n,R) =& p (with € = so(n)). We put

B(X,Y) for X,Y €p,
(X,Y)g =14 —B(X,Y) for X,Y €&,
0 for X € p,Y € ¢ or vice versa.

By (6.5.5), (-,-)g is positive definite.
For abbreviation, we put

e:=1d (identity matrix)

and we identify g with T.G. For each g € GG, we then also obtain a metric on T;G by
requesting that the left translation

Ly,:G— G,
h +— gh

is an isometry between T.G and T,G (dL, : T.G — T,G). We also obtain a metric on
G/K : restricting (-, )4 to p, we get a metric on To g G/K ~ p; the metric on Ty G/ K
then is produced by

L,:G/K — G/K,
hK — ghK

by requesting again that those maps are isometries.
The metric is well defined; namely, if

gK =¢'K,

then
g =gk with k€K,

hence f/g/ = Eg o Ek. ik now maps eK onto itself, and dik :T.xkG/K — T.xkG/K
is an isometry, since for V. € P, LV = kV = (kVk Yk = ((Intk)V)k, hence
dLi(X) = (Ad,k)X for X € p ~ T.xG/K, and Adk is an isometry of p because
it leaves the Killing form invariant. Therefore, the metric on G/K is indeed well
defined. By definition, G then operates isometrically on G/ K.

We want to define involutions on G/K so as to turn G/K into a symmetric
space.
We first have an involution

oe: G— G,
h — (hfl)t
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with
doc:g—g,
X — =Xt
hence
dO’e‘g = iddae‘p = 7id,0'e|K =id.

For g € GG, we then obtain an involution

04:G—=G

by
ogh = LgUG(Lgflh) = 9((971h)71)t = ggt(hil)t-
‘We have
ao(h) = gg' (((gg" (W"))™H)") = h,
hence
02 =id

and

ag(9) =g

Since ok = id, 0. induces an involution
o : G/IK — G/K

with e (eK) = eK,doek : Tex G/ K — TexG/K, do.x = —id. Since G operates
transitively on G/K, at each gK € G/K, we then also obtain an involution o¢x =
Z/g 0 0¢K © Zzg—l.

We have thus shown

Theorem 6.5.1. G/K carries a symmetric space structure. O

The group of orientation preserving isometries of G/K is G itself. Namely, that
group cannot be larger than G, because any such isometry is already determined by
its value and its derivative at one point, and G operates transitively on M = G/K,
and so does K on T, x M, and hence G already generates all such isometries. We want
to establish the connection with the theory developed in §6.3 and §6.4. We first want
to compare the exponential map on sl(n,R) and the induced map on G/K with the
Riemannian exponential map. Let a one-parameter subgroup of G be given, i.e. a
Lie group homomorphism

v:R—G.

Thus ¢(s +t) = p(s) o ©(t), hence
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hence

de dy
= (O = 2 (0)p(t)-

As usual, this implies
p(t) = e EO.

Thus, the exponential map generates all one-parameter subgroups of G.
If ¢ is a geodesic in G/K with ¢(0) = eK =: p, the translations 7 along ¢ yield
a one-parameter subgroup of GG, hence

exp, t¢(0) = c(t) = 7¢(p) = e (p) for some X T, xG/K = p. (6.5.9)

Here, on the left, we have the Riemannian exponential map, whereas on the right, we
have the one of G. Since the derivative of the Lie group exponential map at 0 is the
identity, we obtain X = ¢(0), and the two exponential maps coincide. In particular,
the Lie group exponential map, when applied to the straight lines through the origin
in p, generates the geodesics of G/ K.

We also obtain a map ¢ from the Lie algebra sl(n,R) of Sl(n,R) into the Lie
algebra of Killing fields of G/K. For X € sl(n,R) we put

Y(X)(q) = %getx (P)jp=0  for ¢ =g(p)

d

ELgetX () t=0-

Now

P(XY)(q) = dgXY (p)

82 tX sY
= atasge € (p)\t:s:O

= %w(y)(getx (P))jt=0
= p(Y)P(X)(q),

hence
V(X Y]) = [(Y), »(X)] = —[(X),»(Y)].

We thus obtain an antihomomorphism of Lie algebras. This explains the difference
in sign between (6.4.3) and (6.5.3).

Corollary 6.5.1. Sl(n,R)/SO(n) is a symmetric space of noncompact type. The
sectional curvature of the plane spanned by the orthonormal vectors Y1,Ys € p is
given by

K = B([Y2, Y], [Y2,11]) = —||[V1, 2]l < 0.
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Proof. As observed above (6.5.5), the Killing form is nondegenerate, and the
symmetric space is semisimple. By Corollary 6.3.6 the sectional curvature of the
plane spanned by Y7, Ys € p satisfies
K = _<[[Y17Y2]7)/2]7Y1>
= —B([[Y1,Y2], Ya], Y1)
7B(D/27 [YQ; Yl]]7 Yl)
= B([YZ,Yl],[Y27Y1])7

(6.5.10)

because the Killing form is Ad G invariant.
This expression is < 0, because by [p,p] C & [Y2,Y1] € € and B is negative
definite on &. O

Definition 6.5.1. A subalgebra a of g is called abelian if [A1, As] = 0 for all A;, Ay €
a.

‘We want to find the maximal abelian subspaces of p. Let a be an abelian subspace
of p, i.e. an abelian subalgebra of g that is contained in p. Thus

A1A2 — A2A1 =0 for all Al,AQ ca.

The elements of a therefore constitute a commuting family of symmetric (n X n)
matrices. Hence, they can be diagonalized simultaneously. Thus, there exists an
orthonormal basis v, ..., v, of R consisting of common eigenvectors of the elements
of a. We write our matrices w.r.t. an orthonormal basis eq,...,e, of R™ and we
choose S € SO(n) with

S(v;) =+e; fori=1,...,n.

SaS~! then is an abelian subspace of p with eigenvectors ey, . .. , e,. Thus, all elements
of SaS~! are diagonal matrices (with trace 0 since they are contained in p). This
implies that the space of diagonal matrices of trace 0 is a maximal abelian subspace
of p. Furthermore, it follows that each maximal abelian subspace is conjugate to
this one, w.r.t. an element from K = SO(n). Therefore, any two maximal abelian
subspaces of p are conjugate to each other.

Let now a be an abelian subspace of p. We put

A:=expa,
where exp, as usual, is the exponential map g — G. A then is a Lie subgroup of G.
For ¢g1,92 € A, we have

9192 = 9291,
because for any two commuting elements X,Y € g

XHY XY oY X

as is easily seen from the exponential series. Thus, A is an abelian Lie group.
On the other hand, because of a C p, A also is a subspace of M = G/K.
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Lemma 6.5.3. A is totally geodesic in M and flat, i.e. its curvature vanishes.

Proof. Let Y € a. By definition of A, the geodesic etY is contained in A. A is thus
totally geodesic at the point eK := P in the sense that any geodesic of M through
p and tangential to A at p is entirely contained in A. A operates transitively and
isometrically on itself by left translations. Let now g € A. There then exists a € A
with ap = ¢. Since a as element of GG is an isometry, it maps the geodesics of A
and those of M through p onto geodesics through ¢. This implies that A is totally
geodesic at ¢ as well, hence everywhere. The curvature formula (6.5.10) implies that
A is flat. O

Let conversely N be a flat subspace of M. Since the Killing form of ¢ is negative
definite, the curvature formula (6.5.10) implies [Y7,Y5] = 0 for all Y1,Y5 € T, N. Thus,
T,N is an abelian subspace of p.

We conclude

Corollary 6.5.2. The maximal flat subspaces of M through p = eK, i.e. those
not contained in any larger flat subspace of M, bijectively correspond to the mazximal
abelian subspaces of p. O

The assertions of Lemma 6.5.3 and Corollary 6.5.2 are valid for all symmetric
spaces.

Definition 6.5.2. The rank of a symmetric space M is the dimension of a maximal
flat subspace.

Thus, the rank is the dimension of a maximal abelian subalgebra of g contained
in p. As remarked above, any two such subalgebras are conjugate to each other.
Likewise, because G operates transitively on M, the dimension of a maximal flat
subspace through any given point of M is the same.

Corollary 6.5.3.
Rank (Sl(n,R)/SO(n)) =n — 1.

Proof. As observed above, a maximal abelian subalgebra of g contained in p consists of
the space of diagonal matrices with vanishing trace, and the latter space has dimension
n—1. O

Corollary 6.5.4. A symmetric space M of noncompact type has rank 1 if and only
if its sectional curvature is negative.

Proof. The rank is 1 if for two linearly independent Yi, Yo € T,M, we have
[Y1,Y2] # 0. Since B is negative definite on ¢ and [Y1,Y3] € ¢ for Y3, Y2 € T,M
(identified with p), (6.5.10) yields the claim. |
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Lemma 6.5.4. For X € ¢, ad X : g — g is skew symmetric w.r.t. (-,-)q, and for
X €y, it is symmetric.
Proof. Let X € £,Y,Z € ¢. Then (ad X)Y = [X,Y] € ¢, hence

(X, Y], 2)g =

-B([X,Y],2)
= B(Y,[X,Z])
~(V,[X.Z])g by (645).
For X € ¢,Y € p,Z € ¢, we have [X,Y] € p,[X, Z] € ¢, hence
<[X7Y]aZ>9 =0= <}/v [sz]>9
For X € 8,Y,Z € p, we have [X,Y] € p,[X, Z] € p and

((X.Y],Z)s = B(X,Y],2)
— —B(Y,[X,Z])
—(V,[X,Z))y by (6.4.5).

Altogether, this implies that ad X is skew symmetric for X € ¢. Let now X € p,
Y,Z € t. Then [X,Y] € p,[X, Z] € p, hence

(X, Y], Z)g = 0= (Y, [X, Z])g.
For X € p,Y € ¢,Z € p, we have [X,Y] € p,[X, Z] € &, hence

<[X5Y]7Z>g = B([X,Y],Z)
= —B(Y,[X,Z]) by (6.45)
<Ya [Xa Z]>B

Finally for X € p,Y, Z € p, we have [X,Y] € ¢, [X, Z] € &, hence
(X, Y], Z)g = 0=(V,[X, Z])q.

Altogether, this implies that ad X is skew symmetric for X € p. O
Lemma 6.5.5. If X, Y € g commute, i.e. [X,Y] =0, then so do ad X and adY.

Proof.

adXadYZ = [X,]V,Z]]
by the Jacobi identity,

_[Yv [ZvX]] - [Zv [Xv Y]]
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because [X,Y] = 0,

Y, [X, Z]]
adY ad X Z.

a

Let now a be a fixed maximal abelian subspace of p. By Lemmas 6.5.4 and 6.5.5,
for X € a, the maps ad X : g — g are symmetric w.r.t. (-,-)g and commute with each
other. Therefore, g can be decomposed as a sum orthogonal w.r.t. (-,-)g of common
eigenvectors of the ad X, X € a:

9=00® Y ga-

aEA

Definition 6.5.3. A is called the set of roots, and the o € A are called the roots of
g w.r.t. a.

We have
[X,Y] = (ad X)Y = a(X)Y for X € a,Y € g,. (6.5.11)

Thus a(X) is the eigenvalue of ad X on g, with 0(X) := 0 for all X. Since a is
abelian, of course
a C go-

Moreover, o : a — R is linear for all a € A, since

ad (X +Y)=ad X +ady,
ad (uX) = pad X,

for X,Y €a,peR.

‘We now recall the involution
o.:G— G, o.(h) = (b1,

and
0:=do.:g— g, 0(X)=—-X",

which is also called the Cartan involution, and the decomposition
g=top,

£ being the eigenspace of 6 with eigenvalue 1, p the one with eigenvalue —1, is called
the Cartan decomposition. We thus may write

(X,Y)y = —B(X,0Y). (6.5.12)

In the same manner as e does, any element g of G, hence also any element gK of G/K
induces a Cartan decomposition g = ¢ @ p’ with ¢ = Ad (g)¢ etc. (cf. also §6.3).
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Lemma 6.5.6.
(i) [80:88] C Batp for a+ B €A, [ga,85] =0 for a+ 3 ¢ A.
(ii) a € A <= —a €A, and for each o € A, 0 : go — g—_q 1S an isomorphism.
(iii) 6 leaves go invariant, go = go N €+ a.
(iv) For X € a,Y € go, Ad (e"X)Y = ety

(v) For a # =B, B(ga35) = 0.

Proof. LetY € go,Z € g3, X € a. Then

(ad X)[Y, Z] = [X, [V, Z]]
because of the Jacobi identity,

= -, [2,X]] - [Z,[X,Y]]
=B, Z] + a(X)[Y, Z]
= (e +A)(X)Y, Z].

This implies (i).
Next

[X,0Y] = [X,-Y"]
by X = X!, since X € a C p,

— X%
= [xXY]
= a(X)Y"!
= —a(X)0Y,

hence Y € g_,. This proves (ii), and the first part of (iii), too, hence also gg =

(90 NE) + (g0 Np).

Since a is maximal abelian in p and commutes with all elements of g, it follows
that go N'p = a which is the remaining part of (iii).

Next

a .- tn n
Ad(eX) =X =Td+ ) —(ad X)
n=1

which implies (iv).
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Finally, (v) follows from

0= (8a,98)q for ar # [
= —B(ga,0(g3)) by (6.5.11)
= —B(ga,9-5) by (ii).

|

We now want to determine the root space decomposition of g = sl(n,R). For
that purpose, let E% be as above, and

H':=p" - pthitt s =1 n-1
{E(i # j) and H*(k = 1,...,n—1)} then constitute a basis of g. Let a be the space
of diagonal matrices with vanishing trace, i.e. a maximal abelian subspace of p.
For X = diag (A\1,..., ) = > iy MiE*, we have
(ad X)EY = (\; — \j)EY,  for i # j,
(ad X)H' =0, fori=1,...,n—1, since H € a.
We thus obtain n(n — 1) nonzero roots «;(i # j) with

aij(X) =N = A (X =diag(Ar,..., ).

The corresponding root spaces g,,; are spanned by the E%. gg is spanned by H',
..., H™ 1 in particular

go = a.
Definition 6.5.4. A maximal flat abelian subspace of G/ K is called a flat. A geodesic
in G/K is called regular if contained in one flat only; otherwise it is called singular.
Tangent vectors of regular (singular) geodesics are called regular (singular).

Lemma 6.5.7. X € a is singular iff there exists Y € g\go with [X,Y] =0, i.e. if
there exists o € A with a(X) = 0.

Proof. Let X be singular. Then X is contained in another maximal abelian subspace
a’ of p besides a. Therefore, there exists Y € o/, Y ¢ a. Because of X,Y € o',
[X,Y] = 0.

Since go Np = a (Lemma 6.5.6 (ii)), Y ¢ go. (6.5.11) implies o(X) = 0 for at least
one a € A.
Let now a(X) =0 for such a a« € A. Let Y € g,,Y # 0. Then

[X,Y] = a(X)Y =0. (6.5.13)

We decompose
Y=Y +Y, withYeetY,e€p. (6.5.14)



318 Chapter 6 Symmetric Spaces and Kéhler Manifolds

For A € a, we have because of Y € g,
[A,Y] = a(A)Y, (6.5.15)
and because of [¢,p] C p,[p,p] C ¢, (6.5.14), (6.5.15) imply
[4, Y] = a(A)Y,, (6.5.16)
[A4,Y,] = a(A)Ye. (6.5.17)

If we had Y, = 0, then by (6.5.16) also Y = 0, since o does not vanish on a, hence
Y = 0. Likewise, Yy cannot vanish. By (6.5.17), Y}, thus is contained in p\a. Since
(6.5.13) — (6.5.17) imply

(X, Y] =0,

X and Y}, are contained in some abelian, hence also in some maximal abelian subspace
of p different from a. Thus, X is singular. O

By Lemma 6.5.7, the singular elements of a constitute the set
Osing ={X €a:Ja e A: o(X) =0}
Asing thus is the union of finitely many so-called singular hyperplanes
{X€a:a(X)=0} foraeA.
Likewise, the set of regular elements of a is
teg ={X €a:VaeA: a(X) #0}.

The singular hyperplanes partition a,cs into finitely many components which are
called Weyl chambers.
For g = sl(n,R),a = {diag (A1, ..., A\n), > 1y A\; = 0}, we have

n

Quing = {diag (A1,..., X)) 1T £ G A=A, ) N =0},

i=1

the space of those diagonal matrices whose entries are not all distinct. This follows
from the fact that the roots are given by

Ocij(diag ()\1, e 7>\n)) = )\1 — )\j

as computed above.
One of the Weyl chambers then is

at = {diag(/\l,...,)\n):)\l >N > ... >>\n72/\j :O}

We call
At ={a€A:VAca:a(Ad) >0}
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the space of positive roots (this obviously depends on the choice of a™). In our case,
AT = {aij ) <]}

Aj = {ai12,023,...,an_1,} C AT then is a fundamental system of positive roots,
meaning that each o € A* can be written as

n—1
a = E SiQ 41
i=1

with some s; € N. For abbreviation, we put o := a; 41,2 =1,...,n — 1.
The sets

{Aca:a;(A)>0forv=1,...,r,0;,(A)=0forv=r+1,...,n—1},

where {i1,...,in—1} = {1,...,n—1}, then are the r’-dimensional “walls” of the Weyl
chamber a™. The relation “is contained in the closure of” then defines an incidence
relation on the space of all Weyl chambers and all Weyl chamber walls of all maximal
abelian subspaces of p. This set with this incidence relation is an example of a so-
called Tits building. Via the exponential map, we obtain a corresponding incidence
structure on the set of all flats and all images of Weyl chamber walls through each
given point of G/K.

We next introduce the Iwasawa decomposition of an element of Sl(n,R) = G.
Let, as before,

K =S0(n),

and moreover
n
A= {diag()\l,...,/\n) : A >0fori= 1,...,n,H)\i = 1},
i=1
N = {upper triangular matrices with entries 1 on the diagonal}.

Theorem 6.5.2 (Iwasawa Decomposition). We have
G = KAN.
More precisely, for each g € G there exist unique k € K,a € A,n € N with
g = kan.
We first prove

Lemma 6.5.8. For each g € Gl(n,R), there exists a unique h € O(n) with

(hg)i; =0 for i < 4,
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Proof. We denote the columns of g by vy,...,v,. The rows r1,...,7r, of h € O(n)
satisfying the assertions of the lemma must satisfy

(i) r1,...,r, is an orthonormal basis of R™ (since h € O(n)).
(ii) rj-v; =0 for ¢ < j. (“” here denotes the Euclidean scalar product).
(iii) r;-v; > 0 for all j.

Conversely, if these three relations are satisfied, h has the desired properties.
We first determine r,, by the conditions

Tn Tn=1r, v,>0r, - v;,=0 fori=1,...,n— 1.

Since the columns of g, i.e. the v;, are linearly independent, there indeed exists such
an r,. Assume now that we have iteratively determined r;,r;jq1,...,7,. Let W; be
the subspace of R™ spanned by v,...,vj_2,7j,...,7,. W; then has codimension 1
because of the properties of the vectors r;,...,7,. Then r;_; has to be orthogonal to
W; and satisfies rj_; - vj—1 > 0 and rj_; - rj—; = 1. There exists a unique such r;_;.
Iteratively, we obtain rq,...,7,, hence h. O

Proof of Theorem 6.5.2. By Lemma 6.5.8, there exist k € SO(n), namely k = h~!
from Lemma 6.5.8 (for g € Sl(n,R), we get h € SO(n)) and an upper triangular
matrix m = (m;;) with positive diagonal entries with

g =km.

We put A; :=myi, i = 1,n4; = %mij for i # j, a = diag (M1,...,A\n), n = (ny;) and
obtain
g = km = kan.

The uniqueness of this decomposition is implied by the uniqueness statement of
Lemma 6.5.8. O

6.6 Symmetric Spaces of Noncompact Type as
Examples of Nonpositively Curved Riemannian

Manifolds

We continue to study the symmetric space M = Sl(n,R)/SO(n). It is complete
(Corollary 6.3.1), nonpositively curved (Corollary 6.5.1), and simply connected (this
follows from Lemma 6.5.2 since P is simply connected). Thus, the constructions at
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the end of §5.8 may be applied to M. (Actually, what follows will be valid for any
symmetric space of noncompact type.) We continue to use the notations of §6.5, e.g.
G = Sl(n,R), K =S0(n).
For x € M(oc0), let
Gy ={9g€G:g9x =2z}

be the isotropy group of x. G, then is a subgroup of G. Let g, be the corresponding
sub Lie algebra of g.

Theorem 6.6.1. Let x € M(o0), p € M, g = ¢ @ p be the Cartan decomposition
w.r.t. p. Let X be the element of p =2 T, M with

Cpa(t) = eXp) (= exp, tX).
Let a be a mazximal abelian subspace of p with X € a, and let
g=0go+ Y fa
a€EA
be the root space decomposition of g determined by a. Then
ge =00+ Y 0o (6.6.1)

a(X)>0

Corollary 6.6.1. Let By, By be Weyl chambers or Weyl chamber walls with By C Bs.
Let X1 € By, Xs € By || X1]| = || X2l = 1, z1,22 € M(00) be the classes of asymptotic
geodesic rays determined by X1 and Xo, resp. Then

Gy C G, (6.6.2)

Conversely, Gy, C G, implies B; C Bs.

Proof. B; and B are contained in a common maximal abelian subspace a of p. Let
A be the set of roots of the root space decomposition of g determined by a. Each
« € A which is nonnegative on By then is nonnegative on Bj, too. Theorem 6.6.1
then implies the claim. O

By Corollary 6.6.1, the geometric relation By C By defining the incidence
relation for the Tits building may be replaced by the algebraic relation (6.6.2) between
subgroups of G.

Proof of Theorem 6.6.1. For abbreviation, we put
c(t) = cpe(t).
Let Y € g. We decompose

Y =Yg+ Y Yo with Y€ go,Va € ga
acA
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and put
Y(t):=Ad(e )Y =Yy + Y e My, (6.6.3)
acN

by Lemma 6.5.6 (iv).

Then for all s, € R

d(e*Y e(t), c(t) = d(e™ e (p), e (p))

=d(e eV !X (p),p) since !X is an isometry of M

= d(Ad (e7%)e™ (p).p)

= d(e”™ D (p),p). (6.6.4)
Let now

Y ego+ Z Jo-
a(X)>0

We put

Y =Y, + Z Y,.
a(X)=0

(6.6.3), (6.6.4) imply for each s

lim d*(e™ e(t), (1)) = (e (), p).

t—o00

Since by Theorem 5.8.2, d?(e*Y ¢(t), c(t)) is convex in t, it has to be bounded for ¢ > 0.
Hence e*Y ¢ is asymptotic to ¢, hence

eV e G, forall s,

hence
Y €g,.

Let conversely Y € g,. We write Y = Y; + Y5 with Y7 := Yy + ZQ(X)ZO Y,,Ys =
Za(X)<O Y,. By what we have just proved, we obtain

Yl S 9z,
hence also

Yng—Ylegm.

Therefore, for any fixed s,
d* (e c(t), c(t))

is bounded for ¢ > 0. On the other hand (6.6.3), (6.6.4) imply

tli{noo d?(e*Ye(t), e(t)) = 0.
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Since this function is convex by Theorem 5.8.2, it then vanishes identically. We obtain
e*Y2c(t) = c(t)

hence in particular

e2p =p,

hence Y5 € £ Therefore, letting 6, denote the Cartan involution at p,

Yo=0,Y2) €0, [ D ga| since b, =idp
a(X)<0

= Z Jo by Lemma 6.5.6 (ii).

a(X)>0

By definition of Y5, this implies dim Y5 = 0, hence

Y=Yi€g+ D, g
a(X)>0

Remark. The isotropy groups of any two points p,q € M are conjugate. If ¢ = gp,
then
G, = gGpg~t.

(The isotropy group of p € M is by definition G, = {g € G : gp = p}.)

The isotropy groups of points in M (co), however, are not necessarily conjugate
as one sees from Theorem 6.6.1. However, there are only finitely many conjugacy
classes.

FExample. Let
X =diag (A1,...,A\n)

and let x be the element in M (cc0) determined by X.
Then

0z = {A = (aij)ij=1,...n € 58l(n,R) with a;; =0 for \; < A;}.

For example, if
AL > > A,

then g, is the space of upper triangular matrices.

Perspectives. For a differential geometric treatment of symmetric spaces of noncompact
type, our sources and references are [13,84,85].
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Let G/K be a symmetric space of noncompact type. A discrete subgroup I' of G is
called a lattice if the quotient I'\G/K has finite volume in the induced locally symmetric
metric. Here, I' operates on G/K by isometries since the whole group G does. I" may have
fixed points so that the quotient need not be a manifold. Any such I', however, always
contains a subgroup IV of finite index which is torsion free, i.e. operates without fixed points
(i.e. there do not exist v € I,y # id, and z € G/K with vz = z), and the quotient I'\G/K
then is a manifold and a finite covering of I'\G/ K. Therefore, one may usually assume w.l.o.g.
that I itself has no fixed points, and we are hence going to do this for simplicity of discussion.
A lattice T is called uniform or cocompact if the quotient is compact, nonuniform otherwise.

We now discuss the rigidity of such lattices.

For G = SI(2,R) ~ SO¢(2,1) and K = SO(2), there exist continuous families of
compact quotients, namely Riemann surfaces of a given genus p > 2. Thus, no rigidity result
holds in this case. This, however, is a singular phenomenon.

The first rigidity result was obtained by Calabi and Vesentini[46] who showed that
compact quotients of any irreducible Hermitian symmetric space of noncompact type other
than SI(2,R)/SO(2) are infinitesimally, hence locally, rigid. They showed that the relevant
cohomology group rising from the theory of Kodaira and Spencer vanishes in all these cases.
Their result means that there do not exist nontrivial continuous families of uniform lattices
in G/K other than S1(2,R)/SO(2).

Mostow[227] showed strong rigidity of compact quotients of irreducible symmetric
spaces of noncompact type. This means that any two such lattices I', I’ which are isomorphic
as abstract groups are lattices in the same G and isomorphic as subgroups of G. Geometrically
this means that the quotients I'\G/K and I'"\G/K are isometric. (Here, as always, they
carry the Riemannian metric induced from the symmetric metric on G/K.)

Margulis[209] then showed superrigidity if rank (G/K) > 2. This essentially means
that any homomorphism p : I' — H (T" as above) extends to a homomorphism G — H, if
H, like G, is a simple noncompact algebraic group (defined over R) and if p(I") is Zariski
dense, or that p(T") is contained in a compact subgroup of H, if H is an algebraic subgroup of
some Sl(n,Q,). Here, Q, stands for the p-adic numbers. More generally and precisely, if G
is a semisimple Lie group without compact factors with maximal compact subgroup K, rank
(G/K) > 2,if I is an irreducible lattice in G (irreducibility means that no finite cover of the
quotient I'\G/K is a nontrivial product; this condition is nontrivial only in the case where
G/K itself is not irreducible, i.e. a nontrivial product), and if H is a reductive algebraic
group over R, C, or some @, then any homomorphism p : I' — H with Zariski dense image
(this means that p(T") is not contained in a proper algebraic subgroup of H) factors through
a homomorphism,

I — GxL
o

p
H

where L is a compact group. The results of Margulis and their proofs can be found in [317].
Important generalizations are given in [210]. Margulis also showed that superrigidity implies
arithmeticity of a lattice I'. This means that I' is obtained from the prototype Sl(n,R)
by certain finite algebraic operations, namely taking the intersection of Sl(n,Z) with Lie
subgroups of Sl(n,R), applying surjective homomorphisms between Lie groups with compact
kernels, passing to sublattices of finite index or taking finite extensions of lattices.
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In the Perspectives on §8.7, we shall discuss how harmonic maps can be used to prove
superrigidity.

Exercises for Chapter 6

1. Show that real projective space RP" (cf. Exercise 3 of Chapter 1) can be
obtained as the space of all (real) lines in R"*!. Show that RP! is diffeomorphic
to S*. Compute the cohomology of RP". Show that RP" carries the structure
of a symmetric space.

2. Similarly, define and discuss quaternionic projective space HP™ as the space of
all quaternionic lines in quaternionic space H"*!. In particular, show that it is
a symmetric space.

3. Determine all Killing fields on S™.
4. Determine the Killing forms of the groups Sl(n,C), Sp(n,R),SU(n), U(n).

5. Discuss the geometry of S™ by viewing it as the symmetric space
SO(n+1)/SO(n).

6. Show that CP" = SU(n + 1)/S(U(1) x U(n)). Compute the rank of CP™ as a

symmetric space.

7. Determine the closed geodesics and compute the injectivity radius of the
symmetric space RP" (cf. Exercise 1).






Chapter 7

Morse Theory and Floer
Homology

7.1 Preliminaries: Aims of Morse Theory

Let X be a complete Riemannian manifold, not necessarily of finite dimension.! We
shall consider a smooth function f on X, i.e. f € C°(X,R) (actually f € C3(X,R)
usually suffices). The essential feature of the theory of Morse and its generalizations
is the relationship between the structure of the critical set of f,

C(f)={zre X :df(x) =0}

(and the space of trajectories for the gradient flow of f) and the topology of X.

‘While some such relations can already be deduced for continuous, not necessarily
smooth functions, certain deeper structures and more complete results only emerge if
additional conditions are imposed onto f besides smoothness. Morse theory already
yields very interesting results for functions on finite dimensional, compact Riemannian
manifolds. However, it also applies in many infinite dimensional situations. For
example, it can be used to show the existence of closed geodesics on compact
Riemannian manifolds M by applying it to the energy functional on the space X
of curves of Sobolev class H%? in M, as we shall see in §7.11 below.

Let us first informally discuss the main features and concepts of the theory with
some simple examples. We consider a compact Riemannian manifold X diffeomorphic
to the 2-sphere S2, and we study smooth functions on X; more specifically let us look
at two functions f1, fo whose level set graphs are exhibited in the following figure,

n this textbook, we do not systematically discuss infinite dimensional Riemannian manifolds.
The essential point is that they are modeled on Hilbert instead of Euclidean spaces. At certain places,
the constructions require a little more care than in the finite dimensional case, because compactness
arguments are no longer available.

J. Jost, Riemannian Geometry and Geometric Analysis, Universitext,
DOI 10.1007/978-3-642-21298-7_8, (© Springer-Verlag Berlin Heidelberg 2011
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Figure 7.1.1:

with the vertical axis describing the value of the functions. The idea of Morse theory
is to extract information about the global topology of X from the critical points of
f, i.e. those p € X with

df (p) = 0.

Clearly, their number is not invariant; for f1, we have two critical points, for f,, four,
as indicated in the figure. In order to describe the local geometry of the function
more closely in the vicinity of a critical point, we assign a so-called Morse index p(p)
to each critical point p as the number of linearly independent directions on which the
second derivative d? f(p) is negative definite (this requires the assumption that that
second derivative is nondegenerate, i.e. does not have the eigenvalue 0, at all critical
points; if this assumption is satisfied we speak of a Morse function). Equivalently, this
is the dimension of the unstable manifold W*"(p). That unstable manifold is defined
as follows: We look at the negative gradient flow of f, i.e. we consider the solutions
of

x:R— M,
z(t) = —grad f(z(t)) for all t € R.

It is at this point that the Riemannian metric of X enters, namely by defining the
gradient of f as the vector field dual to the 1-form df. The flow lines z(t) are curves
of steepest descent for f. For ¢ — +oo, each flow line z(t) converges to some critical
points p = £(—00),q = z(c0) of f, recalling that in our examples we are working on
a compact manifold. The unstable manifold W*(p) of a critical point p then simply
consists of all flow lines z(t) with z(—o0) = p, i.e. of those flow lines that emanate
from p.

In our examples, we have for the Morse indices of the critical points of f;

pp (1) =2, g (p2) =0,
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Figure 7.1.2:

and for fo

Nf2(p1) =2, Hfa (pQ) =2, Hfa (p3) =1, Ko (p4) =0,

as fi has a maximum point p; and a minimum p, as its only critical points whereas
f2 has two local maxima p1, po, a saddle point p3, and a minimum p,. As we see from
the examples, the unstable manifold W*(p) is topologically a cell (i.e. homeomorphic
to an open ball) of dimension u(p), and the manifold X is the union of the unstable
manifolds of the critical points of the function. Thus, we get a decomposition of X
into cells. In order to see the local effects of critical points, we can intersect W*(p)
with a small ball around p and contract the boundary of that intersection to a point.

i P S P P
SN 2 BN N
Figure 7.1.3:

We then obtain a pointed sphere (S#(), pt.) of dimension x(p). These local construc-
tions already yield an important topological invariant, namely the Euler characteristic
X(X), as the alternating sum of these dimensions,

X(X) = > (—=1)"® p(p).

p critical point of f
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We are introducing the signs (71)“(1’) here in order to get some cancellations between
the contributions from the individual critical points. This issue is handled in more
generality by the introduction of the boundary operator 9. From the point of view
explored by Floer, we consider pairs (p,q) of critical points with u(q) = u(p) — 1, i.e.
of index difference 1. We then count the number of trajectories from p to ¢ modulo 2
(or, more generally, with associated signs as will be discussed later in this chapter):

Op = Z (#{flow lines from p to ¢} mod 2)q.
q crit. pt. of f
m(@)=p(p)—1

In this way, we get an operator from C,(f,Zs), the vector space over Zy generated
by the critical points of f, to itself. The important point then is to show that

000 =0.
On this basis, one can define the homology groups
Hi(X, f,Zs) = kernel of 0 on Ci(f,Zs)/image of 0 from Cj11(f,Z2),

where Cj(f,Z2) is generated by the critical points of Morse index k. (Because of the
relation 0 o @ = 0, the image of 0 from Cy11(f,Z2) is always contained in the kernel
of 9 on Ck(f,Z2).) We return to our examples: In the figure, we now only indicate
flow lines between critical points of index difference 1.

Al P g P P2

P2 Py
Figure 7.1.4:

For f1, there are no pairs of critical points of index difference 1 at all. Denoting the
restriction of 9 to Ci(f,Z2) by 9k, we then have

ker[b = {pl},
kerao = {p0}7
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while 0y is the trivial operator as C1(f1,Z2) is 0. All images are likewise trivial, and
SO

Hy (X, f1,Z2) = Za,

Hl(X7 fleZ) = 07

Hy(X, f1,Z2) = Zs.

Putting
by, == dimy, H,(X, f,Z2) (Betti numbers),

in particular we recover the Euler characteristic as

X(X) =) (=1)b;.

J
Let us now look at fo. Here we have

Oop1 = Oapz = p3, hence da(p1 + p2) = 2p3 =0,
O1ps = 2p4 =0 (since we are computing mod 2),

dopsa = 0.
Thus

Hy (X, f2,79) = ker Oy = Zo,
Hy (X, fo,Z5) = ker 91 /image 05 = 0,
Ho(X, fg,Zg) = ker@o/image 81 = ZQ.

Thus, the homology groups, and therefore also the Betti numbers are the same
for either function. This is the basic fact of Morse theory, and we also see that this
equality arises from cancellations between critical points achieved by the boundary
operator.

This will be made more rigorous in §§7.3 — 7.10.

As already mentioned, there is one other aspect to Morse theory, namely that it
is not restricted to finite dimensional manifolds. While some of the considerations in
this chapter will apply in a general setting, here we can only present an application
that does not need elaborate features of Morse theory but only an existence result
for unstable critical points in an infinite dimensional setting. This will be prepared
in §7.2 and carried out in §7.11.
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7.2 Compactness: The Palais—Smale Condition and
the Existence of Saddle Points

On a compact manifold, any continuous function assumes its minimum. It may have
more than one local minimum, however. If a differentiable function on a compact
manifold has two local minima, then it also has another critical point which is not a
strict local minimum. These rather elementary results, however, in general cease to
hold on noncompact spaces, for example infinite dimensional ones. The attempt to
isolate conditions that permit an extension of these results to general, not necessarily
compact situations is the starting point of the modern calculus of variations. For the
existence of a minimum, one usually imposes certain generalized convexity conditions
while for the existence of other critical points, one needs the so-called Palais—Smale
condition (PS).

Definition 7.2.1. f € C'(X,R) satisfies condition (PS) if every sequence (x,)nen
with

(i) |f(zn)| bounded,

(ii) [ldf (zn)|l — 0 for n — oo,
contains a convergent subsequence.

Obviously, (PS) is automatically satisfied if X is compact. It is also satisfied if
f is proper, i.e. if for every ¢ € R

{re X [f(2)] <c}

is compact. However, (PS) is more general than that and we shall see in the sequel
(see §7.11 below) that it holds for example for the energy functional on the space of
closed curves of Sobolev class H''? on a compact Riemannian manifold M.

For the sake of illustration, we shall now demonstrate the following result:

Proposition 7.2.1. Suppose f € C*(X,R) satisfies (PS) and has two strict relative
minima x1,x9 € X. Then there exists another critical point x3 of f (i.e. df(x3)=0)
with
f(x3) = k := inf max f(x) > max{f(z1), f(z2)} (7.2.1)
vET z€y
with T == {y € C°([0,1], X) : v(0) = z1,7(1) = 22}, the set of all paths connecting

x1 and x3. (z3 is called a saddle point for f.)

We assume also that solutions of the negative gradient flow of f,

p: X xR—X,

%gﬁ(@t) = —grad f(¢(z,1)), (7.2.2)

o(z,0) ==z
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exist for all z € X and 0 < ¢t < ¢, for some ¢ > 0. (grad f is the gradient of f, see
(8.3.28); it is the vector field dual to the 1-form df.)

Proof of Proposition 7.2.1. Since x1 and x5 are strict relative minima of f,

399 >0V with 0 < 6 <09 Je > 0Vz with ||z — ]| = :
f(x) > fla;) +e fori=1,2.

Consequently,
deo > 0Vy e 37 € (0,1) : f(7(7)) = max(f(z1), f(x2)) + €0

This implies
& > max(f(z1), f(z2)). (7.2.3)
We want to show that
ffi={reX: f(z) =k}

contains a point x3 with
df (z3) = 0. (7.2.4)

If this is not the case, by (PS) there exist > 0 and « > 0 with
ldf ()| = a, (7.2.5)

whenever k —n < f(z) < Kk + 1.
Namely, otherwise, we find a sequence (z,,),eny C X with f(z,,) — & and df (z,) — 0
as n — oo, hence by (PS) a limit point x5 that satisfies f(z3) = &, df (z3) =0 as f is
of class C*.

In particular,

f(z1), f(x2) <Kk —mn, (7.2.6)

since df (x1) = 0 = df (z2). Consequently we may find arbitrarily small > 0 such
that for all v € I with max f(y(7)) <k +n:

V7 €[0,1] : either f(v(7)) <k —nor ||df (v(7))]] > a. (7.2.7)

We let ¢(z,t) be the solution of (7.2.2) for 0 <t <e.
We select 1 > 0 satisfying (7.2.7) and v € T with

max, fv(m) <5+ (7.2.8)

Then

%f(@(v(ﬂ,t)) = —({(d)(p(v(7),1), grad f(p(y(7),1)))
= —lldf (p(r(7), O)I* < 0.

(7.2.9)
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Therefore
max f(o(y(7),t)) < max f(y(7)) < K +n. (7.2.10)

Since grad f(x;) = 0,4 = 1,2, because x1,x2 are critical points of f, also p(z;,t) = x;
for ¢ = 1,2 and all £ € R, hence

p((),t) €T

(7.2.9), (7.2.6), (7.2.7) and (7.2.2) then imply
2

%f(gp('y(T),t)) < f%,whenever Flo(y(1),t) >k —n. (7.2.11)

We may assume that the above 1 > 0 satisfies

— < e.
a? —

Then the negative gradient flow exists at least up to t = 24. (7.2.10) and (7.2.11),

«
however, imply that for tg = i—f}, we have

flo(y(7),t0)) <k —mn forallT € |0,1].

Since ¢(y(+),t0) € I, this contradicts the definition of k. We conclude that there has
to exist some z3 with f(xz3) = k and df (x3) = 0. |

The issue of the existence of the negative gradient flow for f will be discussed in
the next section. Essentially the same argument as in the proof of Proposition 7.2.1
will be presented once more in Theorem 7.11.3 below.

Perspectives. The role of the Palais—Smale condition in the calculus of variations is treated
in [171]. A thorough treatment of many further examples can be found in [277] and [51].
A recent work on Morse homology in an infinite dimensional context is Abbondandolo—
Majer[1].

7.3 Local Analysis: Nondegeneracy of Critical
Points, Morse Lemma, Stable and Unstable
Manifolds

The next condition provides a nontrivial restriction already on compact manifolds.

Definition 7.3.1. f € C?(X,R) is called a Morse function if for every zo € C(f), the
Hessian d?f(xo) is nondegenerate. (This means that the continuous linear operator
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AT, X > T5X

Zo

defined by
(A)(v) = d*f(z0)(u,v) for u,v € Ty X

is bijective.) Moreover, we let
Vo CcT, X

be the subspace spanned by eigenvectors of (the bounded, symmetric, bilinear form)
d? f(xo) with negative eigenvalues and call

w(xg) :==dim V™
the Morse index of zg € C(f). For k € N, we let

Cu(f) =A{z € C(f) : plx) = k}
be the set of critical points of f of Morse index k.

The Morse index pu(xg) may be infinite. In fact, however, for Morse theory in
the sense of Floer one only needs finite relative Morse indices. Before we can explain
what this means we need to define the stable and unstable manifolds of the negative
gradient flow of f at xg.

The first point to observe here is that the preceding notion of nondegeneracy of
a critical point does not depend on the choice of coordinates. Indeed, if we change
coordinates via

x=¢&(y), for some local diffeomorphism &,

then, computing derivatives now w.r.t. y, and putting yo = £~ (),

d*(f 0 &) (yo)(u,v) = (& £) (£(yo)) (d€(yo)u, dé(yo)v) ~ for any u, v,

if
df (o) = 0.
Since d€(yp) is an isomorphism by assumption, we see that
d*(f © &) (yo)
has the same index as
de(Cﬂo).
The negative gradient flow for f is defined as the solution of
o: X xR — X,
E (1’7t) = —gradf(¢(w,t)), (731)

¢(z,0) = z.
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Here, grad f of course is the gradient of f for all x € X, defined with the help of some
Riemannian metric on X, see (3.3.28).

The theorem of Picard—Lindelof yields the local existence of this flow (see Lemma
2.2.1), ie. for every x € X, there exists some ¢ > 0 such that ¢(z,t) exists for
—& < t < . This holds because we assume f € C?(X,R) so that grad f satisfies a
local Lipschitz condition as required for the Picard—Lindelof theorem. We shall assume
in the sequel that this flow exists globally, i.e. that ¢ is defined on all of X x R. In
order to assure this, we might for example assume that d? f(z) has uniformly bounded
norm on X.

(7.3.1) is an example of a flow of the type

¢: X xR — X,
0
aqs: V(¢(fb,t)),
¢($,0) =7,

for some vector field V on X which we assume bounded for the present exposition as
discussed in §2.2. The preceding system is autonomous in the sense that V' does not
depend explicitly on the “time” parameter ¢ (only implicitly through its dependence
on ¢). Therefore, the flow satisfies the group property

d(x,t1 +t2) = ¢(@p(x,t1),t2) for all t1,t2 € R (see Theorem 2.2.1).

In particular, for every x € X, the flow line or orbit 7, := {¢(z,t) : t € R} through =
is flow invariant in the sense that for y € v,, t € R

(y,t) € Ya-

Also, for every t € R, ¢(-,t) : X — X is a diffeomorphism of X onto its image (see
Theorem 2.2.1).

As a preparation for our treatment of Morse theory, in the present section we
shall perform a local analysis of the flow (7.3.1) near a critical point zg of f, i.e.
grad f(zo) = 0.

Definition 7.3.2. The stable and unstable manifolds at zg of the flow ¢ are defined
as

W*(zo) i={y € X : lim ¢(y,t) =0},
W(wo) = {y € X : lim o(y,t) =uo}.

Of course, the question arises whether W*(z¢) and W*(z) are indeed manifolds.

In order to understand the stable and unstable manifolds of a critical point, it
is useful to transform f locally near a critical point xg into some simpler, so-called
“normal” form, by comparing f with a local diffeomorphism. Namely, we want to
find a local diffeomorphism

z = ¢(y),
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with
xo =£(0) for simplicity

such that )
f&(y) = flzo) + §d2f(a:o)(y, Y)- (7.3.2)

In other words, we want to transform f into a quadratic polynomial. Having achieved
this, we may then study the negative gradient flow in those coordinates w.r.t. the
FEuclidean metric. It turns out that the qualitative behavior of this flow in the vicinity
of 0 is the same as the one of the original flow in the vicinity of z¢ = £(0).

That such a local transformation is possible is the content of the Morse-Palais
lemma:

Lemma 7.3.1. Let B be a Banach space, U an open neighborhood of xo € B, f €
CF2(U,R) for some k > 1, with a nondegenerate critical point at xo. Then there
exist a neighborhood V of 0 € B and a diffeomorphism

EV-oEV)CU
of class C* with £(0) = wxq satisfying (7.3.2) in V. In particular, nondegenerate
critical points of a function f of class C® are isolated.
Proof. We may assume xo = 0, f(0) = 0 for simplicity of notation.
We want to find a flow
¢:V x0,1] — B,

with

¢(y,0) =y, (7.3.3)
Py 1)) = 3 FO)w,9) forall ye V. (7.3.4)

&(y) := ¢(y, 1) then has the required property. We shall construct ¢(y,t) so that with

n(y,t) :==tf(y) + %(1 —1)d*£(0)(y, v),

we have

% (p(y,t),t) =0, (7.3.5)

implying

fle(y, 1)) = nle(y,1),1)
n(¢(y,0),0)

d?£(0)(y,y)

1
2
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as required. (7.3.5) means

0=f(p(y,t) + tdf(e(y, t))%so(y, t)

) 5 (7.3.6)
= 5 FO) ey 1), 0(y,1) + (L= f(0) (o (w, 1), 5:0(9,1)).

Now by Taylor expansion, using df (0) = 0,
1
flz) = / (1- T)de(T(E)(ZE7.Z‘) dr,
0

1
df (x) :/0 d? f(rx)z dr.

Inserting this into (7.3.6), with = ¢(y,t), we observe that we have a common factor
©(y,t) in all terms. Thus, abbreviating

To(x) : —%d2f(0) —l—/o (1 —7)d*f(rx)dr,

Tiet) = @0+ [ @S2 - o)
0
(7.3.6) would follow from

0= To(oly: )lust) + Ta(o(0: ), 1) 27 20, 1) (7)

Here, we have deleted the common factor ¢(y,t), meaning that we now consider e.g.
d?£(0) as a linear operator on B.
Since we assume that d?f(0) is nondegenerate, d*f(0) is invertible as a linear
operator, and so then is T} (x, ) for z in some neighborhood W of 0 and all ¢ € [0, 1].
Therefore,
~Ti(e(y,1),t) " o To((y, 1)) (y, t)

exists and is bounded if ¢(y,t) stays in W. Therefore, a solution of (7.3.7), i.e. of

%&(yvt) = —Ti(e(y,t),t)~" o To(e(y, t)e(y, t), (7.3.8)

stays in W for all ¢t € [0,1] if ¢(y, 0) is contained in some possibly smaller neighborhood
V of 0. The existence of such a solution then is a consequence of the theorem of
Picard-Lindel6f for ODEs in Banach spaces. This completes the proof. O

Remark. The preceding lemma plays a fundamental role in the classical expositions
of Morse theory. The reason is that it allows to describe the change of topology in
the vicinity of a critical point zy of f of the sublevel sets

I={ye X fly) <A}

as A decreases from f(xg) + ¢ to f(xg) — ¢, for € > 0.
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The gradient flow w.r.t. the Euclidean metric for f of the form (7.3.2) now is
very easy to describe. Assuming w.l.o.g. f(zp) =0, we are thus in the situation of

f&) = 5BW)

where B(+,-) is a bounded symmetric quadratic form on a Hilbert space H. Denoting
the scalar product on H by (-,-), B corresponds to a selfadjoint bounded linear
operator
L:H—H

via

(L(u),v) = B(u,v)
by the Riesz representation theorem, and the negative gradient flow for g then is the
solution of

0
Egb(y’ t) = _L¢(y7 t)v

¢(y,0) = .
If v is an eigenvector of L with eigenvalue A, then
d(v,t) = e Mo,

Thus, the flow exponentially contracts the directions corresponding to positive
eigenvalues, and these are thus stable directions, while the ones corresponding to
negative eigenvalues are expanded, hence unstable.

Let us describe the possible geometric pictures in two dimensions. If we have
one positive and one negative eigenvalue, we have a so-called saddle, and the flow
lines in the vicinity of our critical point look as in Figure 7.3.1.

If we have two negative eigenvalues, hence two unstable directions, we have a node.
If the two eigenvalues are equal, all directions are expanded at the same speed, and
the local picture is the local picture is as in Figure 7.3.2.

If they are different, we may get the picture as in Figure 7.3.3 if the one of largest
absolute value corresponds to the horizontal direction.

The situations of Figures 7.3.2 and 7.3.3 are topologically conjugate, but not dif-
ferentiably. However, if we want to preserve conditions involving derivatives like
the transversality condition imposed in the next section, we may only perform
differentiable transformations of the local picture. It turns out that the situation
of Figure 7.3.1 is better behaved in that sense.

Namely, the main point of the remainder of this section is to show that the
decomposition into stable and unstable manifolds always has the same qualitative
features in the differentiable sense as in our model situation of a linear system of ODEs
(although the situation for a general system is conjugate to the one for the linearized
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.
R

Figure 7.3.1: The horizontal axis is the unstable, the vertical one the stable manifold.

.
R

Figure 7.3.2:

one only in the topological sense, as stated by the Hartman—Grobman theorem). All
these results will depend crucially on the nondegeneracy condition near a critical
point, and the analysis definitely becomes much more complicated without such a
condition. In particular, even the qualitative topological features may then cease to
be stable against small perturbations. While many aspects can still be successfully
addressed in the context of the theory of Conley, we shall confine ourselves to the
nondegenerate case.
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Figure 7.3.3:

By Taylor expansion, the general case may locally be considered as a perturba-
tion of the linear equation just considered. Namely, we study

D6(0,0) = ~Lofu.1) + (6, 1),

(7.3.9)
o(y,0) = v,
in some neighborhood U of 0, where n : H — H satisfies
0) =0,
n(0) (7.3.10)

In(z) = n()ll < o)z -yl

for [|z||,||y]l < e, with d(e) a continuous monotonically increasing function of ¢ €
[0,00) with §(0) = 0. The local unstable and stable manifolds of 0 then are defined
as

w*(0,U) =

{x € U : ¢(x,t) exists and is contained in U for all ¢ < O,t lim ¢(z,t) = O},
We(0,U) =

{x € U : ¢(x,t) exists and is contained in U for all ¢ > O,t lir+n oz, t) = O}.

We assume that the bounded linear selfadjoint operator L is nondegenerate, i.e. that
0 is not contained in the spectrum of L. As L is selfadjoint, the spectrum is real. H
then is the orthogonal sum of subspaces H,, H_ invariant under L for which Lz
has positive, Ljy_ negative spectrum, and corresponding projections

P:t:H—>H:|:,
P, +P_=1d.
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Since L is bounded, we may find constants cg,y > 0 such that

le L P, || < coe™ ! for t > 0,

7.3.11
le LP_|| < cpe for t < 0. ( )

Let now y(t) = ¢(x,t) be a solution of (7.3.9) for ¢ > 0. We have for any 7 € [0, c0),

t
) =gy 4 [ ey s, (7312)
hence also .
Piy(t) = e LD Poy(r) + / e L) Pup(y(s)) ds. (7.3.13)
If we assume that y(¢) is bounded for ¢ > 0, then by (7.3.11)
lim e YT P_y(7) =0, (7.3.14)

and hence such a solution y(t) that is bounded for ¢ > 0 can be represented as

y(t) = Pry(t) + P-y(t)
= €_LtP+CL’

t e8]
+/ e*L(t*s)Pw(y(S))ds—/ e M= Pon(y(s)) ds, with & = y(0)
0 ¢
(7.3.15)
(putting 7 = 0 in (7.3.13)4 and 7 = oo in (7.3.13)_). Conversely, any solution of

(7.3.15), bounded for t > 0, satisfies (7.3.12), hence (7.3.9). For a solution that is
bounded for ¢t < 0, we analogously get the representation

0 t
ot) = PPa— [ HIP ) st [ e HIP () ds

t o

Theorem 7.3.1. Let ¢(y,t) satisfy (7.3.9), with a bounded linear nondegenerate
selfadjoint operator L and n satisfying (7.3.10). Then we may find a neighborhood U
of 0 such that W*(0,U) (W*“(0,U)) is a Lipschitz graph over PLHNU (P_HNU),
tangent to Py H (P_H) at 0. Ifn is of class C* in U, so are W*(0,U) and W*(0,U).

Proof. We consider, for z € P, H,

T(y,x)(t) := etha:—i—/O efL(tfs)P{_n(y(s))ds—/too e L= P_p(y(s)) ds. (7.3.16)

From (7.3.15) we see that we need to find fixed points of T, i.e.

y(t) = T(y,z)(t). (7.3.17)
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In order to apply the Banach fixed point theorem, we first need to identify an
appropriate space on which T'(-,x) operates as a contraction. For that purpose, we
consider, for 0 < A <7, € > 0, the space

M) = {0) ¢ Il = sup )] < <. (73.18)

M (e) is a complete normed space. We fix A, e.g. A = 4, in the sequel. Because of
(7.3.10), (7.3.11), we have for y € M,(e)

IT(y, 2) ()| < coe™" |||

t [e'e)
T eod(e) ( [ las+ [T o) ds)
0 t

< coe |z
t
+ 005(5)< sup e>‘s|\y(s)|\/ e =8 e= A s+ sup e ly(s) ||/ eV(t=s) g=As ds)
0<s<t 0 t<s<oo
(7.3.19)
Now since
¢ 1
/ e—’y(t—s)e—)\s ds = et (e('y—)\)t o 1) < €_>\t7
0 y=A YA
/ e’y(t—s)e—)\s ds = et 1 e—(’H—)\)t _ 1 e—kt
t Y + A Y + A ’
(7.3.19) implies
2¢00(g) _
IT(y, 2)(t)]| < coe™ || + PR My llesp.a- (7.3.20)
Similarly, for y1,y2 € My(e)
4005 g) _
701, 2)0) = T ) O] < e g1 = ol (7.3.21)

Because of our assumptions on d(g) (see (7.3.10)

~—

we may choose € so small that

4 1
& L0(e) < 5. (7.3.22)
Then from (7.3.21), for y1,y2 € M (g)
1T (y1, ) = T(y2, @) [lexp,n < —Hy1 = Y2|lexp.a- (7.3.23)
If we assume in addition that
=] < (7.3.24)

2
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then for y € My (e), by (7.3.20),
”T(yax)Hexp,)\ <e. (7.3.25)

Thus, if € satisfies (7.3.22), and ||z < 3, then T'(-,z) maps M(e) into itself, with
a contraction constant % Therefore applying the Banach fixed point theorem, we get
a unique solution y, € Mx(g) of (7.3.17), for any = € Py H with [|lz[| < 5=
Obviously, T7(0,0) = 0, and thus yo = 0. Also, since y, € M, () is decaying
exponentially, we have for any « (with [|z]| < 55-)
tlim Yz (t) =0,
ie.
y(0) € W*(0).
From (7.3.16), we have
t e}
pelt) = et [ U P (s)) ds — [ e Py (s) ds
0 t

Y, lies in M(e) and so in particular is bounded for ¢ > 0. Thus, it also satisfies
(7.3.15), i.e.

lt) = P+ [ Pt ds — [ KO Py s,
and comparing these two representations, we see that
x = Pyy,(0). (7.3.26)
Thus, for any U C {[|z|| < 55}, we have a map
HeNU — W*(0),
z — yz(0),

with inverse given by Py, according to (7.3.26). We claim that this map is a bijection
between Hy NU and its image in W*(0). For that purpose, we observe that as in
(7.3.20), we get, assuming (7.3.24),

_ 1
gz (8) = yar (DIl < coe™ w1 = @all + 5 1Yar = Yo lexp s

hence
(921 (0) = Yo O] < [[Y2y — Yo lexp,r < 2¢0]|z1 — 22]|- (7.3.27)

We insert the second inequality in (7.3.27) into the integrals in (7.3.16) and use
(7.3.11) as before to get from (7.3.16)

4cti(e
o (0) = 1y OV > s = ] = 22y — .
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If in addition to the above requirement %005(5) < L we also impose the condition

1
upon ¢ that
4c36(e) -1
y=X T2
the above inequality yields

1
1921 (0) = 42, (O)] 2 Sllz1 — 2]]. (7.3.28)

Thus, the above map indeed is a bijection between {z € P H,|[z| < 55} and its
image W in W*(0). (7.3.27) also shows that our map x + y,,(0) is Lipschitz, whereas
its inverse is Lipschitz by (7.3.28).

In particular, since yo = 0 as used above, W contains an open neighborhood of
0 in W#(0), hence is of the form W#*(0,U) for some open U.

We now verify that W#(0,U) is tangent to P H at 0. (7.3.10), (7.3.16) and
(7.3.27) yield (for x; = xz, 29 = 0, recalling yo = 0)

1Py ()] = | / B Py (s)) ds|

< e / 8y () ) e ()] ds

o
< co/ e %5 (2coe ™ ||z||) 2c0e |z
0

2
2¢;

-

N

< 20 5(2collal) .
This implies
[P-y=(O) _ [1P-y=(0)]|
[Py (0)]] ]
as y,(0) — 0 in W#(0,U), or equivalently, z — 0 in Py H. This shows that W*(0,U)
indeed is tangent to Py H at 0.

The regularity of W#*(0,U) follows since T'(y,z) in (7.3.16) depends smoothly
on 7. (It is easily seen from the proof of the Banach fixed point theorem that the
fact that the contraction factor is < 1 translates smoothness of T" as a function of a
parameter into the same type of smoothness of the fixed point as a function of that
parameter.)

— 0,

Obviously, the situation for W*(0,U) is symmetric to the one for W*(0,U). O

The preceding theorem provides the first step in the local analysis for the
gradient flow in the vicinity of a critical point of the function f. It directly implies a
global result.

Corollary 7.3.1. The stable and unstable manifolds W*(x), W"(x) of the negative
gradient flow ¢ for a smooth function f are injectively immersed smooth manifolds.
(If f is of class C*2, then W*(z) and W*(x) are of class C*.)
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Proof. We have

W () = ¢(.t)(W* (2,0)),

<0
W(z) = |J o)W (x,0)),
>0
for any neighborhood U of z. O

Of course, the corollary holds more generally for the flows of the type (7.3.9) (if
we consider only those flow lines ¢(-,t) that exist for all ¢ < 0, resp. ¢t > 0). (The
stable and unstable sets then are as smooth as 7 is.) The point is that the flow ¢(-, 1),
for any t and any open set U, provides a diffeomorphism between U and ¢(U, t), and
the sets ¢(U, t) cover the image of ¢(-,-).

The stable and unstable manifolds W#5(0), W*(0) for the flow (7.3.9) are
invariant under the flow, i.e. if e.g.

z = ¢(x,0) € W*(0),
then also
z(t) = ¢(z,t) € W*(0), for all t € R for which it exists.

In §7.4, we shall easily see that because f is decreasing along flow lines, the
stable and unstable manifolds are in fact embedded, see Corollary 7.4.1.

We return to the local situation. The next result says that more generally, in
some neighborhood of our nondegenerate critical point 0, we may find a so-called
stable foliation with leaves A®(z,) parametrized by z, € W"(0), such that where
defined, A*(0) coincides with W#(0) while all leaves are graphs over W*(0), and if
a flow line starts on the leaf A®(z,) at t = 0, then at other times ¢, we find it on
A5 (p(zy,t)), the leaf over the flow line on W"(0) starting at z, at ¢t = 0. Also,
as t increases, different flow lines starting on the same leaf approach each other at
exponential speed.

The precise result is

Theorem 7.3.2. Suppose that the assumptions of Theorem 7.3.1 hold. There exist
constants c¢1, A > 0, and neighborhoods U of 0 in H, V of 0 in Py H with the following
properties:

For each z, € W"(0,U), there is a function

@z, 1V — H.

¢..(21) is as smooth in z,,zy asn is, for evample of class C* if n belongs to that
class. If
z € N (zu) = ¢.,(V),



7.3 Local Analysis 347

then
¢(Za t) = Pp(zy,t) (P+¢(Zv t))a (7329)

and

[6(2,t) — ¢z, t)]| < cre™™, (7.3.30)

as long as ¢(z,t), ¢(zy,t) remain in U.

We thus have a smooth (of class C*, if n € C%), so-called stable foliation which
is flow invariant in the sense that the flow maps leaves to leaves. In particular, A*(0)
is the stable manifold W*(0) NV, ¢(z,t) approaches W*(0) NV exponentially for
negative t, as long as it stays in U.

Of course, there also exists an unstable foliation with analogous properties.

W (0)

Aoz, 1)) A(z)  W(0)
Figure 7.3.4:

Corollary 7.3.2. Let f : X — R be of class C*¥*2, k > 1, 2 a nondegenerate critical
point of f. Then in some neighborhood U of x, there exist two flow-invariant foliations
of class C*, the stable and the unstable one. The leaves of these two foliations intersect
transversally in single points, and conversely each point of U is the intersection of
precisely one stable and one unstable leaf. O

The corollary is a direct consequence of the theorem, and we thus turn to the

Proof of Theorem 7.3.2. Changing n outside a neighborhood U of 0 will not affect
the local structure of the flow lines in that neighborhood. By choosing U sufficiently
small and recalling (7.3.10), we may thus assume that the Lipschitz constant of 7 is as
small as we like. We apply (7.3.12) to ¢(z,t) and ¢(z,,t) and get for 7 > 0, putting

y(t Z, Zu) = ¢(Z7t) - ¢(Zu,t),

y(t 2, 20) = e Xy (12, 2,)
(7.3.31)

+/ e M (n(6(2,8) = 0(P(20, 5))) ds.
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If this is bounded for ¢t — oo, then (7.3.11) implies, as in (7.3.14),
lim e L= P_y(t; 2, 2,) = 0. (7.3.32)

T—00

Consequently, as in (7.3.15) we get,
y(t 2, Zu) = e_LtP+y(O§ 2, Zu)

+/0 eTHIIPL (@20, 8) + 3552, 2)) = (@2, 8) ds (7533

o0
—/ e "I P (n(d(2us 8) + y(s5 2, 20)) — (620, 5))) ds.
t
As in the proof of Theorem 7.3.1, we want to solve this equation by an application of
the Banach fixed point theorem, i.e. by finding a fixed point of the iteration of

T(y, 20 24) = e My

+ /0 P (@20, 8) + y(5) ~ (s ds(7.530)

_ / LD P (5620, 8) + () — (020 5)) ds,

for z; € PyH. As in the proof of Theorem 7.3.1, we shall use a space M) (eg) for
some fixed 0 < A < 7.

Before we proceed to verify the assumptions required for the application of the
fixed point theorem, we wish to describe the meaning of the construction. Namely,
given z, € W*(0), and the orbit ¢(z,,t) starting at z, and contained in W*(0), and
given zy € P, H, we wish to find an orbit ¢(z,t) with P;¢(z,0) = Prz = 2z that
exponentially approaches the orbit ¢(z,,t) for ¢ > 0. The fixed point argument will
then show that in the vicinity of 0, we may find a unique such orbit. If we keep z, fixed
and let z; vary in some neighborhood of 0 in P, H, we get a corresponding family
of orbits ¢(z,t), and the points z = ¢(z,0) then constitute the leaf through z, of
our foliation. The leaves are disjoint because orbits on the unstable manifold W*(0)
with different starting points for ¢ = 0 diverge exponentially for positive ¢t. Thus,
any orbit ¢(z,t) can approach at most one orbit ¢(z,,t) on W*(0) exponentially. In
order to verify the foliation property, however, we also will have to show that the
leaves cover some neighborhood of 0, i.e. that any flow line ¢(z,t) starting in that
neighborhood for ¢ = 0 approaches some flow line ¢(z,,t) in W*(0) exponentially.
This is equivalent to showing that the leaf through z, depends continuously on z,, and
this in turn follows from the continuous dependence of the fixed point of T'(-, z,, 24 )
on z,.

Precisely as in the proof of Theorem 7.3.1, we get for 0 < A < v (say A = ),
with cg,7 as in (7.3.11), ||24 || < €1, y € My(g0), ie. |ly(t)|| < e *ep, and with [n]Lip
being the Lipschitz constant of n

_ 2cpe _
1T, 20 20) N < come ™" + = fluipe™ (7.3.35)
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and

4deo [n]Lip

P Mgy — gl (7:3:36)

1T (y1, 2u, 24 ) () = T(y2, 2u, 24) (D) <

As remarked at the beginning of this proof, we may assume that [npip is as small as
we like. Therefore, by choosing £; > 0 sufficiently small, we may assume from (7.3.35)
that T'(-, z,, 24 ) maps M (eo) into itself, and from (7.3.36) that it satisfies

1
1T (y1s 2us 24) — T (Y2, 2us 24 ) lexpr < EHyl — y2llexp, -

Thus, the Banach fixed point theorem, applied to T'(+, z,, 24 ) on the space M) (go),
yields a unique fixed point g, ., on this space. We now put

3021;,(21) L= yZu,,Z+a

(7.3.37)
Z2 =19z, 2, (0).

‘We then have all the required relations:
P,z=Piy,, . (0) =2 from (7.3.34),

and hence y., ., solves (7.3.33), i.e. is of the form y(t; z, 2, ) with z from (7.3.37), and
o(z,t) = y(t; 2, 24) + (24, t) is a flow line. Condition (7.3.29) thus holds at ¢t = 0.
Since the construction is equivariant w.r.t. time shifts, because of the group property

o(z,t+7) = p(Pp(2,t),7) for all ¢, 7,

(7.3.29) holds for any ¢, as long as ¢(z,t) stays in our neighborhood U of 0. The
exponential decay of ¢(z,t) — ¢(zy,t) = y(t; 2, 2, ) follows since we have constructed
our fixed point of T" in the space of mappings with precisely that decay.

Since T is linear in z;, we see as before in the proof of Theorem 7.3.1 that a
smoothness property of 7 translates into a smoothness property of y., as a function of
zy. It remains to show the smoothness of y., .. as a function of z,. This, however is
a direct consequence of the fact that i, ., is a fixed point of T'(-, z,, 24 ), an operator
with a contraction constant < 1 on the space under consideration (Mj(go)), and
so the smooth dependence of T' (see (7.3.34)) on the parameters z, and z; (which
easily follows from estimates of the type used above) translates into the corresponding
smoothness of the fixed point as a function of the parameters z,, z .

The foliation property is then clear, because leaves corresponding to different
2y, %y € W*(0,U) cannot intersect as we had otherwise z = y., .. (0) = y.» ., (0) for
some z with zy = Pz, hence also z, = ¢(2,,0) = ¢(2,0) =y, -, (0) = ¢(2,0) —
Yzl 2y (0) = 27/4/

As the leaves depend smoothly on z,, they approach the stable manifold
W#(0) at the same speed as z, does. More precisely, any orbit ¢(z,,t) converges
to 0 exponentially for ¢ — —oo, and the leaf over ¢(z,,t) then has to converge
exponentially to the one over 0 which is W*(0).
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The last statement easily follows by changing signs appropriately, for example
by replacing t by —t throughout. O

Perspectives. The theory of stable and unstable manifolds for a dynamical system is
classical. Our presentation is based on the one in [67], although we have streamlined it
somewhat by consistently working with function spaces with exponential weights.

7.4 Limits of Trajectories of the Gradient Flow

As always in this chapter, X is a complete Riemannian manifold, with metric (-, -),
associated norm || - ||, and distance function d(-,-). f: X — R is a C?-function. We
consider the negative gradient flow

z(t) = —grad f(x(t)) for t € R,
z(0) =z for x € X. (7.4.1)

We assume that the norms of the first and second derivative of f are bounded.
Applying the Picard-Lindelof theorem (see §2.2), we then infer that our flow is indeed
defined for all ¢ € R. Also, differentiating (7.4.1), we get

i(t) (= V gi(t) = - (V ggrad f((t)) ) a0
= (V perad f(2(t))) grad f(z(1)).

In particular, the first and second derivative of any flow line is uniformly bounded.
For later use, we quote this fact as:

Lemma 7.4.1. There exists a constant co with the property that for any solution x(t)
of (7.4.1),

lZ]lcrr,rx) < co-

In particular, ©(t) is uniformly Lipschitz continuous. O

(7.4.1) is a system of so-called autonomous ordinary differential equations,
meaning that the right-hand side does not depend explicitly on the “time” t, but
only implicitly through the solution x(t).

In contrast to the previous section, where we considered the local behavior of
this flow near a critical point of f, we shall now analyze the global properties, and
the gradient flow structure will now become more important.
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In the sequel, z(¢) will always denote a solution of (7.4.1), and we shall exploit
(7.4.1) in the sequel without quoting it explicitly. We shall call each curve z(t), ¢t € R,
a flow line, or an orbit (of the negative gradient flow). We also put, for simplicity

z(£00) := tluinoo x(t),
assuming that these limits exist.

Lemma 7.4.2. The flow lines of (7.4.1) are orthogonal to the level hypersurfaces
f = const.

Proof. This means the following: If for some ¢ € R, V' € T, )X is tangent to the
level hypersurface {y : f(y) = f(z(t))}, then

(V,(t) = 0.
Now

(Vii(t)) = —(V, grad f(z(1)))
= V(=)

by the definition of grad f, see (3.3.29),
=0,
since V' is tangent to a hypersurface on which f is constant. O

We compute

L fat) = df (a1
= (grad f(x(1)),&(t)) by (3.3.29) (7.4.2)
— @)
As a consequence, we observe

Lemma 7.4.3. f is decreasing along flow lines. In particular, there are no
nonconstant homoclinic orbits, i.e. nonconstant orbits with

x(—00) = x(0).
O

Thus, we see that there are only two types of flow lines or orbits, the “typical”
ones diffeomorphic to the real axis (—oo,00) on which f is strictly decreasing, and
the “exceptional” ones, namely those that are reduced to single points, the critical
points of f. The issue now is to understand the relationship between the two types.
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Another consequence of (7.4.2) is that for ¢1,t2 € R

flalt) = flalta)) = = [ Gra®)ar

/t )2 (7.4.3)

/ " laxad £z ()2 dr.

ty

We also have the estimate

d(x(t), 2(t)) < / Sl e

. ta 3
< (tg —1t1)2 </ |x(t)||2> by Holder’s inequality
t1
= (ty — 1) 2 (f(z(t1)) — f(2(t2)))? by (7.4.3). (7.4.4)
Lemma 7.4.4. For any flow line, we have for t — oo that
grad f(z(t)) — 0,

or

|f ((t))| — oc.

Proof. Tf e.g. foo =limy_o f(x(t)) > —o0, then for 0 <t < oo
Jo = f(2(0)) = f(z(t) 2 f,
and (7.4.3) implies

/Ooo @))% := fo — foo < 0. (7.4.5)

Since #(t) = —grad f(z(t)) is uniformly Lipschitz continuous by Lemma 7.4.1,
(7.4.5) implies that
thm grad f(z(t)) = tlim z(t) = 0.

We also obtain the following strengthening of Corollary 7.3.1:

Corollary 7.4.1. The stable and unstable manifolds W*(x), W*(x) of the negative
gradient flow ¢ for a smooth function f are embedded manifolds.
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Proof. The proof is an easy consequence of what we have already derived, but it may
be instructive to see how all those facts are coming together here.

We have already seen in Corollary 7.3.1 that W*(x) and W*(x) are injectively
immersed. By Corollary 2.2.1, each point in X is contained in a unique flow line,
but the typical ones of the form (—o0, 00) are not compact, and so their closures may
contain other points. By Lemma 7.4.4, any such point is a critical point of f. The
local situation near such a critical point has already been analyzed in Theorem 7.3.1.
The only thing that still needs to be excluded to go from Corollary 7.3.1 to the present
statement is that a flow line z(¢) emanating at one critical point x(—o0) returns to
that same point for ¢ — co. This, however, is exluded by Lemma 7.4.3. O

In the sequel, we shall also make use of

Lemma 7.4.5. Suppose (zn)nen C X converges to xo. Then for any T > 0, the
curves &y (t)—7,7) (with £,(0) = 25, ) converge in C* to the curve xo(t)—1.1)-

Proof. This follows from the continuous dependence of solutions of ODEs on the
initial data under the assumption of the Picard-Lindeléf theorem (the proof of that
theorem is based on the Banach fixed point theorem, and the fixed point produced in
that theorem depends continuously on a parameter, cf. J.Jost, Postmodern Analysis,
Springer, 1998, p.129). Thus the curves x,(t) converge uniformly to z((¢) on any
finite interval [T, T]. By Lemma 7.4.1, 2, (¢t) are uniformly bounded, and so z,, has
to converge in C'*. O

We now assume for the remainder of this section that f satisfies the Palais—
Smale condition (PS), and that all critical points of f are nondegenerate.

These assumptions are rather strong as they imply

Lemma 7.4.6. f has only finitely many critical points in any bounded region of X,
or, more generally in any region where f is bounded. In particular, in every bounded
interval in R there are only finitely many critical values of f, i.e. v € R for which
there exists p € X with df (p) =0, f(p) =~.

Proof. Let (pn)nen C X be a sequence of critical points of f, i.e. df(p,) = 0. If they
are contained in a bounded region of X, or, more generally, if f(p,) is bounded, the
Palais—Smale condition implies that after selection of a subsequence, they converge
towards some critical point py. By Theorem 7.3.1, we may find some neighborhood
U of pp in which the flow has the local normal form as described there and which in
particular contains no other critical point of f besides py. This implies that almost
all p,, have to coincide with pg, and thus there can only be finitely many of them. O

Our assumptions — (PS) and nondegeneracy of all critical points — also yield
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Lemma 7.4.7. Let z(t) be a flow line for which f(x(t)) is bounded. Then the limits
x(£00) = lim; o0 (t) exist and are critical points of f. x(t) converges to x(+oo)
exponentially as t — £oo.

Proof. By Lemma 7.4.4, grad f(z(t)) — 0 for ¢ — +oo. Analyzing w.l.o.g. the
situation ¢ — —oo, (PS) implies that we can find a sequence (t,,)neny C R, ¢, — —00
for n — oo, for which z(t,,) converges to some critical point z_., of f. We wish to
show that lim:_,_ (t) exists, and it then has to coincide with z_.

This, however, directly follows from the nondegeneracy condition, since by
Theorem 7.3.1 we may find a neighborhood U of the critical point x_., with the
property that any flow line in that neighborhood containing z_ ., as an accumulation
point of some sequence xz(t,), t, — —oo, is contained in the unstable manifold of
Z_oo. Furthermore, as shown in Theorem 7.3.1, the convergence is exponential. [

Remark. Without assuming that the critical point z(—o0) is nondegenerate, we still
may use (PS) (see Lemma 7.4.8 below) and grad f(z(t)) — 0 for ¢t — —oo to see that
there exists tg € R for which U := {z(t) : t < to} is precompact and in particular
bounded. By Taylor expansion, we have in U

lrad (@) < llgrad f (2—oo)|| + cd(ar, 7o) = ed(,7—cc),

for some constant ¢, as grad f(z_~,) = 0.

Thus, for t < t,

d(z(t),r—00) < /

—00

t t

|z(s)]| ds < c/ d(x(8), 200 ) ds.

—00

The latter integral may be infinite. As soon as it is finite, however, we already get
d(z(t),r_00) < cre  for some constant cy,

i.e. exponential convergence of z(t) towards z_., as t — —oc.

We shall also use the following simple estimate:

Lemma 7.4.8. Suppose ||grad f(z(t))|| > ¢, for t1 <t <ty. Then
d(x(ty), x(t2)) < é(f(f(tl)) — f(x(t2))).
Proof.

d(a(t), 2(t2)) < / Sl de

IN

L[ 1 drsince o)) = laraa Ge(0)] > ¢

Z(f((0) ~ falr2))) by (T43)
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We now need an additional assumption:

There exists a flow-invariant compact set X7 C X containing the critical points
p and q.

What we have in mind here is a certain set of critical points together with all
connecting trajectories between them. We shall see in Theorem 7.4.1 below that we
need to include here all critical points that can arise as limits of flow lines between
any two critical points of the set we wish to consider.

Lemma 7.4.9. Let (2,(t))nen be a sequence of flow lines in X' with
.%’n(—OO) =D,
Tn(00) = q.

Then after selection of a subsequence, x,(t) converges in C' on any compact interval
in R towards some flow line xo(t).

Proof. Let ty € R. If (for some subsequence)
lgrad f(zn (to))ll — 0,

then by (PS) (v1 = f(p), v2 = f(¢), noting f(p) > f(x(t)) > f(¢) by Lemma
7.4.3), we may assume that z,,(fy) converges, and the convergence of the flow lines
on compact intervals then follows from Lemma 7.4.5. We thus assume

llgrad f(xn(to))|| > & for all n and some € > 0.

Since f(x,(t)) is bounded between f(p) and f(gq), Lemma 7.4.4 implies that we may
find t,, < to with
llgrad f(zn(tn))|| = €

and
llgrad f(zn(t))|| > e for t, <t <tg.

From (7.4.3), we get
1
‘tn - tOl S 6_2(f(tn) - f(tO)) S 52

Applying our compactness assumption on X f , we may assume that x, (t,) converges.
From Lemma 7.4.5 we then see that x,(¢) converges on any compact interval towards
some flow line zq(t). |

In general, x,,(¢) will not converge uniformly on all of R towards z((t). We need
an additional assumption as in the next
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Lemma 7.4.10. Under the assumption of Lemma 7.4.9, assume
.%'0(—00) =D
IO(OO) =q,

i.e. xo(t) has the same limit points as the x,(t). Then the x,(t) converge to xo(t) in
the Sobolev space HV2(R, X). In fact, this holds already if we only assume

fxo(=00)) = f(p),
f(xo(00)) = f(a)-

Proof. The essential point is to show that

lim z,(t) =p, lim x,(t)=¢, uniformly in n.
t——oo t—o0

Namely in that case, we may apply the local analysis provided by Theorem 7.3.1
uniformly in n to conclude convergence for ¢ < ¢; and ¢t > ty for certain t1,t2 € R,
and on the compact interval [t1,t2], we get convergence by the preceding lemma.

Because of (PS), we only have to exclude that after selection of a subsequence
of z,(t), we find a sequence (¢, )neny C R converging to oo or —oo, say —oo, with

llerad f(xn(tn))]| > & for some € > 0. (7.4.6)
From (7.4.4), we get the uniform estimate
llgrad f(zn,(t1)) — grad f(z, (t2))|| < c(ta — tl)% for some constant c. (7.4.7)
By (7.4.6), (7.4.7), we may find 0 > 0 such that for ¢, —0 <t < t,,

lerad f(za ()]l = 3,
hence
2
f®) = f(@n(tn)) > f@n(tn —9)) — f(zn(tn)) >0 EZ by (7.4.3).

On the other hand, by our assumption on zo(t), we may find ¢ty € R with

) = folto)) = 8 <. (7.4.8)

If t,, <tg, we have

F0) — Faalto)) 2 F0) ~ Flaaltn)) 205

and so z,(tg) cannot converge to zo(tg), contrary to our assumption. Thus (7.4.6)
is impossible, and the proof is complete, except for the last remark, which, however,
also directly follows as the only assumption about zy(t) that we need is (7.4.8). O

We are now ready to demonstrate the following compactness
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Theorem 7.4.1. Let p,q be critical points of f, and let M;{,q C X7 be a space of flow
lines x(t)(t € R) for f with x(—o0) = p, x(00) = q. Here we assume that X' is a
flow-invariant compact set. Then for any sequence (zn(t))nen C Mg’q, after selection
of a subsequence, there exist critical points

pP=P1,P2,---,Pk = 4G,

flow lines y; € M]{ivarl and t,; € R (i=1,...,k—1, n € N) such that the flow lines

xn(t + tn,;) converge to y; for n — oo. In this situation, we say that the sequence
xn(t) converges to the broken trajectory yr#ya# - . . #Yk—1.

Proof. By Lemma 7.4.9, x,,(t) converges (after selection of a subsequence, as always)
towards some flow line zo(t). () need not be in M/, but the limit points z¢(—00),
x0(00) (which exist by Lemma 7.4.7) must satisfy

f(p) = fzo(=00)) = f(z0(o0)) = f(q)-
Ife.g. f(p) = f(xo(—00)) then the proof of Lemma 7.4.10 shows that
zo(—00) = p.
If f(p) > f(zo(—00)), we choose f(zo(—0)) < a < f(p) and t,,; with
f(@n(tn:)) = a.
We apply Lemma 7.4.9 to z,,(t + t,;) to get a limiting flow line yo(¢). Clearly,

f(p) = f(yo(—00)),

and we must also have

f(yo(00)) = f(wo(—00)),

because otherwise the flow line yo(¢) would contain the critical point xg(—00) in its
interior.

If f(p) > f(yo(—00)) or f(yo(o0)) > f(xo(—00)), we repeat the process. The
process must stop after a finite number of such steps, because the critical points of f
are isolated because of (PS) and the nondegeneracy assumption yielding to the local
picture of Theorem 7.3.1 (see Lemma 7.4.6). O
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7.5 The Morse—Smale—Floer Condition: Transver-
sality and Z,-Cohomology

In this section, we shall continue to assume the Palais—Smale condition and the
nondegeneracy of all critical points of our function f : X — R. Here, we assume
that f is of class C3.

The central object of Morse-Floer theory is the space of connecting trajectories
between the critical points of a function f. If f is bounded, then by Lemma 7.4.6, any
x € X lies on some such trajectory connecting two critical points of f. In the general
case, one may simply restrict the considerations in the sequel to the subspace X7 of
X of such connecting trajectories, and one may even consider only some subset of
the critical points of f and the connecting trajectories between them, including those
limiting configurations that arise by Theorem 7.4.1. As in §7.4, we need to assume
that the set of flow lines under consideration is contained in a compact flow-invariant
set. Thus, we shall assume X is such a closed space of connecting trajectories.

X then carries two stratifications S° and S", consisting of the stable resp.
unstable manifolds of the critical points of f. Thus, each point lies on precisely
one stratum of S°, and likewise on one stratum of S%, and each such stratum is a
smooth manifold, by Corollary 7.3.1.

Definition 7.5.1. The pair (X, f) satisfies the Morse-Smale—Floer condition if all
intersections between the strata of S® and the ones of S* are finite dimensional and
transversal.

We recall that two submanifolds X7, Xy of X intersect transversally if for all

z € X7 N Xo, the tangent space T, X is the linear span of the tangent spaces T, X3

and T, Xs. If the dimension of X is finite, then if X; and X5 intersect transversally
at x, we have

dim X; + dim X = dim(X; N X2) 4+ dim X. (7.5.1)

It easily follows from the implicit function theorem that in the case of a transversal
intersection of smooth manifolds X1, X5, X7 N X5 likewise is a smooth manifold.

In addition to (PS) and the nondegeneracy of all critical points of f, we
shall assume for the rest of this section that (X, f) satisfies the Morse—Smale—Floer
condition.

Definition 7.5.2. Let p,q be critical points of f. If the unstable manifold W*(p)
and the stable manifold W*(q) intersect, we say that p is connected to ¢ by the flow,
and we define the relative index of p and ¢ as

w(p, q) = dim(W*"(p) N W*(q)).

w(p, q) is finite because of the Morse-Smale-Floer condition.
If X is finite dimensional, then the Morse indices u(p) of all critical points p of
f themselves are finite, and in the situation of Definition 7.5.2, we then have

w(p,q) = pu(p) — p(q) (7.5.2)
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as one easily deduces from (7.5.1). Returning to the general situation, we start with
the following simple observation

Lemma 7.5.1. Any nonempty intersection W*(p) N W*(q) (p,q € C(f),p # q) is a
union of flow lines. In particular, its dimension is at least 1.

Proof. It x € W*(p), then so is the whole flow line z(¢) (z(0) = z), and the same
holds for z € W*(q). O

p is thus connected to ¢ by the flow if and only if there is a flow line z(¢) with
z(—00) = p and z(c0) = g. Expressed in another way, the intersections W*(p)NW*(q)
are flow invariant. In particular, in the case of a nonempty such intersection, p and ¢
are both contained in the closure of W*(p)NW*(q).

The following lemma is fundamental:

Lemma 7.5.2. Suppose that p is connected to r and r to q by the flow. Then p is
also connected to q by the flow, and

w(p,q) = pu(p,r) + p(r,q).

Proof. By assumption, W*"(p) intersects W?*(r) transversally in a manifold of
dimension p(p,r). Since W*(r) is a leaf of the smooth stable foliation of r in some
neighborhood U of r by Theorem 7.3.2, in some possibly smaller neighborhood of r,
W*(p) intersects each leaf of this stable foliation transversally in some manifold of
dimension p(p,r). Similarly, in the vicinity of r, W#*(q) also intersects each leaf of
the unstable foliation of r in some manifold, this time of dimension u(r,q). Thus, the
following considerations will hold in some suitable neighborhood of 7.

The space of leaves of the stable foliation of r is parametrized by W*(r), and we
thus get a family of u(p,r)-dimensional manifolds parametrized by W*(r). Likewise,
we get a second family of u(r, ¢)-dimensional manifolds parametrized by W#*(r). The
leaves of the stable and unstable foliations satisfy uniform C'-estimates (in the vicinity
of r) by Theorem 7.3.2, because of our assumption that f is of class C®. The two finite
dimensional families that we have constructed may also be assumed to satisfy such
uniform estimates. The stable and unstable foliations yield a local product structure
in the sense that each point near 7 is the intersection of precisely one stable and one
unstable leaf.

If we now have two such foliations with finite dimensional smooth subfamilies
of dimension n; and ns, say, all satisfying uniform estimates, it then easily follows by
induction on n, and no that the leaves of these two subfamilies need to intersect in a
submanifold of dimension nq + no. The case where nq; = ny = 0 can be derived from
the implicit function theorem. O

We also have the following converse result
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Lemma 7.5.3. In the situation of Theorem 7.4.1, we have

k—1
Z 1(pis pit1) = p(p, q)-
i=1

Proof. It suffices to treat the case k = 3 as the general case then will easily follow by
induction. This case, however, easily follows from Lemma 7.5.2 with p = p1, 7 = po,
q = ps- O

We shall now need to make the assumption that the space XI of connecting
trajectories that we are considering is compact. (At this moment, we are considering
the space W (p) N W#(q).)

Lemma 7.5.4. Suppose that p,q (p # q) are critical points of f, connected by the
Sflow, with
n(p,q) = 1.

Then there exist only finitely many trajectories from p to q.

Proof. For any point x on such a trajectory, we have

fp) = f(z) = f(g).

We may assume that € > 0 is so small that on each flow line from p to ¢, we find
some z with || grad f(z)|| = €, because otherwise we would have a sequence of flow
lines (s;)ieny from p to ¢ with sup,,. || grad f(z)[| — 0 for i — oco. By (PS) a
subsequence would converge to a flow line s (see Lemma 7.4.5) with grad f(z) =0
on s. s would thus be constant, in contradiction to Theorem 7.4.1. Thus, if, contrary
to our assumption, we have a sequence (s;);en of trajectories from p to g, we select
x; € s; with || grad f(x;)|| = e, use the compactness assumption on the flow-invariant
set containing the s; to get a convergent subsequence of the z;, hence also of the
s; by Theorem 7.4.1. The limit trajectory s also has to connect p to ¢, because
our assumption u(p,q) = 1 and Lemmas 7.5.1 and 7.5.3 rule out that s is a broken
trajectory containing further critical points of f. The Morse-Smale-Floer condition
implies that s is isolated in the one-dimensional manifold W*(p) N W*(g). This is
not compatible with the assumption that there exists a sequence (s;) of different flow
lines converging to s. Thus, we conclude finiteness. O

We can now summarize our results about trajectories:

Theorem 7.5.1. Suppose our general assumptions (f € C2, (PS), nondegeneracy
of critical points, Morse-Smale—Floer condition) continue to hold. Let p,q be critical
points of f connected by the flow with

w(p,q) = 2.
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Then each component of the space of flow lines from p to q, Mﬁ,q =W (p) N W*(q)
either is compact after including p,q (and diffeomorphic to the 2-sphere), or its
boundary (in the sense of Theorem 7.4.1) consists of two different broken trajectories
from p to q.

Conversely each broken trajectory s = s1#so from p to q (this means that there
exists a critical point p' of f with u(p,p’) = 1 = u(p’,q), si1(—o0) = p, s1(c0) =
p' = s2(—00), sa(00) = q) is contained in the boundary of precisely one component of

wm/f

P.q°

Remark. Let s)#sh and s{#sY be broken trajectories contained in the boundary of
the same component of MJ . It is then possible that s = s} or s, = sY, but the
theorem says that we cannot have both equalities simultaneously.

Proof of Theorem 7.5.1. If a component M of M;j’q is compact then it is a 2- dimensi-
onal manifold that is a smooth family of curves, flow lines from p to ¢ with common
end points p, ¢, but disjoint interiors. Thus, such a component is diffeomorphic to S2.

If M is not compact, Theorem 7.4.1 implies the existence of broken trajectories
from p to ¢ in the boundary of this component.

Let a be a regular value of f with f(p) > a > f(q). By Lemma 7.4.2, M
intersects the level hypersurface f~1(a) transversally, and MNf~!(a) thus is a 1-
dimensional manifold. It can thus be compactified by adding one or two points. By
Theorem 7.4.1, these points correspond to broken trajectories from p to ¢. We thus
need to exclude that M can be compactified by a single broken trajectory s;#ss.
We have s1(—00) = p, sa(00) = ¢, and we put p’ := s1(00) = so(—00). In view of
the local normal form provided by Theorem 7.3.2, we have the following situation
near p’: MzJj,q is a smooth surface containing s; in its interior. Mgﬁq then intersects a
smooth 1-dimensional family of leaves of the stable foliation near p’ in a 1-dimensional
manifold. The family of those stable leaves intersected by szhq then is parametrized
by a smooth curve in W*(p’) containing p’ in its interior. It thus contains the initial
pieces of different flow lines originating from p in opposite directions, and these flow
lines are contained in limits of flow lines from M{,‘, - Therefore, in order to compactify
M/, in W(p'), a single flow line sy does not suffice.

Finally, if a broken trajectory through some p’ would be a 2-sided limit of M/

Pa,’
this again would not be compatible with the local flow geometry near p’ as just
described. 0

Definition 7.5.3. Let C.(f,Z2) be the free Abelian group with Zs-coefficients
generated by the set C,(f) of critical points of f. For p € C,(f), we put

Op = § (#z, M )7,
reC.(f)
p(p,r)=1
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_~ trajectories from M},

W (') 4 w(p')

Figure 7.5.1:

where #z, M;;r is the number mod 2 of trajectories from p to r (by Lemma 7.5.4
there are only finitely many such trajectories), and we extend this to a group
homomorphism

81 Cu(f,Zs) — Cuf,Ls).

Theorem 7.5.2. We have
Qodp=0,

and thus (C.(f,Z2),0) is a chain complex.

Proof. We have

Hodp= § j § #z, M #2, ML q.
reC.(f) q€C.(f)
w(p,m)=1 p(r,q)=1

We are thus connecting the broken trajectories from p to ¢ for ¢ € C.(f) with
w(p,q) = 2, by Lemma 7.5.1. By Theorem 7.5.1 this number is always even, and
so it vanishes mod 2. This implies 0 o dp = 0 for each p € C.(f), and thus the
extension to Cy(f,Zs) also satisfies 9 0 9 = 0. |

We are now ready for

Definition 7.5.4. Let f be a C3® function satisfying the Morse-Smale-Floer and
Palais—Smale conditions, and assume that we have a compact space X of trajectories
as investigated above. If we are in the situation of an absolute Morse index, we let
Ck(f,Z2) be the group with coefficient in Zs generated by the critical points of Morse
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index k. Otherwise, we choose an arbitrary grading in a consistent manner, i.e. we
require that if p € Cr(f), ¢ € Ci(f), then

k—1=p(pq)
whenever the relative index is defined. We then obtain boundary operators
0 = 0k : Cx(f, Z2) — Cr—1(f,Z2),
and we define the associated homology groups as

ker Oy,

Hiy (X, f,Z22) = ———
k( afa 2) imageakJrlv

i.e. two elements aq, s € ker 0y are identified if there exists some 8 € Cyi1(f,Z2)
with
] — Qg = aﬁ
Instead of a homology theory, we can also define a Morse-Floer cohomology
theory by dualization. For that purpose, we put

C*(f,Zs) := Hom (Cy(f, Z2), Z2)
and define coboundary operators
- CM(f,Z2) — C*H(f, L2)
by

§*w* (prg1) = W* (Oks1prs1)

for w* € C*(f,Zs) and pyi1 € Ci(f, Zo).
If there are only finitely many critical points pi g, ..., pm,x of index k, then we
have a canonical isomorphism

Ck(fv ZQ) - Ck(f> ZQ)a
Djk p;? with pf(pzk) =0;; (0;5 =1for i =j and 0 otherwise)

and
5 pl = > PE0gi k1),

qi,k+1 critical point
of index k+1

provided that sum is finite, too. Of course, this cohomology theory and the
coboundary operator ¢ can also be constructed directly from the function f, by looking
at the positive instead of the negative gradient flow, i.e. at the solution curves of

y:R— X,
y(t) = grad f(y(t)) for all ¢.

The preceding formalism then goes through in the same manner as before.
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Remark. In certain infinite dimensional situations in the calculus of variations, there
may be an analytic difference between the positive and negative gradient flow. Often,
one faces the task of minimizing a certain function f : X — R that is bounded from
below, but not from above, and then also of finding other critical points of such a
function. In such a situation, flow lines for the negative gradient flow

&(t) = —grad f(x(t))

might be well controlled, simply because f is decreasing on such a flow line, and
therefore bounded, while along the positive gradient flow

y(t) = grad f(y(t)),

f may not be so well controlled, and one may not be able to derive the asymptotic
estimates necessary for the analysis.

7.6 Orientations and Z-homology

In the present section, we wish to consider the group C.(f,Z) with integer coefficients
generated by the set C.(f) of critical points of f and define a boundary operator

9:Cu(f,2) = O, 2)

satisfying
000=0

as in the Zy-case, in order that (C.(f,Z),d) be a chain complex. We assume that the
general assumptions of §7.5 (f € C3, (PS), nondegeneracy of critical points, Morse—
Smale-Floer condition) continue to hold.

We shall attempt to define 0 as in Definition 7.5.3, by counting the number of
connecting trajectories between critical points of relative index 1, but now we cannot
simply take that number mod 2, but we need to introduce a sign for each such
trajectory and add the corresponding signs +1. In order to define these signs, we
shall introduce orientations.

In order to motivate our subsequent construction, we shall first consider the
classical case where X is a finite dimensional, compact, oriented, differentiable
manifold. Let f : X — R thus be a Morse function. The index u(p) of a critical
point p is the number of negative eigenvalues of d?f(p), counted with multiplicity.
The corresponding eigenvectors span the tangent space V" C T, X of the unstable
manifold W*(p) at p. We choose an arbitrary orientation of V', i.e. we select
some basis e!,...,etP) of V,' as being positive. Alternatively, we may represent
this orientation by dz' A --- A dzP) | where dz', ..., dz"P) are the cotangent vectors
dual to e',...,erP),
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As X is assumed to be oriented, we get an induced orientation of the tangent
space V7 C T}, X of the stable manifold W*(p) by defining a basis etP)FL e (n =
dim X) as positive if e!,..., et er®P+1 en g a positive basis of T,X. In the
alternative description, with dgr®+Lde™ dual to e®)FL e the orientation
is defined by dz#P)+1 A ... A da™ precisely if dz! A - - A dzt®) A dzh )TN A da?
yields the orientation of T, X.

Now if ¢ is another critical point of f, of index u(q) = u(p) — 1, we choose any
regular value a of f with f(¢) < a < f(p) and consider the intersection

W p)NW*(q) N f~(a).

The orientation of X also induces an orientation of f~1(a), because f~!(a) is always
transversal to grad f, and so we can consider a basis n?,...,n" of T,f ~L(a) as positive
if grad f(y),n?,...,n" is a positive basis of T, X.

As we are assuming the Morse-Smale—Floer condition,

W*(p) NW*(q) N f~(a)

is a finite number of points by Lemma 7.5.4, and since W*(p), W*(p) and f~'(a)
all are equipped with an orientation, we can assign the sign +1 or —1 to any such
intersection point depending on whether this intersection is positive or negative.

These intersection points correspond to the trajectories s of f from p to ¢, and
we thus obtain a sign

n(s) = +1

for any such trajectory, and we put

op := Z n(s)r.

reC.(f)
u(r)=p(p)—1
56M£,r

It thus remains to show that with this definition of the boundary operator 9, we get
the relation
do0d=0.

In order to verify this, and also to free ourselves from the assumptions that X is finite
dimensional and oriented and to thus preserve the generality achieved in the previous
section, we shall now consider a relative version.

We let p, q be critical points of f connected by the flow with

w(p,q) =2,

and we let M be a component of M , = W*(p)NW*(q). For our subsequent analysis,
only the second case of Theorem 7.5.1 will be relevant, i.e. where M has a boundary
which then consists of two different broken trajectories from p to ¢. It is clear
from the analysis of the proof of Theorem 7.5.1 that M is orientable. In fact, M
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is homeomorphic to the open disk, and it contains two transversal one-dimensional
foliations, one consisting of the flow lines of f and the other one of the intersections
of M with the level hypersurfaces f~1(a), f(q) < a < f(p) (as M does not contain
any critical points in its interior, all intersections with level hypersurfaces of f are
transversal). We may thus choose an orientation of M.

p

q
Figure 7.6.1:

This orientation then also induces orientations of the corner points of the broken
trajectories in the boundary of M in the following sense: Let s = s1#s2 be such a
broken trajectory, with intermediate critical point r = s1(c0) = s2(—0o0). The plane
in T, X spanned by s1(00) := limy_,o0 $1(¢) and s2(—00) := lim;_,_ $2(¢) then is a
limit of tangent planes of M and thus gets an induced orientation from M.

This now implies that if we choose an orientation of si, we get an induced
orientation of s5, by requiring that if v1,vo are positive tangent vectors of s; and so,
resp. at r, then v, v induces the orientation of the above plane in T, X. Likewise,
Mn f~a), for f(g) < a < f(p) gets an induced orientation from the one of M and
the one of the flow lines inside M which we always orient by —grad f. Then the signs
n(s1), n(s2) of s1 and sq, resp. are defined by checking whether s; resp. s intersects
these level hypersurfaces f~!(a) positively or negatively. Alternatively, what amounts
to the same is simply checking whether sy, s have the orientation defined by —grad f,
or the opposite one, and thus, we do not even need the level hypersurfaces f~1(a).

Obviously, the problem now is that the choice of orientation of many trajectories
connecting two critical points p, r of relative index pu(p,r) = 1 depends on the choice of
orientation of some such M containing s in its boundary, and the question is whether
conversely, the orientations of these M can be chosen consistently in the sense that
they all induce the same orientation of a given s. In the case of a finite dimensional,
oriented manifold, this is no problem, because we get induced orientations on all such
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M from the orientation of the manifold and choices of orientations on all unstable
manifolds, and these orientations fit together properly. In the general case, we need
to make the global assumption that this is possible:

Definition 7.6.1. The Morse-Smale-Floer flow f is called orientable if we may
define orientations on all trajectories Mf 3, for critical points p, ¢ with relative index

wu(p,q) = 2 in such a manner that the induced orientations on trajectories s between
critical points of relative index 1 are consistent.

With these preparations, we are ready to prove

Theorem 7.6.1. Assume that the general assumptions (f € C3, (PS), nondegeneracy
of eritical points, Morse—Smale—Floer conditions) continue to hold, and that the flow
is orientable in the sense of Definition 7.6.1. For the group C.(f,Z) generated by the
set C.(f) of critical points of f, with integer coefficients, the operator

defined by
Op == Z n(s)r

r€Cx(f)
w(p,r)=1
semp

forp € C.(f) and linearly extended to C.(f,7Z), satisfies
000 =0.

Thus, C.((f,Z),0) becomes a chain complex, and we may define homology groups
Hy (X, f,Z) in the same manner as in Definition 7.5.4.

Proof. We have

dodp = Z Z n(s2)n(s1)q

q€C.(f) T€CL(f)
w(r,q)=1 p(p,r)=1

S2 EM{‘;Q S1 GMﬁm

= E n(s2)n(s1)q.
q€C.(f)
w(p,q)=2
(s1,82) broken trajectory
from p to ¢

By Theorem 7.5.1, these broken trajectories always occur in pairs (s'1, s'2), (s”1,5"2)
bounding some component M of Mp 0
It is then geometrically obvious, see Figure 7.6.1, that

n(sy)n(sy) = —n(s7)n(ss
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Thus, the contributions of the two members of each such pair cancel each other, and
the preceding sum vanishes. O

In the situation of Theorem 7.6.1, we put
bk(Xa f) = dlmZ Hk(X7 f7 Z)

We shall see in §§7.7, 7.9 that these numbers in fact do not depend on f.
As explained at the end of the preceding section, one may also construct a dual
cohomology theory, with

C*(f,2) :=Hom (Cy(f,2), Z)
and coboundary operators
* - CM(f,2) — CM(f.2)

with
SRk (pri1) = WF Ok 1Pkr1)
for w* € C*(f,Z), prs1 € Cri1(f, 7).

7.7 Homotopies

We have constructed a homology theory for a Morse-Smale—Floer function f on a
manifold X, under the preceding assumptions. In order to have a theory that captures
invariants of X, we now ask to what extent the resulting homology depends on the
choice of f. To formulate the question differently, given two such functions f!, f2,
can one construct an isomorphism between the corresponding homologies? If so, is
this isomorphism canonical?

A first geometric approach might be based on the following idea, considering
again the case of a finite dimensional, compact manifold:

Given a critical point p of f! of Morse index u, and a critical point ¢ of f? of
the same Morse index, the unstable manifold of p has dimension u, and the stable
one of ¢ dimension n — p if n = dim X. Thus, we expect that generally, these two
manifolds intersect in finitely many points x1,..., 2, with signs n(z;) given by the
sign of the intersection number, and we might put

OEY > nla)g (7.7.1)

q€C(f?) @EW L (PNW ], (a)
gz (@)=p s (p)

(we introduce additional indices f!, f? in order to indicate the source of the objects)
to get a map

¢21 : C*(.f17G) - C*(f27G)
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extended to 1coef'ﬁzcients G = Zs or Z that hopefully commutes with the boundary
operators 0, 97" in the sense that

1o d! =077 o 2. (7.7.2)

One difficulty is that for such a construction, we need the additional assumption
that the unstable manifolds for f! intersect the stable ones for f? transversally. Even
if f! and f? are Morse-Smale-Floer functions, this need not hold, however. For
example, one may consider f2 = —f!; then for any critical point p,

Wii(p) = Wia(p)

which is not compatible with transversality.

Of course, one may simply assume that all such intersections are transversal but
that would not be compatible with our aim to relate the homology theories for any
pair of Morse-Smale—Floer functions in a canonical manner. We note, however, that
the construction would work in the trivial case where f2 = f!, because then W4 (p)
and W4, (p) = Wi (p) intersect precisely at the critical point p itself.

In order to solve this problem, we consider homotopies

F:XxR—=R

with
tliEn F(x,t) = fi(x), tlim F(x,t) = f?(x), forall z € X.

In fact, for technical reasons it will be convenient to impose the stronger requirement
that

F(z,t) = f'(x) fort< —R,
F(z,t) = f*(x) fort>R, (7.7.3)

for some R > 0.
Given such a function F', we consider the flow

j((é; i ;grad F(xz(t),t) forteR, (7.7.4)

where grad denotes the gradient w.r.t. the z-variables. In order to avoid trouble with
cases where this gradient is unbounded, one may instead consider the flow

grad F'(z(t),1), (7.7.5)

-1
(t) = ,
\/1 + | 2| |grad F|?
but for the moment, we ignore this point and consider (7.7.4) for simplicity.
If p and q are critical points of f! and f?2, resp., with index yu the strategy then
is to consider the number of flow lines s(t) of (7.7.5) with
S(_OO) =D,
s(00) =g,
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F
p,q’

o= D, D e (7.7.6)

qeCy (fz) SEleiq
w(a)=p(p)

equipped with appropriate signs n(s), denote the space of these flow lines by M
and put

Let us again discuss some trivial examples:
If f' = f? and F is the constant homotopy, then clearly

¢* (p) = p,

for every critical point p. If f2 = —f! and we construct F by

fix) for —co<t< 1,
F(z,t):= ¢ —tfi(t) for —1<t<1, (7.7.7)
—fYx) for 1<t< oo,

we have

s(t) = s(—t) (7.7.8)

for any flow line. Thus, also
s(00) = s(—00),

and a flow line cannot connect a critical p of f! of index uf " with a critical point ¢
of f? of index uf2 =n- uf17 unless p = ¢ and ,uf2 = 5. Consequently, we seem to
have the same difficulty as before. This is not quite so, however, because we now have
the possibility to perturb the homotopy if we wish to try to avoid such a peculiar
behavior. In other words, we try to employ only generic homotopies.

In order to formulate what we mean by a generic homotopy we recall the concept
of a Morse function. There, we required that the Hessian d?f(zg) at a critical point
is nondegenerate. At least in the finite dimensional case that we consider at this
moment, this condition is generic in the sense that the Morse functions constitute
an open and dense subset of the set of all C? functions on X. The Morse condition
means that at a critical point g, the linearization of the equation

(t) = —grad f(z(t))

has maximal rank. A version of the implicit function theorem then implies that the
linearization of the equation locally already describes the qualitative features of the
original equation. In this sense, we formulate

Definition 7.7.1. The homotopy F satisfying (7.7.6) is called regular if whenever
grad F'(zg,t) =0 for all t € R,

the operator
)
5t d?F(xg,t) : HY (23 TX) — L*(23TX)

is surjective.
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This is satisfied for a constant homotopy if f! is a Morse function, but not for the
homotopy (7.7.7) because in that case only sections satisfying (7.7.8) are contained
in the range of & + d*F(zo,1).

Let us continue with our heuristic considerations:
If f! is a Morse function as before, ¢ : (—o0,0] — R satisfies (t) = 1 for
t < —1, ¢(0) = 0, we consider the flow

i(t) = —p(t) grad f1(x(t)) for —oco <t <0,
z(0) = .

We obtain a solution for every 2z € X, and as before z:(—o00) always is a critical point
of f1. Thus, while all the flow lines emanate at a critical point for t = —oo, they
cover the whole manifold at ¢t = 0. If we now extend ¢ to (0,00) by putting

o(t) :=p(—t) fort >0,
and if we have another Morse function f? and put
i(t) = —p(t) grad f2(z(t)) fort >0,

in the same manner, the flow lines will converge to critical points of f2 at t = oco.
We thus relate the flow asymptotic regimes governed by f! and f? through the
whole manifold X at an intermediate step. Of course, this only works under generic
conditions, and we may have to deform the flow slightly to achieve that, but here we
rather record the following observation: The points 2(0) for flow lines with z(—o0c0) = p
cover the unstable manifolds of the critical point p of f!, and likewise the points x(0)
for the flow lines with x(c0) = ¢ for the critical point ¢ of f2 cover the stable manifold
of g. Thus the flow lines with z(—o00) = p, z(c0) = ¢ correspond to the intersection of
the unstable manifold of p (w.r.t. f!) with the stable manifold of ¢ (w.r.t. f2), and
we now have the flexibility to deform the flow if problems arise from nontransversal
intersections.

Let us return once more to the trivial example f! = f2, and a constant homotopy
F. We count the flow lines not in X, but in X x R. This simply means that in
contrast to the situation in previous sections, we now consider the flow lines z(-) and
z(- + to), for some fixed ¢ty € R, as different. Of course, if the homotopy F is not
constant in ¢, the time shift invariance is broken anyway, and in a certain sense this
is the main reason for looking at the nonautonomous equation (7.7.4) as opposed
to the autonomous one #(t) = —grad f(x(¢)) considered previously. Returning for a
moment to our constant homotopy, if p and ¢ are critical points of indices p(p) and
w(q) = p(p) — 1, resp. , connected by the flow of f1, the flow lines for F cover a two-
dimensional region in X x R. This region is noncompact, and it can be compactified
by adding broken trajectories of the type

51#S2

where s is a flow for f! from p to ¢ and s5 is the constant flow line for f! = f? from
p to q. This looks analogous to the situation considered in §7.5, and in fact with the
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same methods one shows the appropriate analogue of Theorem 7.5.1. When it come
to orientations, however, there is an important difference. Namely, in the situation of
Figure 7.7.1 (where we have compactified R to a bounded interval), the two broken
trajectories from p to ¢ in the boundary of the square should now be given the same
orientation if we wish to maintain the aim that the homotopy given through (7.7.6)
commutes with the boundary operator even in the case of coefficients in Z.

—00 R 00
q p
X X
q q
—00 R 00
Figure 7.7.1:

The considerations presented here only in heuristic terms will be taken up with
somewhat more rigour in §7.9 below.

7.8 Graph flows

In this section, we shall assume that X is a compact, oriented Riemannian manifold.
A slight variant of the construction of the preceding section would be the following:

Let f1, fo be two Morse-Smale—Floer functions, as before. In the preceding
section, we have treated the general situation where the unstable manifolds of f; need
not intersect the stable ones of fs transversally. The result was that there was enough
flexibility in the choice of homotopy between f; and fs so that that did not matter.
In fact, a consequence of that analysis is that we may always find a sufficiently small
perturbation of either one of the two functions so that such a transversality property
holds, without affecting the resulting algebraic invariants.

Therefore from now on, we shall assume that for all Morse-Smale—Floer
functions fi, f2,... occurring in any construction in the sequel, all unstable manifolds
of any one of them intersect all the stable manifolds of all the other functions
transversally. We call this the generalized Morse—Smale—Floer condition.

Thus, assuming that property, we consider continuous paths

r:R—- X
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with
1 fort <0,

@(t) = —grad fi(2(t)), withi= {2 for t > 2.

The continuity requirement then means that we are switching at ¢ = 0 in a continuous
manner from the flow for f; to the one for fo. As we are assuming the generalized
Morse—Smale—Floer condition, this can be utilized in the manner described in the
previous section to equate the homology groups generated by the critical points of f;
and fo resp.

This construction admits an important generalization:

Let T' be a finite oriented graph with n edges, n; of them parametrized by
(=00, 0], ng parametrized by [0,00), and the remaining ones by [0, 1]. We also assume
that to each edge e; of T', there is associated a Morse—-Smale—Floer function f; and
that the generalized Morse-Smale-Floer condition holds for this collection fi,..., fn.

Definition 7.8.1. A continuous map = : I' — X is called a solution of the graph flow
for the collection (f1,..., fn) if

i(t) = —grad f;(x(t)) for t € e;. (7.8.1)

Again, the continuity requirement is relevant only at the vertices of I' as the
flow is automatically smooth in the interior of each edge. If py,...,p,, are critical
points for the functions fi,..., f,, resp. corresponding to the edges ej,...,en,
parametrized on (—o00, 0], Drny+1; - - - Pny+n, Critical points corresponding to the edges
€ny+1s-- -1 €ny+n, T€Sp. parametrized on [0,00), we let M£1;~~~7pn1+n2 be the space of
all solutions of (7.8.1) with

lim z(t)=p; fori=1,...,n,
t——o0
tce,

tlim x(t) =p; fori=ny+1,...,m1 + no,
— 00
tee;

i.e. we assume that on each edge e;,i = 1,...,n1+ng, x(¢) asymptotically approaches
the critical p; of the function f;.
If X is a compact Riemannian manifold of dimension d, we have

Theorem 7.8.1. Assume, as always in this section, the generalized Morse—Smale—

e 1_‘ . .
Floer condition. Then Mp1;~~~7pn1+n2 is a smooth manifold, for all tuples (pq,...,

Dny+ns ), Where p; is a critical point of f;, with

dim Mgl s Png+ng =
n1 ni+ng
S ulp) = . ulpy) —d(ng —1) —ddim Hy (I, R), (7.8.2)
1=1 j=ni+1

where u(py) is the Morse index of the critical point py for the function fj.
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Proof. We simply need to count the dimensions of intersections of the relevant
stable and unstable manifolds for the edges modeled on [0, c0) and (—o0,0] and the
contribution of internal loops. Each unstable manifold corresponding to a point
pisi = n1 + 1,...,n1 + no has dimension d — u(p;). If a submanifold X; of X
is intersected transversally by another submanifold X5, then the intersection has
dimension d — (d — dim X;) — (d — dim X»), and this accounts for the first three terms
in (7.8.2). If we have an internal loop in I', this reduces the dimension by d, as the
following argument shows:

Let T' be constituted by two ej,es with common end points, and let the
associated Morse functions be f1, fs, resp. For f;, i = 1,2, we consider the graph of
the flow induced by that function, i.e. we associate to each z € X the point z;(1),
where z; is the solution of #;(t) = —grad f;(x;(t)), x;(0) = z. These two graphs
for fi and fo are then submanifolds of dimension d of X x X, and if they intersect
transversally, they do so in isolated points, as dim(X x X) = 2d. Thus, if we start
with a d-dimensional family of initial points, we get a finite number of common end
points. O

Again MII;I,---,Pn1+n2 is not compact, but can be compactified by flows with
broken trajectories on the noncompact edges of I'.

The most useful case of Theorem 7.8.1 is the one where the dimension of
Mgl,...,pn1+n2 is 0. In that case, Mgl,...,pn1+n2 consists of a finite number of continuous
maps = : ' — X solving (7.8.1) that can again be given appropriate signs. The

corresponding sum is denoted by
n(raplv .- 'pn1+n2)'

We then define a map

ni+nz
X

o) : ® Cu(fi,2) — @ Cul(fy. ),
=1 j=ni1+1

(P1® - ®pn,) = nL3P15 - Prytny) (Pry+1 @ -+ @ Prypna)-
With
C*(fi,Z) == Hom (C.(f3, Z), Z),
we may consider ¢(T") as an element of
ny ni+no

O () S 1)

J=n1

With the methods of the previous section, one verifies
Lemma 7.8.1. dg =0. O
Consequently, we consider ¢(I') also as an element of
niy « ni+nz
© H*(fi,Z) H.(f;;Z).
=1 j=ni+1

Besides the above example where I" had the edges (—oo,0] and [0, c0), there are
other examples of topological significance:
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)

3)

I' = [0,00). Thus, n; =0, ny = 1, and with p = p,,, = pa,
dimMg =d— u(p).

This is 0 precisely if u(p) = d, ie. if p is a local maximum. In that case
q(T') € Hq(X;Z) is the so-called fundamental class of X.

I" consisting of two edges modeled on (—o0, 0], and joined by identifying the two
right end points 0. Thus ny = 2, ny = 0, and

dim M, ,, = p(p1) + p(p2) — d.
and this is 0 if p(p2) = d — p(p1). With &k := p(py), thus
q) € H"(X,Z) ® H**(X,Z)
=~ Hom (Hy(X,Z), H**(X,Z))
is the so-called Poincaré duality isomorphism.

I" consisting of one edge modeled on (—o0, 0], and two edges modeled on [0, c0),
all three identified at the common point 0. Thus n; = 1,15 = 2, and

MMy, p, p, = 1(P1) = 1(p2) = 1(ps3)-
Hence, if this is 0,
q() € & HMK,Z)® H{(X,Z) ® H,—;(X,Z)
=~ 2, Hom (H’(X,Z) @ H*"(X,7), H* (X, Z)).
We thus obtain a product
U: H(X,Z)® H"(X,Z) — H*(X,Z),
the so-called cup product.

T consisting of one edge (—oo, 0] together with a closed loop based at 0. In that
case

dim M, = p(p) — d,
which vanishes for u(p) = d, i.e.

qT) € HY(X,Z).

This cohomology class is called the Euler class.
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7.9 Orientations

We are considering solution curves of
#(t) + grad f(z(t)) =0, (7.9.1)
or more generally of
#(t) + grad F(z(¢),t) = 0, (7.9.2)

and we wish to assign a sign to each such solution in a consistent manner.

For that purpose, we linearize those equations. We consider a curve z(t) of class
H'2(R, X) and a section ¢(t) of class H? of the tangent bundle of X along z, i.e.
¢ € HY2(R,2*TX). Then, in the case of (7.9.1), the linearization is

V.o ((exp, (1)sp(6)" + grad f(exp,y s0(t)) =V 40(t) + Doy grad f(a(1)

|s=

with V% = Vi@, V the Levi-Civita connection of X, and likewise, for (7.9.2), we
get

V%Qﬁ(t) + Dga(t) grad F(ﬂ?(t)ﬂf)
We shall thus consider the operator

Vi+ Dgrad F : HY2(2*TX) — L*(2*TX),

(7.9.3)
@+ Vip+ D,grad F.

This is an operator of the form
V+A: H2(2*TX) — L*(2*TX),

where A is a smooth section of x*End T X which is selfadjoint, i.e. for each ¢t € R,
A(t) is a selfadjoint linear operator on Ty ;)X .
We are thus given a vector bundle £ on R and an operator

V+A:HY(E) - L*(E),

with A a selfadjoint endomorphism of E. H?(E) and L?(E) are Hilbert spaces, and
V + A will turn out to be a Fredholm operator if we assume that A has boundary
values A(+00) at toc.

Let L : V — W be a continuous linear operator between Hilbert spaces V, W
with associated norms || - ||y, || ||w resp. (we shall often omit the subscripts v, and
simply write || - || in place of || - ||y or || - [lw). L is called a Fredholm operator iff

(i) Vo :=ker L is finite dimensional,

(if) Wy := L(V), the range of L, is closed and has finite dimensional complement
Wy =: coker L, i.e.
W =W, e W,.
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From (i), we infer that there exists a closed subspace Vi of V' with
V= ‘/O (&) Vla
and the restriction of L to Vi is a bijective continuous linear operator L=" : V; — Wj.

By the inverse operator theorem,
L71 : W1 — V1
then is also a bijective continuous linear operator. We put

ind L : = dim Vy — dim W
= dim ker L — dim coker L.

The set of all Fredholm operators from V' to W is denoted by F(V, W).

Lemma 7.9.1. F(V,W) is open in the space of all continuous linear operators from
V to W, and
ind : F(V,W) - Z

is continuous, and therefore constant on each component of F(V,W).

Proof. For a proof, see e.g. [171]. |

By trivializing E along R, we may simply assume E = R", and we thus consider

the operator
d

i A(t) : HY2(R,R™) — L*(R,R"), (7.9.4)
and we assume that A(t) is continuous in ¢ with boundary values
A(£oo) = lim A1),

t—+oo

and that A(—o0) and A(co) are nondegenerate. In particular, since these limits exist,
we may assume that
IA(t)|| < const.,

independently of t. For a selfadjoint B € Gl(n,R), we denote by
n(B)
the number of negative eigenvalues, counted with multiplicity.

Lemma 7.9.2. Ly := 4 + A(t) : HY?(R,R") — L?(R,R") is a Fredholm operator
with
ind Ly = u(A(~00)) — j(A(co)).
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Proof. We may find a continuous map C' : R — Gl(n,R) and continuous functions
A1(t); - An(t) such that

CH)TABC(t) = diag (M (1), -, An(8), Aa(t) < Ao(t) < -+ < An(h),

i.e. we may diagonalize the selfadjoint linear operators A(t) in a continuous manner.
By continuously deforming A(t) (using Lemma 7.9.1), we may also assume that A(¢)
is asymptotically constant, i.e. there exists T > 0 with

At) = A(—o0) fort < —T,
A(t) = A(oo fort > 1T.

Thus, C(t), A (t),..., A\, (t) are also asymptotically constant. If s(t) is in H%2, then
it is also continuous, and hence if it solves

as(t) + A(t)s(t) =0,
then it is also of class C'!, since £s(t) = —A(t)s(t) is continuous. On (—oo, —T7, it
has to be a linear combination of the functions

e*Ai(foo)t’

and on [T, c0), it is a linear combination of

e~ Nl =1 n.

Since a solution on [—7,7] is uniquely determined by its values at the boundary
points +7', we conclude that the space of solutions is finite dimensional. In fact, the
requirement that s be in H? only allows linear combinations of those exponential
functions of the above type with A\;(—o0) < 0, on (—o0, —1"), and likewise we get the
condition A;(co) > 0. Thus

dimker L 4 = max(u(A(—00)) — p(A(c0)),0)

is finite.
Now let o € L#(R,R") be in the orthogonal complement of the image of L, i.e.

/ (%s(t) + A(t)s(t)> o(t)dt =0 for all s € H-2(R,R"),

where the “” denotes the Euclidean scalar product in R™. In particular, this relation
implies that the weak derivative %o (t) equals —A(t)o(t), hence is in L2. Thus o €
HY2(R,R") is a solution of

d
Zo(t) = AD)a(t) = 0.
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In other words, L, has —L_4 as its adjoint operator, which then by the above
argument satisfies

dimker L_ 4 = max(pu(—A(—o0)) — p(—A(0)),0)
= max(p(A(00)) — p(A(=00)),0).

L4 then has as its range the orthogonal complement of the finite dimensional space
ker L_ 4, which then is closed, and

ind Ly = dimker L 4 — dim coker L 4
=dimker L4 —dimker L_ 4

= p(A(=00)) — p(A(00)).
O

Corollary 7.9.1. Let x1,z5 be H"? curves in X, FE; vector bundles along x;,
A; continuous selfadjoint sections of End E;, i = 1,2, with x1(c0) = x2(—00),
Ei(00) = Ey(—0), A1(o00) = Az(—o0). We assume again that A;(—00), A1 (o0) =
Ag(—00), A2 (c0) are nondegenerate. We consider diffeomorphisms

o1:(—00,0) = R, 09:(0,00) = R,
with o¢(t) =t for |t| > T for some T >0, i = 1,2, and consider the curve

z1(o1(t))  fort <O,
z(t) :=  x1(00) = ma(—00) fort =0,
xo(o2(t))  fort >0,

with the corresponding bundle E(t) and A(t) glued together from Eyi, Ea, Ay, As, Tesp.
in the same manner. Then

ind Ly :indLAl —l—indLAT

Proof.

ind L4, +ind La, = p(A1(=00)) = p(A1(00)) + p(Az(—00)) — u(A2(0))
= (A(=00)) — p(A(c0))

=ind L4, by Lemma 7.9.2 and construction.

|

We now need to introduce the notion of the determinant of a Fredholm operator.
In order to prepare that definition, we first let V, W be finite dimensional vector spaces
of dimension m, equipped with inner products, and put

DetV := A™(V), with A°V :=R.
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Then (Det V)* @ Det V' is canonically isomorphic to R via v* @ w +— v*(w). A linear
map
L:V—-w

then induces
det! : DetV — Det W,

ie.

detl € (Det V)* @ Det W.
The transformation behavior w.r.t. bases eq,... e, of V, fi,..., f;n of W is given
by

detl(es A Aem) =let A Alem =t Ayfi Avs A fon.

We may e.g. use the inner product on W to identify the orthogonal complement of
[(V) with cokerl. The exact sequence

0—>kerl—>V—l>W—>cokerl—>0
and the multiplicative properties of det allow the identification
(Det V)* @ Det W = (Det ker!)* @ Det (coker!) =: Det .

This works as follows:
Put Vy = kerl, Wy = coker L (= 1(V)}), and write V = Vo @ Vi, W = Wy @ W),
Then
l1 = l\Vl : V1 — W1

is an isomorphism, and if eq,..., ey is a basis of Vi, exy1,...,em one of Vi, f1,..., fx
one of Wy, and if we take the basis legy1,...,le, of Wi, then

(er A Nep Aegg1 A ANew) @ (fiAN- A f Nlegsr A+ Nlew)

is identified with

(1 A Nem) @ (fi A A fm).

According to the rules of linear algebra, this identification does not depend on
the choices of the basis. In this manner, we obtain a trivial line bundle over V* @ W,
with fiber (Det V)* @ Det W = (Det ker!)* ® Det coker! over . det! then is a section
of this line bundle, vanishing precisely at those [ that are not of maximal rank m.
On the other hand, if I is of maximal rank, then (Det kerl)* ® Detcoker! can be
canonically identified with R, and det/ with 1 € R, by choosing basis ey, ..., e, of V
and the basis leq,...,le,, of W, as above.

In a more abstract manner, this may also be derived from the above exact
sequence

OﬂkerlﬂV—l>W—>COkerl—>0

on the basis of the following easy algebraic
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U
Lemma 7.9.3. Let 0 — Vlg%g .. 5, — 0 be an exact sequence of linear maps

between finite dimensional vector spaces. Then there exists a canonical isomorphism

® AMmax ‘/; -~ ® Amex ‘/2
iodd ieven 0O

One simply uses this lemma plus the above canonical identification (Det V)* ®
DetV =2 R.

Suppose now that V, W are Hilbert spaces, that Y is a connected topological
space and that [, € F/(V, W) is a family of Fredholm operators depending continuously
on y € Y. Again, we form the determinant line

Detl, := (Det kerl,)* ® (Det cokerl,)

for each y. We intend to show that these lines (Detl,),cy constitute a line bundle
over Y.

l, : (kerl,)™ — (cokerl,)™,

v =l
is an isomorphism, and
indl, = dimkerl, — dim cokerl,

is independent of y € Y, as Y is connected. For y in a neighborhood of some yy € Y,
let V,; C V be a continuous family of finite dimensional subspaces with kerl, C V
for each y, and put

W, = 1,(V,) ® cokerl,.

Then as above
(Det V,)* @ Det W, = (Det kerl,)* ® Det cokerl,,.

The point now is that this construction is independent of the choice of V; in the sense
that if V" is another such family, we get a canonical identification

(Det V)" @ Det W, = (Det V,)* @ Det W,.

Once we have verified that property, we can piece the local models (Det V,))* @ Det W
for Det [, unambiguously together to get a line bundle with fiber Detl, over y on Y.

It suffices to treat the case
! 1"
Vy C Vy ,
and we write

V) =V, oV,
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and

W =W, W,

l, : V,, — W, is an isomorphism, and
detl, : Det Vy — Det V_Vy
yields a nonvanishing section A;, of (Det V,)* @ Det W,. We then get the isomorphism

(Det V,))* @ Det W, —
(Det V,)*® Det W, @ (Det V,)* @ Det W,, = (Det V,')* ® (Det W,/)

Sy 8y ® Ay,

and this isomorphism is canonically determined by [,,.
We have thus shown

Theorem 7.9.1. Let (I)yey C F(V,W) be a family of Fredholm operators between
Hilbert spaces V,W depending continuously on y in some connected topological space
Y. Then we may construct a line bundle over Y with fiber

Detl, = (Det kerl,)* @ (Det cokerl,)

over y, and with a continuous section detl, vanishing precisely at those y € Y where

kerl, # 0. O

Definition 7.9.1. Let | = (I,)ecy) C F(V,W) be a family of Fredholm operators
between Hilbert spaces V,W depending continuously on y in some connected
topological space Y. An orientation of this family is given by a nowhere vanishing
section of the line bundle Det [ of the preceding theorem.

If kerl, = 0 for all y € Y, then of course detl, yields such a section. If this
property does not hold, then such a section may or may not exist.

We now wish to extend Corollary 7.9.1 to the determinant lines of the operators
involved, i.e. we wish to show that

Det Lo = Det Ly, ® Det La,.

In order to achieve this, we need to refine the glueing somewhat. We again trivialize
a vector bundle E over R, so that E becomes R x R™. Of course, one has to check
that the subsequent constructions do not depend on the choice of trivialization.

We again consider the situation of Corollary 7.9.1, and we assume that A;, A
are asymptotically constant in the sense that they do not depend on ¢ for |¢t| > T, for
some T' > 0. For 7 € R, we define the shifted operator L7 via

,8(t) = % + A1 (t —7)s(t).
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As we assume A; asymptotically constant, A7 (¢) := A;(t + 7) does not depend on
t over [—1,00) for 7 sufficiently large. Likewise, A7 (¢) does not depend on t over
(—00,1] for 7 sufficiently large. We then put

Ai(t+71) fort € (—o0,0],

A(t) == A1#, Ao (1) = {Ag(t —71) fort€0,00)

and obtain a corresponding Fredholm operator

LAl#TAz'
Lemma 7.9.4. For 7 sufficiently large,

DetLAl#TAQ = Det Ly, ® Det L 4,.

Sketch of Proof. We first consider the case where L4, and L4, are surjective. We

shall show
dimker Ly < dimker L4, + dimker L,, (7.9.5)

which in the surjective case, by Corollary 7.9.1 equals
indLy, +ind Ly, =ind L4 < dimker Ly,

hence equality throughout.
Now if s,(t) € ker La, % _4,, we have

d
50 () + AD)s- (1) = 0, (7.9.6)

and we have

A(t) = Ay (00) (= Az(—00))

for [t| < 7, provided 7 is sufficiently large. Since A;(co) is assumed to be
nondegenerate, the operator

d
7 + A1 (o0)

is an isomorphism, and thus, if we have a sequence
(7 Jnen
of solutions of (7.9.6) for 7 = 7,,, with ||s;,||g1.2 < 1, 7, — o0, then
S, — 0 on [-T,T)], forany T > 0.

On the other hand, for ¢ very negative, we get a solution of

d
257 (0) + Av(=00)s: (1) = 0,
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or more precisely, s,(t — 7) will converge to a solution of

d
L5(1) + Aa(0)s(0) =0,
i.e. an element of ker L 4,. Likewise s, (t 4+ 7) will yield an element of ker L4,. This
shows (7.9.5).

If La,, La, are not necessarily surjective, one finds a linear map A : R¥ —
L?(R,R™) such that

La, +A: HY2(R,R") x RF — L2(R,R"),
(s,v) — La,s+ Av

are surjective for i = 1,2. One then performs the above argument for these perturbed
operators, and observes that the corresponding determinants of the original and the
perturbed operators are isomorphic. O

We now let Y be the space of all pairs (z, A), where z : R — X is a smooth curve
with limits z(+oo) = limy_,100 2(t) € X, and A is a smooth section of z*End T'X
for which A(t) is a selfadjoint linear operator on T, X, for each ¢ € R, with limits
A(£o0) = limy_, 1o, A(t) that are nondegenerate, and for each y € (z,4) € Y, we
consider the Fredholm operator

Lpay=V+A: H?@TX) — L*(2*TX).

Lemma 7.9.5. Suppose X is a finite dimensional orientable Riemannian manifold.
Let (z1, A1), (z1,A42) € Y satisfy

21 (£00) = z2(£00),

Al(iOO) = Ag(ioo)

Then the determinant lines Det L, 4,y and Det L, a,) can be identified through a
homotopy.

Proof. We choose trivializations o; : 2}TX — R x R" (n = dimX) extending
continuously to +oo, for i = 1,2. Thus, L, 4,) is transformed into an operator

d
La, = o+ Ai(t) : HY*(R,R") — L*(R,R")

(with an abuse of notation, namely using the same symbol 4;(t) for an endomorphism
of Ty X and of R™ = 04(t)(T,)X)). Since X is orientable, we may assume that

o1(£00) = o3(£0)

(for a nonorientable X, we might have o1(—00) = g2(—00), but o1(00) = —02(c0),
or vice versa, because Gl(n,R) has two connected components, but in the orientable
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case, we can consistently distinguish these two components acting on the tangent
spaces 1, X with the help of the orientations of the spaces T, X). Thus, the relations
A1(£00) = Az(£00) are preserved under these trivializations.

From the proof of Lemma 7.9.2, indL4, = indLg4,, and cokerL,, = 0 or
ker L4, = 0, depending on whether +4u(A;(—00)) > £u(A;(c0)). It then suffices to
consider the first case. Since the space of all selfadjoint endomorphisms of R” can
be identified with R*“5 (the space of symmetric (n x n) matrices), we may find a
homotopy between A; and As in this space with fixed endpoints A (+00) = As(+00).
As a technical matter, we may always assume that everything is asymptotically
constant as in the proof of Lemma 7.9.2, and that proof then shows that such a
homotopy yields an isomorphism between the kernels of L4, and Ly,. O

Thus, Fredholm operators with coinciding ends at +oco as in Lemma 7.9.5 can
be consistently oriented. Expressed differently, we call such operators equivalent, and
we may define an orientation on an equivalence class by choosing an orientation of
one representative and then defining the orientations of the other elements of the class
through a homotopic deformation as in that lemma.

Definition 7.9.2. An assignment of an orientation o(z, A) to each equivalence class
(z,A) is called coherent if it is compatible with glueing, i.e.

O'((.%'l,Al)#(.I'Q,Ag)) = O'(.’L'l,Al) X O(.Z'Q,AQ)

(assuming, as always, the conditions required for glueing, i.e. x1(c0) = x2(—00),
Ai(00) = Az(—00)).

Theorem 7.9.2. Suppose X is a finite dimensional orientable Riemannian manifold.
Then a coherent orientation exists.

Proof. We first consider an arbitrary constant curve
z(t)=x0 € X, A(t) = Ayp.

The corresponding Fredholm operator

La, = % +4o: HLQ(RvTUEoX) - Lz(TmoX)
then is an isomorphism by the proof of Lemma 7.9.2, or an easy direct argument.
Thus, Det L 4, is identified with R®R*, and we choose the orientation 1®1* € R@R*.
We next choose an arbitrary orientation for each class of operators L, 4y different
from Ly, a,) With
z(—o0) =x9, A(—00)= Ay

(note that the above definition does not require any continuity e.g. in A(cc0)). This
then determines orientations for classes of operators L, 4y with

z(00) = x9, A(c0) = Ao,
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because the operator Li,-1 a-1y, with z71(t) := x(—t), A~'(t) := A(—t), then is in
the first class, and

L(aj—l’A—l)#L(va) is equivalent to L(x(),AU)v
and by Lemmas 7.9.4 and 7.9.5,

Det L($717A71) ® Det L(x,A) = Det L(GEO,AO) .
Finally, for an arbitrary class L, 4y, we find (21, A1) and (22, A2) with

x1(—00) =z, Ai(—00) =z, 21(00) = z(—00), Aq(o0) = A(—00),

x2(00) = xo, Az(0) =z, 2(—00) = x(0), Az (—00) = A(o0),
and the glueing relation
Lz, a)y#L(w,A)# L (2,,4,) equivalent to Lo a,)-
The relation of Lemma 7.9.4, i.e.
Det Lz, 4,) ® Det L, 4y @ Det Ly, a,) = Det Ly, a,)

then fixes the orientation of L, 4. O

We shall now always assume that X is a compact finite dimensional, orientable
Riemannian manifold. According to Theorem 7.9.2, we may assume from now on that
a coherent orientation on the class of all operators L, 4) as above has been chosen.

We now consider a Morse-Smale-Floer function

f: X—>R
as before, and we let p,q € X be critical points of f with
wu(p) — plg) = 1.
Then for each gradient flow line x(t) with z(—o00) = p, z(c0) = ¢, i.e.
i(t) + grad f(z(t)) = 0,
the linearization of that operator, i.e.
L= Vi + f(a(t) : HY2(@TX) — L@ TX)

is a surjective Fredholm operator with one-dimensional kernel, according to Lemma
7.9.2 and its proof. However, we can easily find a generator of the kernel: as the
equation satisfied by z(t) is autonomous, for any 7y € R, z(t+7) likewise is a solution,
and therefore #(t) must lie in the kernel of the linearization. Altogether, #(¢) defines
an orientation of Det L, called the canonical orientation.
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Definition 7.9.3. We assign a sign n(z(t)) = %1 to each such trajectory of the
negative gradient flow of f with u(x(—o00)) — pu(z(c0)) = 1 by putting n = 1 precisely
if the coherent and the canonical orientation for the corresponding linearized operator
V + d?f coincide.

This choice of sign enables us to take up the discussion of §7.6 and define the
boundary operator as
Op = Z n(s)r,

reC.(f)
p(r)=p(p)—1
SEM;T

now with our present choice of sign. Again, the crucial point is to verify the relation
0*=0.

As in Theorem 7.5.1, based on Theorem 7.3.1, we may again consider a
component M of sz]’q (p, q critical points of f with u(p) — pu(g) = 2), homeomorphic
to the open disk. We get a figure similar to Figure 7.6.1.

p

q
Figure 7.9.1:

On the flow line z(¢) from p to ¢, we have indicated a coherent orientation, chosen
such that e; corresponds to the negative flow line direction, and ey corresponds to
an arbitrarily chosen orientation of the one-dimensional manifold f~!(a) N M, where
f(q) < a< f(p), as in §7.6. The kernel of the associated Fredholm operators L, is
two-dimensional, and e; A es then induces an orientation of Det L,. The coherence
condition then induces corresponding orientations on the two broken trajectories from
p to g, passing through the critical points r1, 72 resp. In the figure, we have indicated
the canonical orientations of the trajectories from p to r; and ry and from r; and 7o
to q. Now if for example the coherent orientations of the two trajectories from p to ry
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and 7y, resp. both coincide with those canonical orientations, then this will take place
for precisely one of the two trajectories from ry and ro resp. to ¢. Namely, it is clear
now from the figure that the combination of the canonical orientations on the broken
trajectories leads to opposite orientations at g, which however is not compatible with
the coherence condition. From this simple geometric observation, we infer the relation
000 =0 asin §7.6.

We may also take up the discussion of §7.7 and consider a regular homotopy (as
in Definition 7.7.1) F between two Morse functions f!, f2, and the induced map

¢21 : C*(f17Z) - C*(anZ)
In order to verify the relationship
6?0 aft = 0f” 0 " (7.9.7)

with the present choice of signs, we proceed as follows. If p; is a critical point of f*,
po one of f2, with
p(p1) = p(p2),

and if s : R — X with s(—00) = p1, s(00) = po satisfies (7.7.4), i.e.
5(t) = —grad F'(s(t),t), (7.9.8)
we consider again the linearized Fredholm operator
Ly:=V +d*F: HY(s*TX) — L*(s*"TX).

Since u(p1) = p(p2), Lemma 7.9.2 implies

ind Lg = 0.
Since by definition of a regular homotopy, L, is surjective, we consequently get

ker Ly = 0.

Thus, Det L, is the trivial line bundle R ® R*, and we may orient it by 1 ® 1*, and
we call that orientation again canonical. Thus, we may assign a sign n(s) to each
trajectory from p; to po solving (7.9.8) as before by comparing the coherent and the
canonical orientations.

Now in order to verify (7.9.7), we look at Figure 7.9.2. Here, we have indicated
a flow line w.r.t. f! from p; to another critical point r; of f* with u(py) — u(r1) = 1,
and likewise one w.r.t. f2 from po to 7o with uu(p2) —u(r2) = 1, both of them equipped
with the canonical orientations as defined above for the relative index 1. Since now
the solution curves of (7.9.8) from p; to po, and likewise from 71 to 72 carry the
orientation of a trivial line bundle, we may choose the coherent orientations so as to
coincide with the canonical ones.

We now compute for a critical point p; of f! with u(p;) = 3, and with M
the space of solutions of (7.9.8) from p; to po,

F
P1,91
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Figure 7.9.2:
(0f* 0 ¢® —¢* 0 0f")(p1)

=8f2< DS n<s>p2)—¢21( DS n(snn)

n(p2)=p seMf, ,, p(r1)=p-1 sleM,’;I,rl

_ (Z 3 3 n(s)n(sz)

w(re)=p—1 \u(p2)=p4 S1€Mg‘lyp2 3263\/(1];;7“2

- Z Z Z n(sl)n(s/)) ry .

u(r1)=p—1 SleMillml s’EMflVTQ

Again, as in Theorem 7.5.1, trajectories occur in pairs, but the pairs may be
of two different types: within each triple sum, we may have a pair (3(1),551)) and
(5(2),552)), and the two members will carry opposite signs as we are then in the
situation of Figure 7.9.1. The other type of pair is of the form (s,s3) and (s1,5),
i.e. one member each from the two triple sums. Here, the two members carry the
same sign, according to the analysis accompanying Figure 7.9.2, but since there are
opposite signs in front of the two triple sums, we again get a cancellation.

In conclusion, all contributions in the preceding expression cancel in pairs, and
we obtain

8f2 O¢21 7¢21 oafl — 0’

as desired. We thus obtain

Theorem 7.9.3. Let X be a compact, finite dimensional, orientable Riemannian
manifold. Let f', f? be Morse-Smale—Floer functions, and let F be a regular homotopy
between them. Then F induces a map

¢21 : C*(f17Z) - C*(f2>Z)
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satisfying " "
o™ = ¢¥ 00,

and hence an isomorphism of the corresponding homology groups defined by f' and
f?, resp. O

Corollary 7.9.2. Under the assumptions of Theorem 7.9.3, the numbers by (X, f)
defined at the end of §7.6 do not depend on the choice of a Morse—Smale—Floer
function [ and thus define invariants bi(X) of X. O

Definition 7.9.4. The numbers b (X) are called the Betti numbers of X.

Remark. The Betti numbers have been defined through the choice of a Riemannian
metric. In fact, however, they turn out not to depend on that choice. See the
Perspectives for some further discussion.

Perspectives. The relative approach to Morse theory presented in this chapter was first
introduced by Floer in [98]. It was developed in detail by Schwarz[263], and starting with
87.4 we have followed here essentially the approach of Schwarz although in certain places
some details are different (in particular, we make a more systematic use of the constructions
of §7.3), and we cannot penetrate here into all the aspects worked out in that monograph.
An approach to Floer homology from the theory of hyperbolic dynamical system has been
developed in [295]. We also refer the reader to the bibliography of [263] for an account of
earlier contributions by Thom, Milnor, Smale, and Witten. (Some references can also be
found in the Perspectives on §7.10.)

In particular, Witten[302], inspired by constructions from supersymmetry, established
an isomorphism between the cohomology groups derived from a Morse function and the ones
coming from the Hodge theory of harmonic forms as developed in Chapter 3 of the present
work.

In some places, we have attempted to exhibit geometric ideas even if considerations
of space did not allow the presentation of all necessary details. This applies for example
to §7.8 on graph flows which is based on [27]. As in Schwarz’ monograph, the construction
of coherent orientations in §7.9 is partly adapted from Floer and Hofer[99]. This in turn is
based on the original work of Quillen[244] on determinants.

The theory as presented here is somewhat incomplete because we have not developed
certain important aspects, among which we particularly wish to mention the following three:

1) Questions of genericity:

A subset of a Baire topological space is called generic if it contains a countable

intersection of open and dense sets. In the present context, one equips the space

of (sufficiently smooth) functions on a differentiable manifold X as well as the space
of Riemannian metrics on X with some C* topology, for sufficiently large k. Then
at least if X is finite dimensional and compact, the set of all functions satisfying the

Morse condition as well as the set of all Riemannian metrics for which a given Morse

function satisfies the Morse-Smale—Floer condition are generic.

2) We have shown (see §7.7 and this section) that a regular homotopy between two
Morse functions induces an isomorphism between the corresponding homology theory.
It remains to verify that this isomorphism does not depend on the choice of homotopy
and is flow canonical.
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3) Independence of the choice of Riemannian metric on X:

We recall that by Lemma 2.1.1, a Riemannian metric on X is given by a symmetric,
positive definite covariant 2-tensor. Therefore, for any two such metrics go,g: and
0<t<1,g::=tgo+ (1 —t)g:1 is a metric as well, and so the space of all Riemannian
metrics on a given differentiable manifold is a convex space, in particular connected. If
we now have a Morse function f, then the gradient flows w.r.t. two metrics go, g1 can be
connected by a homotopy of metrics. The above linear interpolation g; may encounter
the problem that for some ¢, the Morse-Smale—Floer transversality condition may not
hold, and so one needs to consider more general homotopies. Again, for a generic
homotopy, all required transversality conditions are satisfied, and one then conclude
that the homology groups do not depend on the choice of Riemannian metric. Thus,
they define invariants of the underlying differentiable manifold. In fact, they are even
invariants of the topological structure of the manifold, because they satisfy the abstract
Eilenberg—Steenrod axioms of homology theory, and therefore yield the same groups
as the singular homology theory that is defined in purely topological terms.

These points are treated in detail in [263] to which we consequently refer.

As explained in this chapter, we can also use a Morse function to develop a cohomology
theory. The question then arises how this cohomology theory is related to the de Rham—
Hodge cohomology theory developed in Chapter 3. One difference is that the theory in
Chapter 3 is constructed with coefficients R, whereas the theory in this chapter uses Za
and Z as coefficients. One may, however, extend those coefficients to R as well. Then, in
fact, the two theories become isomorphic on compact differentiable manifolds, as are all
cohomology theories satisfying the Eilenberg—Steenrod axioms. These axioms are verified
for Morse—Floer cohomology in [263]. The background in algebraic topology can be found in
[272]. Witten[302] derived that isomorphism in a direct manner. For that purpose, Witten
considered the operators

dy 1 = e_tfdetf,
their formal adjoints
df =edre !,
and the corresponding Laplacian

At L= dtd: +d:df

For t = 0, Ao is the usual Laplacian that was used in Chapter 3 in order to develop Hodge
theory and de Rham cohomology, whereas for t — oo, one has the following expansion

Ay =dd* +d*d + 2| df]]? + 2 _Oh_ (2
' M9 dak x|\ 9zF )

dxJ
very large for t — 0o, except at the critical points of f, i.e. where df = 0. Therefore, the
eigenfunctions of A; will concentrate near the critical points of f for ¢ — oo, and we obtain
an interpolation between de Rham cohomology and Morse cohomology.

where (i)j, ., is an orthonormal frame at the point under consideration. This becomes
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An elementary discussion of Morse theory, together with applications to closed
geodesics, can be found in [217].

Finally, as already mentioned, Conley developed a very general critical point theory
that encompasses Morse theory but applies to arbitrary smooth functions without the
requirement of nondegenerate critical points. This theory has found many important
applications, but here we have to limit ourselves to quoting the references: Conley[68], Conley
and Zehnder[69]. In another direction, different approaches to Morse theory on singular
(stratified) spaces have been developed by Goresky and MacPherson[117] and Ludwig[207].

7.10 The Morse Inequalities

The Morse inequalities express relationships between the Morse numbers p;, defined
as the numbers of critical points of a Morse function f of index i, and the Betti
numbers b; of the underlying manifold X. In order to simplify our exposition, in this
section, we assume that X is a compact Riemannian manifold, and we only consider
homology with Zs-coefficients (the reader is invited to extend the considerations to
a more general setting). As before, we also assume that f : X — R is of class
C? and that all critical points of f are nondegenerate, and that (X, f) satisfies the
Morse-Smale-Floer condition.

As a preparation, we need to consider relative homology groups. Let A be a
compact subset of X, with the property that flow lines can enter, but not leave A.
This means that if

#(t) = —grad f(z(t)) forteR
and
x(to) € A for some typ € RU{—o0},
then also
xz(t) € A forall t > t.

We obtain a new boundary operator 94 in place of 9 by taking only those critical
points of f into account that lie in X\ A. Thus, for a critical point p € X\ A, we put

pi= Y (HM,)r (7.10.1)

reCy (f)NX\A
w(p,r)=1



7.10 The Morse Inequalities 393

By the above condition that flow lines cannot leave A once they hit it, all flow
lines between critical points p,r € X\A are entirely contained in X\ A as well. In
particular, as in Theorem 7.5.2, we have

94904 =0 for all critical points of f in X\A. (7.10.2)

Defining C2(f,Z2) as the free Abelian group with Zy-coefficients generated by the
critical points of f in X\ A, we conclude that

(Cf(fv Z2)7 aA)
is a chain complex. We then obtain associated homology groups

ker 8,;4

image 3,?“ ’

Hk(X7Aa fa ZQ) = (7103)

as in §7.5.

We shall actually need a further generalization: Let A C Y C X be compact,
and let f: X — R satisfy:

(i) If the flow line z(t), i.e.
z(t) = —grad f(z(t)) for all ¢,

satisfies

x(tp) € A for some tg € RU{—o0},
then there is no ¢ > ¢, with z(t) € Y\ A.

(ii) If the flow line z(t) satisfies

xz(t1) € Yya(ta) € X\Y, with — oo <ty <ty < 00,
then there exists t1 < tg < to with

.Z'(to) c A.

Thus, by (i), flow lines cannot re-enter the rest of Y from A, whereas by (ii),
they can leave the interior of Y only through A. If p € Y\ A is a critical point of f,
we put
MApi= Y (#wM) ) (7.10.4)
reC,(f)NY\A
n(p,r)=1
Again, if p and r are critical points in Y\ A, then any flow line between them also has
to stay entirely in Y\ A, and so as before

VA o gV A =, (7.10.5)
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and we may define the homology groups

ker 974
Hy(Y, A, f,Zy) = —E—. (7.10.6)
image 0,7

We now apply these constructions in three steps:

1) Let p be a critical point of f with Morse index

n(p) = k.

We consider the unstable manifold
W (p) = {z(-) flow line with z(—o0) = p}. (7.10.7)

As the parametrization of a flow line is only defined up to an additive constant,
we use the following simple device to normalize that constant. It is easy to see,
for example by Theorem 7.3.1, that for sufficiently small e > 0, W*(p) intersects
the sphere OB(p, ) transversally, and each flow line in W*"(p) intersects that
sphere exactly once. We then choose the parametrization of the flow lines z(-) in
W*(p) such that x(0) always is that intersection point with the sphere 9B (p, ¢).
Having thus fixed the parametrization, for any T' € R, we cut all the flow lines

off at time T

YpT ={z(t): —oco <t <T,x(-) flow line in W*(p)} (7.10.8)
and

AT = {x(T) : x(-) flow line in W*(p)}. (7.10.9)

It is easy to compute the homology H*(YPT,AZ?7 fyZ2) : p is the only critical
point of f in Y,"\Al', and so

Y A p=0. (7.10.10)

Thus, the kernel of BEP’AP is generated by p. All the other kernels and images

y7 AT
of the 8j PP are trivial and therefore

Z, ifj=F,

) (7.10.11)
0  otherwise,

Hj()/pTaA;j;mfv ZQ) = {

for all T € R.

Thus, the groups Hj(YpT7 Ag, f,Z2) encode the local information expressed by
the critical points and their indices. No relations between different critical
points are present at this stage. Thus, for this step, we do not yet need the
Morse—Smale—Floer condition.
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2) We now wish to let T tend to oo, i.e. to consider the entire unstable manifold
W(p). W*(p), however, is not compact, and so we need to compactify it. This
can be done on the basis of the results of §§7.4, 7.5. Clearly, we need to include
all critical points r of f that are end points of flow lines in W*(p), i.e.

r =x(oco) for some flow line () in W*(p).

In other words, we consider all critical points r to which p is connected by the
flow in the sense of Definition 7.5.2. In particular, for any such r

w(r) < p(p),

because of the Morse-Smale—Floer condition, see (7.5.2). Adding those critical
points, however, is not yet enough for compactifying W*(p). Namely, we also
need to add the unstable manifolds W*(r) of all those r. If the critical point ¢ is
the asymptotic limit y(oco) of some flow line y(-) in W*(r), then, by Lemma 7.5.2,
we may also find a flow line z(-) in W*(p) with z(c0) = ¢, and furthermore,
as the proof of Lemma 7.5.2 shows, the flow line y(-) is the limit of flow lines
x(+) from W*(p). Conversely, by Theorem 7.4.1, any limit of flow lines x, ()
from W*(p), n € N, is a union of flow lines in the unstable manifolds of critical
points to which p is connected by the flow, using also Lemma 7.5.2 once more.
As these results are of independent interest, we summarize them as

Theorem 7.10.1. Let f € C3(X,R), X a compact Riemann manifold, be a function
with only nondegenerate critical points, satisfying the Morse—Smale—Floer condition.
Let p be a critical point of [ with unstable manifold W*(p). Then W"(p) can
be compactified by adding all the unstable manifolds W*(r) of critical points r for
which there exists some flow line from p to r, and conversely, this is the smallest
compactification of W*(p). |

We now let Y be that compactification of W*(p), and A := Y\W"(p), ie.
the union of the unstable manifolds W™ (r) of critical points r to which p is
connected by the flow. Again, the only critical point of f in Y\ A is p, and so
we have as in 1)

Hi(Y, A, f,75) = {ZQ if j = ulp), (7.10.12)
0  otherwise.

The present construction, however, also allows a new geometric interpretation of

the boundary operator 9. For that purpose, we let C.(f,Z2) be the free abelian

group with Zs-coefficients generated by the set CL(f) of unstable manifolds

W*(p) of critical points p of f, and

OW p) = > (HmM) )W), (7.10.13)
reC.(f)
m(r)=p(p)—1
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Thus, if pu(p) = k, the boundary of the k-dimensional manifold W*(p) is a
union of (k — 1)-dimensional manifolds W*(r). Clearly, ' 0 &' = 0 by Theorem
7.5.2, as we have simply replaced all critical points by their unstable manifolds.
This brings us into the realm of classical or standard homology theories on
differentiable manifolds. From that point of view, the idea of Floer then
was to encode all information about certain submanifolds of X that generate
the homology, namely the unstable manifolds W*(p) in the critical points p
themselves and the flow lines between them. The advantage is that this allows
a formulation of homology in purely relative terms, and thus greater generality
and enhanced conceptual clarity, as already explained in this chapter.

3) We now generalize the preceding construction by taking unions of unstable
manifolds. For a critical point p of f, we now denote the above compactification
of W*(p) by Y (p). We consider a space Y that is the union of some such Y (p),
and a subspace A that is the union of some Y'(q) for critical points ¢ € Y. As
before, we get induced homology groups Hy(A), H,(Y), Hi(Y, A), omitting f
and Zs from the notation from now on for simplicity. As explained in 2), we may
consider the elements of these groups as equivalence classes (up to boundaries)
either of collections of critical points of f or of their unstable manifolds.

We now need to derive some standard facts in homology theory in our setting.
A reader who knows the basics of homology theory may skip the following until the
end of the proof of Lemma 7.10.4.

We recall the notation from algebraic topology that a sequence of linear maps
f; between vector spaces A;

A oA T A T

is called exact if always
ker(f;) = image (fi+1)-

We consider the maps

ik : H)C(A) — Hk(Y),
gk Hy(Y) — Hp(Y, A),
8k . Hk(x A) — Hk_1(A)

defined as follows:

If 7 € Cr(A), the free Abelian group with Zs-coefficients generated by the
critical points of f in A, we can consider 7 also as an element of C%(Y), from the
inclusion A — Y. If 7 is a boundary in Cj(A), i.e. m = Og4+17y for some v € Cry1(A),
then by the same token, v can be considered as an element of Cy41(Y), and so 7 is
a boundary in Ci(Y") as well.

Therefore, this procedure defines a map i from Hy(A) to Hx(Y).

Next, if 7 € Cy(Y), we can also consider it as an element of Cy(Y,A), by
forgetting about the part supported on A, and again this defines a map jj in homology.
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Finally, if 7 € Cr(Y) with 07 € Cir_1(A) and thus represents an element of
H (Y, A), then we may consider Om as an element of Hy_1(A), because 0 o 1 = 0.
A7 is not necessarily trivial in Hi_1(A), because m need not be supported on A, but
Or as an element of Hy_1(A) does not change if we replace = by 7 + 7 for some
v € Cr(A). Thus, Or as an element of Hy_1(A) depends on the homology class of
in Hi(Y, A), and so we obtain the map Jy : Hi(Y, A) — Hy_1(A).

The proof of the following result is a standard routine in algebraic topology:

Lemma 7.10.1.
o H(A) 5 Hy (V) 25 By (Y, A) 25 By 4 (A) — -

s exact.

Proof. We denote the homology classes of an element v by [7].
1) Exactness at Hy(A):

Suppose [y] € keriy, i.e.
ir[y] =0.
This means that there exists m € Cy11(Y) with

om = ir(7).

Since ix(7y) is supported on A, represents an element of Hy11(Y, A), and so
[v] € image (Ok+1). Conversely, for any such m, Om represents the trivial element
in H,(Y), and so i,[0n] = 0, hence [07] € keriy. Thus iy 0 dxy1 = 0.

2) Exactness at Hy(Y):

Suppose [71] € ker ji. This means that 7 is supported on A, and so [7] is in the
image of i;. Conversely, obviously ji o ix = 0.

3) Exactness at Hy (Y, A):

Let [7] € kerdy. Then Or = 0, and so 7 represents an element in Hy(Y).
Conversely, for any [r] € H,(Y),07 = 0, and therefore 9y o ji = 0.

|

In the terminology of algebraic topology, a diagram
Ay —— Ay
1| g
B, —>— B,
of linear maps between vector spaces is called commutative if
goa=bof.

Let now (Y7,Y2) and (Y2,Y3) be pairs of the type (Y, A) just considered. We then
have the following simple result:
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Lemma 7.10.2. The diagram

2,3 2,3

8% i2 j2:3
c o Hpy (Y2, Ys) — s Hy 1 (Ys) —— Hy_1(Ys) —2— Hp_1(Ya,Ys) — ---

.1,2,3 2,3 1,2 j12:3
iy iy, i, ko1

1,2 1,2

oy iy 2
= Hy(Y1,Ys) —— Hy 1 (Y2) —— Hy 1 (Y1) —2— Hyp 1 (Y1,Ya) — -+

where the wvertical arrows come from the inclusions Y3 — Yo — Yi, and where
superscripts indicate the spaces involved, is commutative.

Proof. Easy; for example, when we compute ii’?’ o 8]3’3[71'], we have an element 7
of Ci(Yz), whose boundary On is supported on Y3, and we consider that as an
element of Cr_1(Y2). If we apply i,lc’Q’?’ to [r], we consider 7w as an element of
C (Y1) with boundary supported on Cj_1(Y2), and 8,1’2[7T] is that boundary. Thus
2,3 92,3 1,2 4,23

i 00" =0, 0. O

Lemma 7.10.3. Let Y3 C Yo C Y1 be as above. Then the sequence
2,3 1,2

23 00l:2, 12 12
e Hen (VL Y2) O (Ve Ys) B Hy(V,Ys) P H(V1,Ya) — -

is exact. (Here, the map z',lc’Q comes from the inclusion Yo — Y7, whereas j,i’Z arises
from considering an element of Cr—1(Y1,Y3) also as an element of Cr—1(Y1,Y2) (since
Y3 C Y3), in the same way as above).

Proof. Again a simple routine:

1) Exactness at Hy(Y2,Y3):

i r) =0 3y € Cpa(Y1,Ys) : 9y =,

and in fact, we may consider v as an element of Cj4+1(Y1,Y2) as the class of 7
in H(Y2,Y3) is not influenced by adding dw for some w € Cyy1(Y3). Thus 7 is

. . 2 1,2
in the image of ]kfl 00

2) Exactness at Hy(Y1,Y3):

3 r] =06 Iy € Crp(Y1,Ya) : 0y = m,

and so 7 is trivial in homology up to an element of Cy(Y2,Y3), and so it is in
the image of 122
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3) Exactness at Hy(Y7,Y2):

],33 o 8;’2[71'] = 0 & O vanishes up to an element of Cy_1(Y3)

< m is in the image of ji’z.

Finally, we need the following algebraic result: -
Lemma 7.10.4. Let
e Ay B Ay 25 A 250
be an exact sequence of linear maps between vector spaces. Then for all k € N,
dim A; — dim Ay + dim A3 — --- — (=1)¥ dim A, + (=1)* dim(ker az,) = 0. (7.10.14)
Proof. For any linear map ¢ =V — W between vector spaces,
dim V' = dim(ker £) + dim(image ¢).
Since by exactness
dim(image a;) = dim(kera;_1),
we obtain
dim(A;) = dim(kera;) + dim(kera;_1).
Since dim A; = dimker a;, we obtain
dim A; — dim Ay + dim Az — --- + (=1)* dim(ker ay) = 0.
O
We now apply Lemma 7.10.4 to the exact sequence of Lemma 7.10.3. With
bi(X,Y) : =dim(Hi(X,Y)),
v (Y1, Yo, Y3) = dim(ker j;2) 0 9,%),
we obtain
k .
D (D (hi(Y1, Ya) = bi(Y, Ya) 4 by(Y2, Y3)) — (= 1)* v (Y1, Ye, Y3) = 0.
i=0
Hence
(=D M (1, Y2, Ya) = (=1)F 0 (Y3, Y2, Ys) — (—1)*bk (Y1, Y2)
+(=DFb(Y1,Y3) = (=1)Fb(Ya,Y3).  (7.10.15)

We define the following polynomials in ¢:
P(t,X,Y) =Y b(X, V),
k>0

Q(t, Y1, Y2, Ya) i= > vp(V1, V2, Va) tF.
k>0
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Multiplying the preceding equation by (—1)¥t* and summing over k, we obtain

Q(t7 Yl: Y27 Y3) - _tQ(ta Y17 }/27 Y3) + P(t7 Yla YZ) (7 10 16)

_P(t7}/17Y3)+P(t7}/27Y3) o

We now order the critical points p1,...,p,, of the function f in such a manner that
w(pi) > p(p;) whenever i < j.

For any i, we put

Y1 :=Y1() :

I
'
<
)
=

Yo :=Ya(i) = |J Yo,

Yg = @

Thus Yy = Y\WF¥(p;). The pair (Y7,Y>2) may differ from the pair (Y, A4) =
(Y(P;),Y (P;)\W¥(p;)) in so far as both Y; and Y, may contain in addition the same
unstable manifolds of some other critical points. Thus, they are of the form (Y U
B, AU B) for a certain set B. It is, however, obvious that the previous constructions
are not influenced by adding a set B to both pairs, i.e. we have

Hp,(YUB,AUB) = H(Y,A) forallk,
because all contributions in B cancel. Therefore, we have

Ly for k= pu(pi),

) (7.10.17)
0  otherwise.

Hy,(Y1(i), Y2(3)) = H(Y (), Y (p:)\W* (p:)) = {

Consequently,
P(t,Y1,Yy) = tHP), (7.10.18)

We now let pp be the number of critical points of f of Morse index ¢. Since the
dimension of any unstable manifold is bounded by the dimension of X, we have
pe = 0 for £ > dim X. (7.10.18) implies

dim X

> Pt YA(i),Ya(i) = Yt (7.10.19)
¢

i=0
From (7.10.16), we obtain for our present choice of the triple (Y7, Y2,Y3)
P(t,Y1(i), Y2(i)) = P(t,Y1(4),0) — P(t,Y2(i),0) + (1 + £)Q(t, Y1 (i), Y2(),0),
and summing w.r.t. ¢ and using Y3 (1) = X, we obtain

dim X

> P(t,Ya(i), Ya(i) = P(t, X,0) + (1 +1) Q(t) (7.10.20)
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for a polynomial ()(¢) with nonnegative coefficients. Inserting (7.10.19) in (7.10.20)
and using the relation

P(t,X,¢) =Y t/dim H;(X) (since H;(X,0) = H;(X))
= thbj (X) (see Corollary 7.9.1),

we conclude

Theorem 7.10.2. Let f be a Morse-Smale—Floer function on the compact, finite
dimensional orientable Riemannian manifold X. Let py be the number of critical
points of f of Morse index £, and let by,(X) be the k-th Betti number of X. Then

dim X
St = b (X) + (1+1)Q(t) (7.10.21)
£=0 j

for some polynomial Q(t) in t with nonnegative integer coefficients. O

We can now deduce the Morse inequalities

Corollary 7.10.1. Let f be a Morse—Smale—Floer function on the compact, finite
dimensional, orientable Riemannian manifold X. Then, with the notations of
Theorem 7.10.2,

(i) pr = bp(X) for all k.
(ZZ) e — Pk—1 + pg—2 — ... £ o > bk(X) — bkfl(X) + ... £ bO(X)
(i) Z]—(—l)jﬂj = Zj(—l)jbj (X) (this expression is called the Euler characteristic
of X ).
Proof.

(i) The coefficients of t* on both sides of (7.10.21) have to coincide, and Q(t) has
nonnegative coefficients.

(ii) Let Q(t) = > t'q;. From (7.10.21), we get the relation

k k k-1
S =Y thi(X)+(1+1)) tha +tha
Jj=0 Jj=0 Jj=0
for the summands of order no larger than k. We put ¢ = —1. Since g > 0, we
obtain
k k
DT = Y (1) Ry
7=0 J=0

(iii) We put ¢t = —1 in (7.10.21). |
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Let us briefly return to the example discussed in §7.1 in the light of the present
constructions. We obtain interesting aspects only for the function fo of §7.1. The
essential feature behind the Morse inequality (i) is that for a triple (Y7,Y2,Y3)
satisfying Y3 C Y5 C Y7 as in our above constructions, we always have

In other words, by inserting the intermediate space Y between Y; and Y3, we may
increase certain topological quantities, by inhibiting cancellations caused by the
boundary operator 0. If, in our example from §7.1, we take Y1 = X,Y3 = 0, we
may take any intermediate Ys. If we take Y5 = Y (p2) (p2 being one of two maximum
points), then Y;\Ys = W¥(p;) (p; the other maximum), and so

1 for k=2,
0 otherwise,

br(Y1,Y2) _{

and

1 fork=0
br(Ys,Y3) = ’
CRERE) {O otherwise

(we have dpa = p3,Ops = 2ps = 0 in Y3), and so, since

1 fork=0,2
b X — b) b
K(X) {0 for k=1,

we have equality in (7.10.22).
If we take Yo = Y (p3) (ps the saddle point), however, we get

2 for k=2,
0 otherwise

bp(Y1,Ys) = {

(since Op; = 0 = 9pz in (Y1,Y2)) and

1 for k=1,
0 otherwise

bi(Y2,Y3) = {
(since dp3 = 0, but there are no critical points of index 2 in Y3). Thus, in the first case,
the boundary operator 0 still achieved a cancellation between the second maximum
and the saddle point while in the second case, this was prevented by placing p, and p3
into different sets. Generalizing this insight, we conclude that the Morse numbers s
arise from placing all critical points in different sets and thus gathering only strictly
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local information while the Betti numbers b, incorporate all the cancellations induced
by the boundary operator d. Thus, the py and the by only coincide if no cancellations
at all take place, as in the example of the function f; in §7.1.

Perspectives. In this section, we have interpreted the insights of Morse theory, as developed
by Thom[286], Smale[271], Milnor[219], Franks[100] pp. 199-215, in the light of Floer’s
approach. Schwarz[264] used these constructions to construct an explicit isomorphism
between Morse homology and singular homology.

7.11 The Palais—Smale Condition and the Existence
of Closed Geodesics

Let M be a compact Riemannian manifold of dimension n, with metric (-,-) and

associated norm || - || = (-,-)z. We wish to define the Sobolev space Ag = H'(S*, M)
of closed curves on M with finite energy, parametrized on the unit circle S*. We
first consider H!(I,R™) := HY2(I,R"), where I is some compact interval [a,b], as

the closure of C>°(I,R™) w.r.t. the Sobolev H':2-norm. This norm is induced by the
scalar product

(c1, c2) ::/ cl(t)-CQ(t)dt—F/ dc;—ft)~dcs—;t)dt, (7.11.1)

where the dot - denotes the Euclidean scalar product on R™. H!(I,R™) then is a
Hilbert space.

Since I is 1-dimensional, by Sobolev’s embedding theorem (Theorem A.1.7),
all elements in H'(I,R™) are continuous curves. Therefore, we can now define the
Sobolev space H'(S', M) of Sobolev curves in M via localization with the help of
local coordinates:

Definition 7.11.1. The Sobolev space Ag = H'(S', M) is the space of all those
curves ¢ : S' — M for which for every chart z : U — R™ (U open in M), (the
restriction to any compact interval of)

zoc:c H(U) - R"
is contained in the Sobolev space H2(c~1(U),R"™).
Remark. The space Ay can be given the structure of an infinite dimensional

Riemannian manifold, with charts modeled on the Hilbert space H?(I, R™). Tangent
vectors at ¢ € Ay then are given by curves v € H'(S',TM), i.e. Sobolev curves in
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the tangent bundle of M, with v(t) € T.4)M for all t € St For v17y2 € T.Ay, i.e.
tangent vectors at ¢, their product is defined as

«mww:/XDmmemMu

tesSt

where D+, (t) is the weak first derivative of 7, at ¢, as defined in §A.1. This then defines
the Riemannian metric of Ag. While this becomes conceptually very satisfactory, one
needs to verify a couple of technical points to make this completely rigorous. For that
reason, we rather continue to work with ad hoc constructions in local coordinates. In
any case, Ag assumes the role of the space X in the general context described in the
preceding sections.

The Sobolev space Ay is the natural space on which to define the energy
functional

mazé/Wkwwm
Sl

for curves ¢ : S — M, with Dc denoting the weak first derivative of c.
Definition 7.11.2. (u,)nen C Ag converges to u € Ag in H?2 iff

(i) uy, converges uniformly to u (u, = u).

(ii) E(un) — E(u) as n — oo.

Uniform convergence u, = u implies that there exist coordinate charts f, :
n

U, — R" (u=1,...,m) and a covering of S* = U=y V. by open sets such that for
sufficiently large n,

un(Vy),u(Vy,) C U, for p=1,....,m.
If now ¢ € C3°(V,,,R™) for some p, then for sufficiently small |e],
fulut) +ep(t)) C fu(U,) forallteV,,

i.e. we can perform local variations without leaving the coordinate chart. In this
sense we write
u—+ep

instead of f,, o u + ep. For such ¢ then

d 1d o
d_eE(u +EQ)|e=0 = 2de gij(u+ep) (0’ +ep") (W +e¢?) dtj.—o,

where everything is written w.r.t. the local coordinate f, : U, — R™ (the dot * of
course denotes a derivative w.r.t. t € S1),

using gi; = 9ji,

R | o
= /(gij(u)uw+§gij,k(u)uwgok)dt (7.11.2)
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if w € H?2(S', M), this is
i WA 1 ik
=— Gij (W)’ @? + gij et u'p! — §gij’ku W) dt  (7.11.3)
=~ [ (@ + D) gis(u)? .

as in §1.4. We observe that ¢ € H'? is bounded by Sobolev’s embedding theorem
(Theorem A.1.7) (see also the argument leading to (7.11.6) below) so that also the
second terms in (7.11.2) and (7.11.3) are integrable.

We may put

IDE(u)|| =

d o
sup {d_aE(u +eP)le—o @ € H)*(V,,,R™) for some g, /gij(u)gb’gb] dt < 1} .
(7.11.4)
For second derivatives of F, we may either quote the formula of Theorem 5.1.1 or
compute directly in local coordinates

2

d? 1 , o .
Bt ep)emo = 1 [ g+ ep)at + )@ + eph)de

2 de?
= / (9ij(W)@'¢7 + 295 k0" P " + gy et i? ") dt,

which is also bounded for v and ¢ of Sobolev class H1:2.
Suppose now that u € Ay satisfies

DE(u) =0.

This means

S o
/ (gij(u)u"gbj + §gij,k(u)uzu]<pk> dt =0 forall o € H"2 (7.11.5)

Lemma 7.11.1. Any u € Ay with DE(u) =0 is a closed geodesic (of class C*).

Proof. We have to show that u is smooth. Then (7.11.3) is valid, and Theorem A.1.5
gives ' '
it 4+ T (w)aFat =0 fori=1,...,dim M,

thus u is geodesic.
‘We note that v is continuous so that we can localize in the image. More precisely,
we can always find sufficiently small subsets of S! whose image is contained in one
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coordinate chart. Therefore, we may always write our formulas in local coordinates.
We first want to show
ue H>,

For this, we have to find v € L' with

where we always assume that the support of € C§°(S*, M) is contained in a small
enough subset of S! so that we may write things in local coordinates as explained
before.
We put
@ (t) == g (u(t))mi(1).

Then

/mmﬁ:_/mmﬁ

which is valid since u € H 2,

T / (gij (u(t))i' ¢ + gij pil i o7) dt

= / <§gij,k(u)u Wk — gijr(u)iFa goj) dt by (7.11.5)
1 ki ki e
= 59ig kg W = gijRTUTGT ) e dt

1 . - ..
- / (5912(9%% —gjok — gu,;-) @ uFn; dt, renaming indices

- 7/1“;,4#11’%71- dt. (7.11.6)
With v¢ = —F;kujuk € L', the desired formula

/uiﬁi = /vim for n € C§°(S*, M) with sufficiently small support

then holds, and
ue H>,

By the Sobolev embedding theorem (Theorem A.1.7) we conclude
uwe HY for all ¢ < co.

(We note that since S' has no boundary, the embedding theorem holds for the
H*P spaces and not just for H(]f P For the norm estimates, however, one needs
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| f1l 5.0 (o) on the right-hand sides in Theorem A.1.7 and Corollary A.1.3, instead of
just [|D*f||z».)
In particular, u € H*(Q), hence

Iy (w)id i € L2,

(7.11.6) then implies

ue H*?,
hence 7 € C° by Theorem A.1.2 again.
Now
d i ik i ik i e legek . i i
&(F]-k(u)u u”) = 2T 0l a” + Ty yutd? using T, = T,

eL?

since i € L?, & € L>®. Thus

Ly at e HY?,
and then

ue H>?,
by (7.11.6) again.
Iterating this argument, we conclude
we H"? forall k € N,

hence

ue C®
by Corollary A.1.3. O
We now verify a version of the Palais—-Smale condition:
Theorem 7.11.1. Any sequence (un)nen C Ag with

E(u,) < const,
IDE(un)]| — 0 asn—0

contains a strongly convergent subsequence with a closed geodesic as limit.
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Proof. First, by Holder’s inequality, for every v € Ag,t1,ty € S*,

d(v(t1),v(t2)) < / 2 (gij(v)@if’j)% dt

t1

to o 3
S <(t2 — tl)/ gij(’U)i)l’l.]j dt)
t1
<V2|ty — 1|7 E(v)>. (7.11.7)

Thus )
Ay C C2(S*, M),

i.e. every H'-curve is Holder continuous with exponent %, and the Holder %—norm is
controlled by /2E(v).

The Arzela—Ascoli theorem therefore implies that a sequence with E(u,) < const
contains a uniformly convergent subsequence. We call the limit u. v also has finite
energy, actually

E(u) < liminf E(uy,).
n—oo

We could just quote Theorem 8.3.2 below. Alternatively, by uniform convergence
everything can be localized in coordinate charts, and lower semicontinuity may then
be verified directly. For our purposes it actually suffices at this point that u has finite
energy, and this follows because the H'2-norm (defined w.r.t. local coordinates) is
lower semicontinuous under L?-convergence.

We now let (1,)u=1,...,m be a partition of unity subordinate to (V,,),=1,...,m, our
covering of S! as above. Then

E(uy) — E(u) = / > " (gl (un )il i, — gt (u)yia) dt (7.11.8)
p=1

where the superscript u now refers to the coordinate chart f, : U, — R™.
In the sequel, we shall omit this superscript, however.
By assumption (cf. (7.11.2)),

/ (gij(un)ugapj + §gij7k(un)u;uﬁl<pk> dt —0 asn— oo,

for all ¢ € H12.
We use ‘ . ‘
@ =nu(u), —u’)

(where, of course, the difference is computed in local coordinates f,,). Then,
/gij7k(un)u;u£nu(uﬁ —uF)dt < const - max d(un (t),u(t)) E(u,) — 0,

as n — oo since E(u,) < const and u, = u (after selecting a subsequence).
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Consequently from (7.11.2), since ||DE(u,)| — 0,
/ (935 (un )y, (), — 7Yy + gz (u™ )iy (uly — w?)) dt — 0.

The second term again goes to zero by uniform convergence.
We conclude

/gz‘j(un)%(ﬂ% — i), — 0 asn — oo, (7.11.9)

Now
/ (91 (un )iy, — gi(u)ya'i?) m,, =

/{gij(un)%(% — ) + (94 (un) — gij(w) @i + gij(u) (i, — @)l }n, .
(7.11.10)

The first term goes to zero by (7.11.9). The second one goes to zero by uniform
convergence and Hoélder’s inequality.

For the third one, we exploit that (as observed above, after selection of a
subsequence) 4, converges weakly in L? to @ on V,. This implies that the third
term goes to zero as well.

(7.11.10) now implies

E(u,) — E(u) as n — 00

(cf. (7.11.8)).
u then satisfies
DE(u)=0

and is thus geodesic by Lemma 7.11.1. O

As a technical tool, we shall have to consider the negative gradient flow of E.

Remark. In principle, this is covered by the general scheme of §7.3, but since we
are working with local coordinates here and not intrinsically, we shall present the
construction in detail. For those readers who are familiar with ODEs in Hilbert
manifolds, the essential point is that the Picard—Lindel6f theorem applies because the
second derivative of F is uniformly bounded on sets of curves with uniformly bounded
energy E. Therefore, the negative gradient flow for E exists for all positive times,
and by the Palais—-Smale condition always converges to a critical point of F, i.e. a
closed geodesic.

The gradient of E, VE, is defined by the requirement that for any ¢ € Ay,
VE(c) is the H'-vector field along c satisfying for all H'-vector fields along ¢

(VE(c),V)yr = DE(c¢)(V) = /Sl<{:, V)dt. (7.11.11)
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Since the space of H'-vector fields along ¢ is a Hilbert space, VE(c) exists by the
Riesz representation theorem. (The space of H!-vector fields along an H!-curve can
be defined with the help of local coordinates.)

We now want to solve the following differential equation in Ag:

d
—®o(t) = —VE(P(t
it = ~VE@W), (7.11.12)
(I)(O) = Cp,
where ¢y € Ag is given and ® : RT — A is to be found.
We first observe
Lemma 7.11.2. Let ®(t) be a solution of (7.11.12). Then
iE(<I>(t)) <0
dt -
Proof. By the chain rule,
@) = DE@() (520
dt N dt (7.11.13)
— IVE@(®)3: <.
O

Theorem 7.11.2. For any cq € Ay, there exists a solution ® : RT — Aqy of

d
5 2(t) = —VE(®(1)),

CI)(O) = Cp.

(7.11.14)

Proof. Let
A:={T >0: there exists ®: [0,7] — Ag solving (7.11.14) with ®(0) = ¢o}.

(That @ is a solution on [0,7] means that there exists some £ > 0 for which ® is a
solution on [0,T + ¢€).)

We are going to show that A is open and nonempty on the one hand and closed
on the other hand. Then A = R*, and the result will follow. To show that A is
open and nonempty, we are going to use the theory of ODEs in Banach spaces. For
¢ € Ay, we have the following bijection between a neighborhood U of ¢ in Ay and a
neighborhood V of 0 in the Hilbert space of H'-vector fields along c:

§(1) = expy) &(r) for € V. (7.11.15)

(By Theorem 1.4.3 and compactness of ¢, there exists pg > 0 with the property that
for all 7 € St, exp,(ry maps the ball B(0,po) in Tp-yM diffeomorphically onto its
image in M.)
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If @ solves (7.11.14) on [s, s + ] we may assume that € > 0 is so small that for
all ¢t with s <t < s+ ¢, ®(t) stays in a neighborhood U of ¢ = ®(s) with the above
property. This follows because ®, since differentiable, in particular is continuous in t.
Therefore, (7.11.15) transforms our differential equation (with its solution ®(¢) having
values in U for s <t < s+ ¢) into a differential equation in V', an open subset of
a Hilbert space. Since DFE, hence VFE is continuously differentiable, hence Lipschitz
continuous, the standard existence result for ODEs (theorem of Cauchy or Picard-
Lindel6f) may be applied to show that given any ¢ € A, there exists ¢ > 0 and a
unique solution W : [0,¢] — Ag of £U(t) = —VE(¥(t)) with ¥(0) = c. If ® solves
(7.11.14) on [0,%o], then putting ¢ = ®(ty), we get a solution on [0,tg + €], putting
O(t) = WU(t —to).

This shows openness, and also nonemptyness, putting to = 0. To show
closedness, suppose ® : [0,t) — A solves (7.11.14), and 0 < ¢, < T,t, — T for
n — oo.

Lemma 7.11.2 implies

E(®(t,)) < const. (7.11.16)

Therefore, the curves ®(t,,) are uniformly Hélder continuous (cf. (7.11.7)), and hence,
by the theorem of Arzela—Ascoli, after selection of a subsequence, they converge
uniformly to some cr € Ag; c¢r indeed has finite energy because we may assume
that (®(t,))nen also converges weakly in H'2 to e, as in the proof of Theorem
7.11.1. By the openness argument, consequently we can solve

d
S0(t) = ~VE@(),

‘P(t) = Cr

for T <t < T+¢ and some € > 0. Thus, we have found ® : [0,T +¢) solving (7.11.14),
and closedness follows. O

We shall now display some applications of the Palais—Smale condition for closed
geodesics. The next result holds with the same proof for any C2-functional on a
Hilbert space satisfying (PS) with two strict local minima.

While this result is simply a variant of Proposition 7.2.1 above, we shall present
the proof once more as it will serve as an introduction to the proof of the theorem of
Lyusternik and Fet below.

Theorem 7.11.3. Let c¢1, co be two homotopic closed geodesics on the compact
Riemannian manifold M which are strict local minima for E (or, equivalently, for
the length functional L). Then there exists another closed geodesic ¢z homotopic to
c1, o with

E(c3) =k = /{I’ég g{%ﬁ] E(X(7)) > max{E(c1), E(c2)}, (7.11.17)

where A = A(cy,cz) == {\ € C°[0,1],A¢) : M(0) = c1, \(1) = c2}, the set of all

homotopies between c1 and co.
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Proof. We first claim

J0g > 0 ¥V with 0 < § < dg Je > 0 Ve with dl(C,Ci) =4:
E(c) > E(¢;) +¢e fori=1,2. (7.11.18)

Indeed, otherwise, for i =1 or 2,
Voo 30 < 6 < dp Vn Iy, with dy(yn,¢;) =9
1
E(vn) < E(c;) + -~

If |DE(vn)|| — 0, then (7,) is a Palais-Smale sequence and by Theorem 7.11.1
converges (after selection of a subsequence) to some 7y with

di(0,¢i) =9,
E(vo) = E(cy),

contradicting the strict local minimizing property of c;.
If | DE(y,)|l = n > 0 for all n, then there exists p > 0 with

IDE(7)| > g whenever di (7,,7) < p. (7.11.19)

This follows, because || D?E|| is uniformly bounded on E-bounded sets.

(7.11.19) can then be used to derive a contradiction to the local minimizing
property of ¢; by a gradient flow construction. Such a construction will be described
in detail below. We may thus assume that (7.11.18) is correct.

(7.11.18) implies

k> max(E(c1), E(c2)). (7.11.20)

We let now K* be the set of all closed geodesics, i.e. curves ¢ in A° with DE(c) = 0,
E(c) = k, homotopic to ¢; and cs.
We have to show

K" 0.

We assume on the contrary
K" =1. (7.11.21)

We claim that there exist n > 0, a > 0 with
IDE(c)|| > (7.11.22)
whenever ¢ is homotopic to ¢, co and satisfies
k—n<E()<k+n. (7.11.23)

Namely, otherwise, there exists a sequence (7, )nen of H!-curves homotopic to ¢g, ca,
with

lim E(v,) = &,

n—oo

lim DE(y,) =0.

n—oo
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(Yn)nen then is a Palais-Smale sequence and converges to a closed geodesic ¢z with
E(c3) = K, contradicting our assumption K* = ().

Thus (7.11.22) has to hold if Kk — n < E(c) < k + 7.

From Theorem 7.11.2, we know that for any ¢ > 0, there is a map

AO - A()a
c— D),

where ®;(c) = ®(t) solves

d
S0(1) = ~VE®(),
®(0) =c.

With the help of this gradient flow, we may now decrease the energy below the level
k, contradicting (7.11.21). For that purpose, let A € A satisfy

max E(A(T)) <k +n. (7.11.24)
T€[0,1]

Then, as in the proof of Lemma 7.11.2,

& p@ (@) =~ IVE@ ) <0. (7.11.25)

In particular, for t > 0,
max E(®¢(A\(7))) < max E(A(1)) < k+n. (7.11.26)

Since ¢; and ¢y are closed geodesics, i.e. critical points of E, VE(¢;) =0 for i = 1,2,
hence
®i(c;) =¢; forallt>0.

Therefore
P,oNe A fort>0.

(7.11.22), (7.11.25) imply
%E(@t()\(r))) < —a? whenever E(®;(\(7))) > Kk —n. (7.11.27)

(7.11.24), (7.11.27) imply
E(®s(A(7))) < r—n,
for s > %27- and all 7 € [0,1], contradicting the definition of k. Therefore, (7.11.21)

cannot hold, and the theorem is proved. O

As the culmination of this section, we now prove the theorem of Lyusternik and
Fet.
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Theorem 7.11.4. Each compact Riemannian manifold contains a nontrivial closed
geodesic.

For the proof, we shall need the following result from algebraic topology which,
however, we do not prove here. (A proof may be found e.g. in E. Spanier, Algebraic
Topology, McGraw Hill, 1966.)

Lemma 7.11.3. Let M be a compact manifold of dimension n. Then there exist
some 1,1 < i <n, and a continuous map

h:S"— M,

which is not homotopic to a constant map.
In case M is a differentiable manifold, them h can also be chosen to be
differentiable. O

Proof of Theorem 7.11.4. We start with a very simple construction that a reader
with a little experience in topology may skip.

Let ¢ be as in Lemma 7.11.3. If ¢ = 1, the result is a consequence of Theorem
1.5.1. We therefore only consider the case i > 2. h from Lemma 7.11.3 then induces
a continuous map H of the (i — 1)-cell D*~! into the space of differentiable curves
in M, mapping 0D'~! to point curves. In order to see this, we first identify D!
with the half equator {#! > 0,22 = 0} of the unit sphere S* in R**! with coordinates
(zt,...,2"T1). Top € D71 C S we assign that circle ¢,(t),t € [0,1], parametrized
proportionally to arc length that starts at p orthogonally to the hyperplane {z% = 0}
into the half sphere {? > 0} with constant values of z3,... 21, For p € 9D, ¢,
then is the trivial (i.e. constant) circle ¢,(t) = p. The map H is then given by

H(p)(t) = hocyt).

Each ¢ € S* then has a representation of the form ¢ = ¢,(t) with p € D71, pis
uniquely determined, and ¢ as well, unless ¢ € D", A homotopy of H, ie. a
continuous map

H: D" x[0,1] — {closed curves in M}

that maps 9D*~! x [0, 1] to point curves and satisfies ﬁ‘Di—lX{O} = H, then induces
a homotopy h : S% x [0,1] — M of h by

h(a,8) = h(cy(t), s) = H(p, s)(t)

(g = cp(t), as just described).
We now come to the core of the proof and consider the space

A:={\: D' — Ag, XA homotopic to H as described above,

in particular mapping 9D~ 'to point curves },
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and put
= inf E(A(2)).
R, B
As in the proof of Theorem 7.11.3, we see that there exists a closed geodesic
with
E(y) = k.

It only remains to show that x > 0, in order to exclude that v is a point curve and
trivial. Should x = 0 hold, however, then for every € > 0, we would find some A\, € A
with
E(A <e.
max B(A(2)) <e
All curves A:(z) would then have energy less than . We choose € < %ﬁ. Then,
for every curve ¢, := A\.(z) and each ¢ € [0,1],

d(CZ(O)7cz(t))2 <2E(c;) < Pg'

The shortest connection from ¢, (0) to c¢.(t) is uniquely determined; denote it by
q.1(s),s € [0,1]. Because of its uniqueness, ¢,: depends continuously on z and ¢.
H(z,s)(t) := ¢.+(1 — s) then defines a homotopy between \. and a map that maps
D=1 into the space of point curves in M, i.e. into M.

Such a map, however, is homotopic to a constant map, for example since D* 1! is
homotopically equivalent to a point. (The more general maps from D?~! considered
here into the space of closed curves on M are not necessarily homotopic to constant
maps since we have imposed the additional condition that 9D~! = $%~2 is mapped
into the space of point curves which is a proper subspace of the space of all closed
curves.) This implies that A, is homotopic to a constant map, hence so are H and h,
contradicting the choice of h. Therefore, k cannot be zero. O

Perspectives. It has been conjectured that every compact manifold admits infinitely many
geometrically distinct closed geodesics. “Geometrically distinct” means that geodesics which
are multiple coverings of another closed geodesic are not counted. The loop space, i.e. the
space of closed curves on a manifold, has a rich topology and Morse theoretic constructions
yield infinitely many critical points of the energy function. The difficulty, however, is to
show that those correspond to geometrically distinct geodesics. Besides many advances,
most notably by Klingenberg[189], the conjecture is not verified in many cases. Among the
hardest cases are Riemannian manifolds diffeomorphic to a sphere S™. For n = 2, however, in
that case, the existence of infinitely many closed geodesics was shown in work of Franks[101]
and Bangert[14]. For an explicit estimate for the growth of the number of closed geodesics
of length < ¢, see Hingston[147] where also the proof of Franks’ result is simplified.

We would also like to mention the beautiful theorem of Lyusternik and Schnirelman
that any surface with a Riemannian metric diffeomorphic to S? contains at least three
embedded closed geodesics (the number 3 is optimal as certain ellipsoids show). See e.g.
Ballmann[11], Grayson[118], Jost[156], as well as Klingenberg[189].
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Exercises for Chapter 7

1. Show that if f is a Morse function on the compact manifold X, a < b, and if f has
no critical point p with a < f(p) < b, then the sublevel set {x € X : f(z) < a} is
diffeomorphic to {z € X : f(z) < b}.

2. Compute the Euler characteristic of a torus by constructing a suitable Morse
function.

3. Show that the Euler characteristic of any compact odd-dimensional differentiable
manifold is zero.

4. Show that any smooth function f : S™ — R always has an even number of critical
points, provided all of them are nondegenerate.

5. Prove the following

Theorem (Reeb). Let M be a compact differentiable manifold, and let f €
C3(M,R) have precisely two critical points, both of them nondegenerate. Then
M is homeomorphic to the sphere S™ (n = dim M ).

6. Is it possible, for any compact differentiable manifold M, to find a smooth function
f+ M — R with only nondegenerate critical points, and with u; = b; for all j
(notations of Theorem 6.3.1)7

Hint: Consider RP? (cf. Chapter 1, Exercise 3 and Chapter 5, Exercise 5) and use
Bochner’s theorem 4.5.2, Poincaré duality (Corollary 3.4.3), and Reeb’s theorem
(Exercise 5).

7. State conditions for a complete, but noncompact Riemannian manifold to contain
a nontrivial closed geodesic. (Note that such conditions will depend not only on
the topology, but also on the metric as is already seen for surfaces of revolution
in R3.)

8. Let M be a compact Riemannian manifold, p,q € M, p # q. Show that there
exist at least two geodesic arcs with endpoints p and gq.

9. In (7.2.1), assume that f has two relative minima, not necessarily strict anymore.
Show that again there exists another critical point x3 of f with f(z3) >
max{f(z1), f(z2)}. Furthermore, if £ = inf,cr maxze, f(x) = f(z1) = f(22),
show that f has infinitely many critical points.

10. Let v be a smooth convex closed Jordan curve in the plane R?. Show that
there exists a straight line £ in R? (not necessarily through the origin, i.e. £ =
{az' + ba? + ¢ = 0} with fixed coefficients a, b, ¢) intersecting v orthogonally in
two points.
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11.

12.

13.

Hint: v bounds a compact set A in R? by the Jordan curve theorem. For every
line ¢ in R?, put
La(¢) :=1length (AN¥).

Find a nontrivial critical point ¢y for L4 (i.e. La(¢y) > 0) on the set of all lines by
a saddle point construction. (See also J. Jost, X. Li-Jost, Calculus of Variations,
Cambridge Univ. Press, 1998, Chapter 1.3.)

Generalize the result of Exercise 10 as follows:

Let M be diffeomorphic to S?, v a smooth closed Jordan curve in M. Show
that there exists a nontrivial geodesic arc in M meeting v orthogonally at both
endpoints.

Hint: For the boundary condition, see Exercise 1 of Chapter 5.
If you know some algebraic topology (relative homotopy groups and a suitable

extension of Lemma 7.11.3, see E. Spanier, Algebraic Topology, McGraw Hill,
1966), you should be able to show the following generalization of 11:

Let My be a compact (differentiable) submanifold of the compact Riemannian
manifold M. Show that there exists a nontrivial geodesic arc in M meeting My
orthogonally at both end points.

For p > 1 and a smooth curve ¢(t) in M, define

1 .
By(0) =+ [ lelrat

Define more generally a space H? (M) of curves with finite value of E,. What are
the critical points of E, (derive the Euler-Lagrange equations)? If M is compact,
does E), satisfy the Palais-Smale condition?






Chapter 8

Harmonic Maps between
Riemannian Manifolds

8.1 Definitions

We let M and N be Riemannian manifolds of dimension m and n, resp.
If we use local coordinates, the metric tensor of M will be written as

(’Yaﬂ)a,ﬁ:l ..... m,
and the one of N as
(gij)i,jzl,...,n.
We shall also use the following notations
(“/aﬁ)a,ﬁﬂ m = (’Yag);’lﬂ, (inverse metric tensor)
v = det(vap),

la5

gn = 2’}/ (7[35-,77 + Yns,p — ’}/ﬁm(g), (Christoffel symbols of M)

and similarly ‘
3

9]7 Jjk-

If f: M — N is a map of class C', we define its energy density as

1)) = 57" (2)giy (1) LD (8.1.1)

in local coordinates (z',...,2™) on M, (f!,...,f") on N.

J. Jost, Riemannian Geometry and Geometric Analysis, Universitext,
DOI 10.1007/978-3-642-21298-7_9, (© Springer-Verlag Berlin Heidelberg 2011
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The value of e(f)(z) seems to depend on the choices of local coordinates; we are now
going to interpret e(f) intrinsically and see that this is not so. For this purpose, we
consider the differential of f,

o i
f b2

df = 8“30 afl’

a section of the bundle T*M @ f~'TN.
S7YT'N is a bundle over M with metric (g;;(f(z))), while T*M of course has
metric (y*?(x)), cf. (2.1.5). Likewise, we have for the Levi-Civita connections:

V_a 0 =V o i by the chain rule
oo afi trx 597 Of (81.2)
_Of7 e 0 B
T Qpe W afk’
V%dxﬁ = ffg,ydx'ﬂ cf. (4.1.20), which follows from
0
e (8 7) = %y
hence,
0 0
- 7 B(_~_
0= 5 (= (5))
0 0
_ By ([ =2 B
= (V_a_dr ( m) +da (va%a aﬂ) (8.1.3)

- (Va%adxﬁ)(%> +T8

xT

We shall also employ the convention that the metric of a vector bundle E over
M will be denoted as
<.7 > E-

Then, with —f— of o

— Bz 9f

af of
(5529 )

S, df oo g (81.4)

e(f) =

(a—ié, B%%) ¢-17n is the pullback by f of the metric tensor of N, and consequently
e(f) is its trace (up to the factor ) w.r.t. the metric on 7*M. We may also express
(8.1.4) as

e(f) = |, (315)

where the norm || - || involves the metrics on 7*M and f~1TN.
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Definition 8.1.1. The energy of a Cl-map f: M — N is
E(f):= /M e(f)dM (8.1.6)

(with dM = /4dz' A... Ada™ in local coordinates, being the volume form of M).

Of course, E generalizes the energy of a curve in N, i.e. a map from, say, S* to
N as considered in Chapter 1.

Another, even simpler special case is where N = R. We then recall from Section
3.1 the Dirichlet integral of a function f: M — R,

B() =5 [ 1) e g /e . da™

(Note that, compared with Section 3.1, we have changed the notation insofar as the
metric on M is now denoted by 7,s because we want to reserve the symbols g;; for
the metric on N which will play a more important role than M in this chapter.)

Our aim in this chapter is to find critical points of E. These will then be higher
dimensional generalizations of closed geodesics on IN. One can also consider them as
nonlinear analogues of harmonic functions on M.

Lemma 8.1.1. The Euler—Lagrange equations for E are

T VI G VA @) 5 P g =0 (8L

Definition 8.1.2. Solutions of (8.1.7) are called harmonic maps.

Remark. If M = S! with its metric in standard coordinates, (8.1.7) reduces to the
familiar equation for geodesics.

Proof of Lemma 8.1.1 Let f be a smooth critical point of E. Then f is in particular
continuous, and we may localize our computations in local coordinates in both domain
and image. In this sense, let a smooth ¢ be given in such local coordinates, with
compact support, and consider the variation f + tp for sufficiently small ||, the sum
being taken again in local coordinates. As f is a critical point of E,

—E(f +t@)li=0 = 0. (8.1.8)

So far, in fact, it sufficed to suppose f to be of class C'. We now assume f to be of
class C? so that the equations (8.1.7) are meaningful. (8.1.8) gives



422 Chapter 8 Harmonic Maps between Riemannian Manifolds

P () gi; (f () + te(x))
M

2
(gxf; +t6xa) (% + —)\/_da: -dz"™[i=o
(v*

- [ e i) 2522
o7 or

+ 39 @@ 5 St da

making use of the symmetry g;; = g;i,

0 8 i )
oft ofF .
7/]\47 ()ai:a fﬁgmk(f( )@Jﬁdl‘l...dl‘
oft ofi
+ /M %’Yaﬁ(x)gij,k(f(w))a%Tﬁwkﬁd:ﬁl...dxm,

where we may integrate by parts since ¢ has compact support in M. We put n; =
gi;¢?, and thus ¢’/ = g"/n;. We then obtain

/ \/_8565 \/_ aﬂ )nz\/_dx

X 6]”' ot (8.1.9)
—/ P4 (gijn + Grji — gzk,]) gﬂe\/_dx da™,
M2 * dg
using the symmetry v** = 2% in the second integral above.
The claim then follows from Theorem A.1.5. O

Later on, the smoothness of critical points of E will be an important and often
difficult issue. For the moment, however, rather than discussing this question further,
we want to interpret (8.1.7) from an intrinsic point of view.

We let ¥ be a vector field along f; this just means that 1 is a section of f~!TN.
In local coordinates

o=@ g

1 induces a variation of f by
fi(x) = exp ) (tY(2)). (8.1.10)

We want to compute

L (s,
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As an auxiliary computation

,1 )
dy =V, TN o) @ da®

o fi
P f o 9 (8.1.11)
= - @ dz® + p'TF L — @ dx®,
guo g O VT G g @ de
writing a(z_a = g-Tfiaifj as above.
We now also have to take derivatives w.r.t. ¢. Here % is a vector tangent to

M x R. The Levi-Civita connection on M and the trivial connection on R yield the
Levi-Civita connection on T*(M x R) ® f~'TN. Moreover, instead of V¥

df(g2e)
(f*VN) 5, we shall simply write VBL.
dx™ ™
oft 0 o
V%dft = V% 10 O ® dx (cf. (8.1.2)) (8.1.12)
aft o
= ) @ dx®
Voie (G gpi) @40
since % and 8:% commute and V is torsion free
= di. (cf. (8.1.11))
Since the derivative of exp, at 0 € T, M is the identity (1.4.17). Then
d 1 d
GE Gl =3 [ G rndradimy
- /M<df7V% df) Mg
= / (df, dy)dM by (8.1.12)
M
_ / A,V o () © da”)dM by (8.1.11)
M x
= —/ <V8iadf,1/} ® dx®)dM since V is metric
IVAR
= —/ (trace Vdf, y)dM. (8.1.13)
M

Thus, intrinsically, the Euler—Lagrange equations for E are
T(f) = traceVdf = 0. (8.1.14)

7 is called the tension field of f.

Later on, we shall also be concerned with weak solutions, that is, critical points
of E that are not necessarily, or not yet known to be, smooth, but are only in a
Sobolev space HY2(M, N). That Sobolev space will only be defined in Section 8.3,
but for the moment, it suffices that f have finite energy. We can then formulate
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Definition 8.1.3. f is a critical point of the energy integral E if

d
EE(epr t) =0 = 0 (8.1.15)

whenever ¢ is a compactly supported bounded section of f~'TN of class H%2, i.e.

/ (dip, dip)dM < oo
M

(cf. (8.1.11) for the definition of di; all partial derivatives are to be understood as
weak derivatives).

Lemma 8.1.2. f € Hllo’c2 (M, N) is a critical point of E iff
/ (df ,dyp)ydM =0 (8.1.16)
M
for all ¢ as in Definition 8.1.3.

Proof. This follows from the computation of %E(expf t) leading to (8.1.13). O

Definition 8.1.4. A solution of (8.1.16) is called weakly harmonic.
Corollary 8.1.1. The weakly harmonic maps are the critical points of E. O

Lemma 8.1.3. f € HI{)’CQ (M, N) is weakly harmonic if in local coordinates

oft 37% / ; of7 of*
af dx 1 = aﬁl—w_ d
[ e e e [ @) S e
(8.1.17)
for alln € Hy> N L (w.r.t. local coordinates).

Proof. This follows from the proof of Lemma 8.1.1 and the derivation of (8.1.13). O

Remarks.

1. Under coordinate changes g = ¢g(f) in the image, n transforms into 7 with

- oft
nj = @ﬂz

With this transformation behavior, (8.1.17) is invariantly defined.
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2. The only variations that we shall need in the sequel are of the form

P(x) = s(f(2))p(x) (8.1.18)

where s is a compactly supported smooth section of TN and ¢ is a compactly
supported Lipschitz continuous real valued function. For such o, f €
> (M, N) implies ¢» € H'2 by the chain rule.

loc

In particular, for such variations, (8.1.16) and (8.1.17) are meaningful even if f
should not be localizable in the sense of Section 8.3.

We return to the smooth case and, as an alternative to the above treatment, we
now check directly that (8.1.7) and (8.1.14) are equivalent:
We let V denote the Levi-Civita connection in T*M ® f~'TN as before.

Voo (df) =V o, (ng;dzo‘ 8?”)

_ oft T M aft o ey 0\ OfF
*axﬂ(axa)d‘” ap + (Vi %) ga 8fl+(vﬁ afi)axa "
o2 fi o 0 o 78]”' 0 . 0 Of1oft
= 81-0‘6:55 d.Z‘ a_fl — 5,Ydl‘ af_aafz + Fij@T”“W@gﬂ X (8119)
We then obtain for the components of 7(f) = trace Vdf,
82]02' afz . 8fj afk
% _ ~AaB afBy aBi
T(f) =~ pyrr Rl Faﬁa =+ r (8.1.20)

Ik gra 9B

This shows that (8.1.7) and (8.1.14) are indeed equivalent, since one easily computes
o? 0

of = ) b _Z__ _ el 8.1.21

\/_ R (\/_ry 7 R ( )

The operator

—Aur = \/_(9x0‘ (\/_ " 89:5)

is the negative of the Laplace-Beltrami operator of the Riemannian manifold M, cf.
(3.3.27). We recall
Ay f = —divgrad f,

with

8:5“ 928’

div (Zaa%) \/_axa(\/‘za) of. (3.3.30).

grad f =~ cf. (3.3.28)
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f M — R is a harmonic function iff
A]yjf =0.

Besides closed geodesics and harmonic functions, there is another easy example of a
harmonic map.

The identity map id : M — M of any Riemannian manifold is harmonic. This
follows for example from (8.1.20):

If f(x) =z, then

aft

8x7 - 6i’y?

afi -

% - 6304:

ofFk

au7 = O
and thus

7(f) =0.

Also,

Corollary 8.1.2. An isometric immersion f : M — N is harmonic if and only if it
represents a minimal submanifold of N.

Proof. From (4.8.12). |

Perspectives. An intrinsic calculus for operators on vector bundles and harmonic maps is
developed in [89]. Some older survey articles on harmonic maps are [88,90] and [155], the
latter also containing a list of open problems with detailed references. Some more recent
references will be given in the Perspectives on the subsequent sections.

8.2 Formulas for Harmonic Maps. The Bochner
Technique

A.

We first want to derive the formula for the second variation of energy. For this
purpose, let

fst(x) = f(.%'78,t),
f:Mx(—¢g,e) x(—e,6) = N
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be a smooth family of maps between Riemannian manifolds of finite energy. M (but
not N) may have nonempty boundary, in which case we require f(z,s,t) = f(z,0,0)

for all x € OM and all s,t.

We put
afst
V= Js |omimo
8fst
W= ot |s=t=0'
We want to compute
6212(jgt)|
Osot  's=t=0"
To simplify notation, we usually write f instead of fs:, and also
af aft
df = ——dz* dz®
= aa " = g ® a A
a section of T*M ® f~'TN.
Then 6 8 8
1
L (M

We compute the integrand: V will denote the Levi-Civita connection in f~'TN, and
everything will be evaluated at s =t = 0:

) 1<8fd . Of >
dze ’axﬁ v T*M@f-'TN

Ot 0s 2
0
< s &ra z" axfﬁ x >T*M®f*1TN since V is metric
< (af dx® oJ ~gdx > since V is torsion free
"0 T*M®f~'TN

\Y

el o)
9t D2

)
(g_f)dxa’ 887]; v >T*M®f*1TN

( . du® vafﬁ (%) v >T*]M®f*1TN

(V2 (3

Vo ai( ) : _dlﬁ>T*M®f*1TN

af 0 19}

< (875 830‘1) f accfﬁ . >T*M®f*1TN
+ <VBILQde“,Va%Wd:UB>

¥
~

T*M®f-1TN
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by definition of the curvature tensor RN of N

= (4 (3 W) g

— trace M(RN(df; V)W, df)f‘lTN
+(VV,VW)-1pn.

Thus

62E(fst) _ N
v o= [ (VV.VW) gy — [ trace p (RN (df, V)W, df) p-17n
sot M M

/M<Vvag (Z{:) ’ df>T*M®f*1TN ’

(8.2.1)
We want to examine the third term in (8.2.1) more closely.
Since V is metric, integrating by parts we have
/ (V2.9 OF e, 1 4, )
M oex " 5t 0s | OxP T*M@f-1TN
of of
= Vo —dz“ 'V 2 2.2
/M< 5 9s Vot 8365 >T*M®f*1TN (822)

_ of
= /M<V 0 g,trace MVdf>f71TN.

Theorem 8.2.1. For a smooth family fs: : M — N of finite energy maps between
Riemannian manifolds, with fs(x) = foo(x) for all x € OM (in case OM # 0) and

all s,t, we have for the second variation of energy, with V = %gls o W= 5{;“ 0

O?E(fs
as(att)‘s o / (VV,.VW) 1N

of
— N 1 _— . W
/M trace pr (R™ (df, V)W, df) p-1pn + /M<V% s ,trace MVdf>f71TN (8.2.3)

If foo is harmonic, or if V%%é =0 for s=1t =0, then the second variation depends
only on V and W, but not on higher derivatives of f w.r.t. s,t, and

azE(fst)
Jsot

:/ <VV,VW)f71TN—/ trace]w<RN(df,V)W,df>f—1TN.
M M

I (V,W) =
(8.2.4)

Proof. (8.2.3) follows from (8.2.1), (8.2.2). (8.2.4) holds if either Va 5 = 0or
trace p Vdf = 0, and the latter is the harmonic map equation (cf. (8.1. 14)) |
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We look at the special case where we only have one parameter:
f(xat) = ft(x)7
f:M x(—e,e) =N,

of

W= E’t:a'

Then

Corollary 8.2.1. Under the assumptions of Theorem 8.2.1,

82
LW W) = 255 E(fo)i=o
(8.2.5)
:/ VW2 —/ trace ar (RN (df, W)W, df) 17,

M M
if f is harmonic or if f(x,-) is geodesic for every x.
Proof. If f(x,-) is geodesic for every x,

of _

All assertions follow from Theorem 8.2.1. O

Remark. For geodesics, the second variation of energy was derived in Theorem 5.1.1.

Corollary 8.2.2. Under the assumptions of Theorem 8.2.1, if N has nonpositive
sectional curvature, then a harmonic map is a stable critical point of the energy
functional in the sense that the second variation of energy is nonnegative.
Proof. If N has nonpositive sectional curvature,

(RN (df (@), W (x))W (), df (®)) < 0

for every x € M, ® € T,,M, and every section of W of f~'TN, and the claim follows
from (8.2.5). |

B.
We next want to calculate

Ae(f) = Ay (@)gis(F @) i £
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for a harmonic map f : M — N. (Here fi. := ng;.) The computation may be

carried out in the same manner as at the end of §4.3 and in §4.5. It is somewhat
easier, however, to perform it in local coordinates.

In order to simplify the computation, we introduce normal coordinates at x and
at f(x). Thus

Vap(®) = bap,  9ij (f(2)) = 6ij, (8.2.6)

and

Yaps(®) =0,  gijr(f(z)) =0 (8.2.7)

for all indices. Therefore, in our computations, we only have to take second derivatives
of the metric into account; these will yield curvature terms.
We rewrite the harmonic map equation (8.1.7) as

0= (@) fraps — ¥ (@05 (@) fin + 7 @50 (f (@) fa £ (8:28)

(Here, the Christoffel symbols of M have Greek indices, those of N Latin ones.)
We differentiate (8.2.8) at # w.r.t. z° and obtain, recalling (8.2.6), (8.2.7),

) 1 )
f;ax"‘zi = 5(7&7],&6 + ’Yozn,oa-: - Waa,ns)fgzv

. (8.2.9)
- §(gki,6m + Geikm — Greim) fo2 fra fla
Moreover, by (8.2.6), (8.2.7)
’YQBa&s = —Yapf,ce (8'2'10)
and from the chain rule
— Agi; (f(2)) = gijre S e fre - (8.2.11)
(8.2.9) — (8.2.11) yield
— A(57°7 @)gis (F@) Fie £
1

= ;afoa.caxE - 5(’7&5,55 + Vss,aﬁ - ’Ysa,sﬂ - 'YEﬂ,sa)f;a f;ﬁ

1
+ 5(9@‘ ke t Gkeij — Gik,jo — gjlik)fxafzﬂ ze l
_f;aacf ;:‘Xacf +Ra,@‘ T M]k ac“fxo‘fmg € (8212)
(cf. (4.3.15)), where
Raﬂ - 68R¢])¢\{5ﬂ5 Raeﬂe
is the Ricci tensor of M, and Riejk is the curvature tensor of N.
In invariant notation, if ey,..., e, is an orthonormal basis of T, M, (8.2.12)
becomes
—Ae(f)(a) = V| + (df (Ric ™ (ea)), df (ea) 1 o

— (RN (df (ea), df (es))df (ep), df (ea)) j-17n -
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Corollary 8.2.3. Let M be a compact Riemannian manifold with nonnegative Ricci
curvature, N a Riemannian manifold with nonpositive sectional curvature.

Let f : M — N be harmonic.

Then f is totally geodesic' (i.e. Vdf = 0) and e(f) = const. If the Ricci
curvature of M 1is (nonnegative, but) not identically zero, then f is constant.

If the sectional curvature of N is negative, then f is either constant or maps M
onto a closed geodesic.

Proof. By Stokes’ theorem,

/M Ae(f) = 0.

Therefore, the integral of the right-hand side of (8.2.13) also vanishes. Since
the integrand is the sum of three terms which are all everywhere nonnegative by
assumption, all three terms have to vanish identically.

We first conclude

IVdf|| =0, (8.2.14)
hence Vdf = 0 so that f is totally geodesic.
Secondly,
Ae(f) =0,

and since harmonic functions on compact Riemannian manifolds are constant (cf.
Corollary 3.3.2),
e(f) = const. (8.2.15)

If for some =z € M,
R%(aj) is positive definite,

then
R () fro fro =
implies
df (x) =0,
hence e(f)(x) = 0, hence
e(f)=0

by (8.2.15), and f is constant.
If N has negative sectional curvature, then

(RN (df (ea), df (e5))df (es), df (ea)) = 0

implies that df (e) and df (eg) are linearly dependent everywhere. Therefore, f(M) is
at most one-dimensional. If the dimension is zero, f is constant, and if the dimension
is one, f(M) is a closed geodesic because f is totally geodesic and M is compact.
(See Lemma 8.2.1 below.) O

1See Lemma 8.2.1 below.
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Remark. The method of proof of Corollary 8.2.3 is another instance of the so-called
Bochner method which is very important in Riemannian and complex geometry. The
prototype of the technique was already given in §4.5.

Lemma 8.2.1. A smooth map f: M — N between Riemannian manifolds is totally
geodesic iff f maps every geodesic of M onto a geodesic of N.

Proof. Let ~(t) be a geodesic in M. Then
0
TN _ TN
VN 2 (o) = VY (ar(2))

- aren(G) + o (V)

- (57 5)

since v is geodesic. Thus (f o )(¢) is geodesic iff

Vil (5 a1) =°

C.

We finally want to derive and exploit a chain rule. If f: M — N and h: N — @ are
smooth maps between Riemannian manifolds,

T(ho f)=trace Vd(ho f)

(hof)

= (7 )

=7(Y 7)1 5 Ve i

=1 0van( o5 95 + () (),
where Vdh is the Hessian of h (see Definition 4.3.5), and 7(f) is the tension field of
7.

0
_ ~af
=7V 258

Thus

Lemma 8.2.2. For smooth maps f : M — N,h : N — @Q between Riemannian
manifolds, the following chain rule holds

r(ho f) = a@th(an; ;J;)—i—(dh) o (7(f)). (8.2.16)
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In particular, if f is harmonic

T(ho f) = vaﬂth(%, %). (8.2.17)

|

Remark. 1f @ = R, of course 7 = —A, where A is the Laplace-Beltrami operator.
This, in fact, is the case that we shall use in the sequel. Therefore, it might be useful
to observe that in this case we can also use the Euclidean chain rule. Using Riemann
normal coordinates on M and arbitrary local coordinates on N, we then have

0?h  Oft 0f1  Oh 0°fF

—A(ho f)= fidfi Dz dro + 3_fk (0x)?

(8.2.18)

which, of course, is equivalent to the Riemannian chain rule of Lemma 8.2.2 which
here becomes, using (4.3.47),

Phoh O Op | oh (L o8 op
afiofi  ofF 1) gz gz | ofF \ (0z9)2 9 9xe 9z )
(8:2.19)

—A(hof):(

Definition 8.2.1. g: N — R (N a Riemannian manifold) is called subharmonic if
—Ag > 0.

Corollary 8.2.4. If f : M — N is harmonic, and h : N — R is convex, then ho f
1s subharmonic, i.e.

—A(hof) > 0.

Conversely, if f: M — N is a smooth map such that for all open V. C N and convex
h:V =R, withU := f~1(V),

ho f is subharmonic,
then f is harmonic.

Proof. (8.2.17) implies the first part. For the second part, if f is not harmonic, we
may find some xg € M with

7(f)(zo) # 0.

We then need to find a convex function h on some neighborhood V' of f(z¢) for which
—A(ho f)(zg) < 0.

If N were Euclidean, we could simply take a linear function h, i.e. Vdh = 0, with

(grad h)(f(20)) = =7(f)(20)-
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‘We then have

—A(ho f)(xo) = dh o7 (f) (o)
= ((grad h)(f(x0)), 7(f)(w0))
= —[Ir(f)(@o)|* < 0.

In the Riemannian case, in general, we may not find local functions with Vdh = 0,
but if we consider sufficiently small neighborhoods V', we may find such functions
ho for which ||Vdhg|| is arbitrarily small while we still have a prescribed gradient
(grad ho)(f(z0)) = —7(f)(xo). This follows from the definition of the Hessian Vdhy,
see (4.3.47), together with the fact that in Riemannian coordinates centered at f(zo),
I (f(20)) = 0, see (1.4.19), and so "%, can be made arbitrarily small in a sufficiently
small neighborhood V' of f(z).

Still, kg is not convex, but since ||Vdhy|| is small, it can be made convex in a
small neighborhood V' of xy by adding a small multiple of d?(f(xg),), the squared
distance function from f(x¢), using (5.6.6). Since that multiple is small, say e, the
new function

h = ho + ed*(f(x0), )

can still be assumed to satisfy

dho7(f)(x0) < yaﬁwh(%, %)

i.e.
—Aho f(zp) <0.

This completes the proof. O

Corollary 8.2.5. If f : M — N is harmonic and if N has nonpositive sectional
curvature, and is simply connected and complete, then for any p € N,

—Ad*(f(x),p) = 2|ldf ().
Proof. (8.2.17) and Lemma 5.8.2. |

Corollary 8.2.6. Let M be a compact Riemannian manifold, N a Riemannian
manifold, f : M — N harmonic.
If there exists a strictly convex function h on f(M), then f is constant.

Proof. By Corollary 8.2.3, h o f is subharmonic. The following lemma shows that
h o f then is constant. Since h is strictly convex, (8.2.17) implies f = const. O
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Lemma 8.2.3. Let M be a compact Riemannian manifold. Then any subharmonic
function ¢ is constant.

Proof. By Stokes’ theorem

/ Ap =0,
M

so that a subharmonic function is harmonic, hence constant by Corollary 3.3.2. O

Corollary 8.2.7. If f : M — N is harmonic and h : N — @ is totally geodesic, then
ho f is harmonic.

Proof. (8.2.17). |

Perspectives. For more special domains, other Bochner type formulas for harmonic maps
have been found. Here, we only want to quote two such formulas.

Siu[268] derived the following formula that is actually valid for any smooth, not
necessarily harmonic map between Kéahler manifolds f : M — N

80(g;;0f" NOf7) = Rspidf' NOfT NOFF NDFT — g5D'Df A D"Of .

Here, (g;;) is the Kéhler metric of N in local holomorphic coordinates (fY ..o ™), R;57 its
curvature tensor, I';, its Christoffel symbols,

D'Of" = 0df" +Tidf’ NOfF,
D'9f = daf + T af" nof*

the covariant derivatives.
The assumption that f is harmonic is needed if one wants to know the sign of the
second term on the right-hand side. Namely, in that case

gilegfi A D"c’?fj A" % = qu"”

for some nonpositive function ¢ on M, where w is the Kéhler form of M. Furthermore, if the
curvature tensor is “strongly seminegative”, then the first term on the right-hand side is a
nonnegative multiple of w™, and integration by parts then gives as in the proof of Corollary
8.2.3 that under these conditions, a harmonic map f satisfies

D'df = D"9f = 0.

This means that f is pluriharmonic.

If the curvature of N is even “strongly negative” and if the real rank of df is at least
3 at some point, then Siu showed that f has to be holomorphic or antiholomorphic. If N
is a Riemann surface of negative curvature then the real dimension of the image is 2, hence
Rank rdf < 2 and Siu’s result does not apply. Nevertheless, in that case, Jost and Yau[176]
showed that the level sets of f still define a holomorphic foliation of M although f itself
need not be holomorphic.
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We now want to derive a Bochner type identity for harmonic maps from Einstein
manifolds, due to Jost and Yau[178]. In order to simplify the formula and its derivation,
we always use normal coordinates at the point under consideration and denote (covariant)
derivatives by subscripts, e.g.

0
fﬂ = %f7
V5 :Vﬁ

The formula then is

Theorem. Let f: M — N be a harmonic map between Riemannian manifolds, where M is
compact and Einstein. Then for any X € R,

A./N {foi fas) +2 / R fr) =
Y / R, (fo ) — / RM, 5 RY, 5 (o f)
+A/ (RN (fu, f5) fﬁ,fa>+/ RY, (RN (fy. fo) s fo) -

Let us give the

Proof. We start with (8.2.13), i.e.

S DM as fad = (o fo) + B2 S5} = (R (s f5) o S} (s.2P.1)
We compute
(V4 Vs — VsVo) (fadz®™) = —RBh s fodz® + RN (fr, f5) fadz™ . (8.2P.2)
From (8.2P.2),
(V4 Vs = V5V, fada®, (V4 Vs = V5V,) foda”) =

Rioys Rnoys (s fn) + (RY (frs fo) for RY (fy, f5) fa) (8.2P.3)
= 2R, (R (£, f5) fa fa) -
Denoting the L2-product on T*M ® f*TN by (-,-), we get
(V4 Vs = VsVa) fada®, (V4 Vs = V5V,) fada?)
= (=Riors f3dz®, (V4 Vs — V5V fda")
+ (RN (fy, f5) fadz®, (V4 Vs = V5V,) fada”)
= 2(—RBoqs f7dz®, V., Vs frdz")

- / (RN (fy, f5) fas RN (fos f5) fa) — / Ry s(RY (fy, f5)fa, fa)
M
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integrating the first term by parts, we get

=2 [ (G- Blato). fus)
+ /M<RN(fwfa)fa,RN(fwfa)f@ - / R¥s(RY (Fr,£0) o o).

Now
0
<%(R§ﬂw5fﬁ), fa6> = RBiy5(£8vs fas) + Riansq (3, fas) -

The second term vanishes for any Einstein metric since

M M M
Rﬁawéw = (Ré“/a"/ﬁ - Révﬁw,a)

by the Bianchi identity, and this vanishes if the Ricci tensor is parallel.
We obtain for an Einstein metric on M,

(V4 Vs — VsVs) fadi®, (Vo V5 — V5V5) fodz®) = —2 /M RM, 5 fas, f3n)

+/M<RN(f’wf5)fa»RN(f’wfé)fa)_/M Ras(RY (fr: fs)fo, fa) - (8.2P4)

From (8.2P.1), (8.2P.3), (8.2P.4) we get the desired formula. For the special case
N =R, the formula is simpler and due to Matsushima[211].

For an application of the formula, see the Perspectives on §8.7.

A general discussion of identities for harmonic maps and applications can be found in
Xin[306].

The characterization of harmonic mappings given in Corollary 8.2.4, i.e. that
a (smooth) map between Riemannian manifolds is harmonic if and only if locally the
composition with all convex functions is subharmonic has been observed by Ishihara[151].

It might be tempting (and it has been proposed) to use that characterization for
an axiomatic approach to harmonic maps. That, however, would lose the deeper aspects
of harmonic maps based on their variational properties. It will be explained later in this
chapter that a rather general and satisfactory theory can be developed for harmonic mappings
with values in Riemannian manifolds of nonpositive sectional curvature based on an abstract
variational approach. By way of contrast, a characterization analogous to Corollary 8.2.4 can
also be obtained for solutions of other nonlinear elliptic systems for maps between manifolds
that need not have a variational origin. For example, Jost and Yau[177] considered the
system

A(PL g, 8 08t
T \9z0028 T %920 920
for maps f : X — N, where N is a Riemannian manifold as before, but X is a Hermitian
manifold with metric ('ya[;)aﬂ:l,wdhnc m- The preceding system is equivalent to the
harmonic map system if the metric (v,5) is a Kéhler metric, but not for a general Hermitian
metric, and in fact, in the general case, it need not arise from a variational integral.
Analogous to Corollary 8.2.4, solutions can be characterized by the property that local
compositions with convex functions

h:V(CN)—R
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satisfy

_ a0 (hof)
0z20zP

However, as examples show, one does not always get the existence of solutions of the new

>0

system in a prescribed homotopy class of maps f : X — N, N of nonpositive sectional
curvature, as in the existence theory for harmonic maps. The reason for the failure of the
existence theory is the lack of variational structure. We refer to [177] for details.

8.3 Definition and Lower Semicontinuity of the
Energy Integral

For the analysis of harmonic maps, it is necessary to consider classes of maps more
general than C!. A natural space of maps is L2(M, N). One then needs to define the
energy integral and derive conditions for a map to be a critical point of that integral.
The idea of defining the energy functional is quite simple and may be described
as follows:
We let, for h > 0,
op :RY =R

be some nonnegative function with o, (s) =0 for s > h and

/ on(le]) dz = 1,

B(0,h)

where B(0,h) is a ball of radius h in R™ (m will be the dimension of our domain M
in the sequel). For x,y € M, we put

nh($7y) = Uh(d(xvy))' (831)

The typical example we have in mind is

on(s) = {wm# for 0 <s<h (wp = volume of the unit ball in R™), (83.2)

0 for s > h,

and so 7 (z,-) is a multiple of the characteristic function of the ball B(z,h), for
every x. That multiple is chosen so that the integral of n(z,-) w.r.t. the Euclidean
volume form dy on B(z,h) is 1, i.e. the one induced from the Euclidean volume
form on T, M via the exponential map exp, : T, M — M. We note that by Theorem
1.4.4, the difference between the Euclidean and Riemannian volume forms is of order
O(h™*2). The advantage of the Euclidean volume form is that the normalization
does not depend on z so that 7, becomes symmetric in x and y.
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For a map f € L?(M,N) between Riemannian manifolds M and N, we then
define

/ / iy (x y (h) 1) dVol (y)dVol (x), (8.3.3)
M B(z,h)

where dVol is the Riemannian volume form on M.

In order to understand the geometric meaning of the functionals Ej,, we observe

Lemma 8.3.1. f: M — N minimizes Ey, iff f(x) is a center of mass for the measure
fa(nn(z,y)dVol (y)) for almost all x € M, i.e. if f(x) minimizes

F(p) = / (2, 9)d (p, £ () dVol (y).
B(z,h)

Proof. If f(x) did not minimize F(p), then

(@, y)d* (f (), (y))dVol (y)

B(x,h)

could be decreased by replacing f(x) by some minimizer p. Since np(x,y) is
symmetric, that would also decrease Ej(f) if happening on a set of positive
measure. O

It is also instructive to consider the following computation that leads to a proof
of Lemma 8.3.1 in the smooth case. We consider variations

fi(@) = f(x) + to(x)
of f. If f minimizes E}, then
0= iEh(ft)lt:O

= h2 it // nn(z,y)d> (fi (), f:(y)) dVol (y)dVol (z)

-/ nh(%y){v1d2(f(x),f(y))(so(x))+
Va1 (0), S ) (0(0))} Vol ()aVol (z)

= % // Uh(fvy)vle(f(fL"),f(y))go(x)dVol (y)dVol (x)

because of the symmetry of 7,

- % / / (i, y) exp () f(y)e(x) dVol (y)dVol (x) .
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Since this has to hold for all smooth ¢ with compact support,

/ mn(,y) exp, ) fly) dVol (y) =
for all z. Thus f(z) is the center of mass of fu(nn(z,y)dVol (y)).

We now consider the functionals E. for h = ¢ with the kernel 7. defined by
(8.3.1), (8.3.2), and we let ¢ — 0 and define the energy E as the limit of the
functionals E.. The functionals F, increase towards F, and it is not excluded that
E(f) takes the value oo for some f € L?(M, N). We shall see that E coincides with
the usual energy functional for those mappings for which the latter is defined. Also,
the functionals E. are continuous w.r.t. L?-convergence, and the limit of an increasing
sequence of continuous functions is lower semicontinuous. We shall thus obtain the
lower semicontinuity of the energy w.r.t. L2-convergence.

Actually, the described monotonicity of the sequence E. as € — 0 only holds
up to an error term that comes from the geometry of M. It is not hard to control
this error term sufficiently well so that the desired conclusion about E can still be
reached.

Lemma 8.3.2. E.(f) is continuous on L*(M,N), i.e. if (f,)en converges to f in
L?(M,N), then
E.(f)= lim E.(f,).

V—00

Proof. Elementary. O

We estimate for 0 < A < 1,

1
E.(f) = e [, U@ s el wave @

e N MR CUCRICER R
+d(flx+ Ay —x)), f(y) } dVol (y)dVol (z)

(by the triangle inequality)

<oz o Ge0@ s 3 —a)

s (@ + My — ), S () | dVol (y)dvol (2)

(using the inequality (a + b)* < $a? + $25b?, valid for any real numbers a, b).
In local coordinates, with metric tenbor (9i5), we have

dvol (y) = det(g,-j)%dy1 cdy™.
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By Corollary 1.4.3, we may assume that ¢ is so small that Riemannian normal
coordinates may be introduced on B(z,e). In those coordinates, we have from
Theorem 1.4.4 that

det(gi;j(y))2 =14 0(e2) for y € B(x,e).

Therefore
dVol (y)
dVol (\y)
We then substitute z = Ay and obtain (noting that  has the coordinate representation
0)

1 2
= (14 0().

[ SO 00 Vol ) = 51+ 0E) [ (), 1) Vol (o).
B(z,e)

B(x,\e)
In that manner, we obtain

1

2 L 2 i z ol(z ol (x
BN < O+ 0N [ 5 [ @) e avol (vl o

1
L o, B S vl i ()}
= (1+0(*)AEx(f) + (1 = NEa—x:(f))-
(8.3.4)
We put
E"(f) := Ey-n(f).

Definition 8.3.1. The energy of a map f € L?(M, N) is defined as

E(f) = lim E"(f) = lim E(f) € RU {+o0}. (8.3.5)

We also say that f € L?(M, N) belongs to the Sobolev space HY2(M, N) if E(f) < oo.

In order to make contact with more classical definitions of Sobolev spaces, we
start with the following

Definition 8.3.2. A map f : M — N between manifolds is localizable if for every
xg € M there exist a neighborhood U of xp in M and a domain V of a coordinate
chart in N with the property that

f({U)cV.

In the sequel, we shall look at maps which are localizable in the sense of Definition
8.3.2. For such maps, all relevant regularity properties can be studied in local
coordinates. In particular, it can be defined with the help of local coordinates whether
such a map between Riemannian manifolds is of Sobolev class H%?(M, N).

We now want to establish the result that for such localizable maps, our
general definition of the energy coincides with the one obtained by local coordinate
representations.
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Theorem 8.3.1. For a localizable map f € L*(M,N),

B(f) = d(m) /M<df, df) dVol ()

whenever the latter expression is defined and finite (where the weak derivative df is
defined with the help of local coordinates), and

E(f) =
otherwise.
Here, d(m) is some factor depending on the dimension of M that can be safely
ignored in the sequel.

In the proof of Theorem 8.3.1, we shall employ the following auxiliary result:

Lemma 8.3.3. For a localizable f, f € HY2(M,N), (M,N compact) iff for all
Lipschitz functions £: N — R, lo f € HY?(M,R).

Proof. We have assumed f to be localizable, and so the H'2-property may be tested in
local coordinates. Therefore, if the H2-property holds for composition with Lipschitz
functions it holds for coordinate functions. Conversely, if f is in H'2, then £ o f is
also in H"? for all Lipschitz functions ¢ by Lemma A.1.3. O

Proof of Theorem 8.3.1. For f € CU, it is an elementary consequence of Taylor’s
formula that the right hand side of the formula of Theorem 8.3.1 equals

lim E.(f). (8.3.6)

For f € H'? (defined with the help of local coordinates), we choose a sequence
(f,)ven C C* converging to f in H2. Given § > 0, we find v such that for all
v, [ Z o,

IB() - Bl < 3. (5.3.)

We write

Ee(,fu)_Ea(fu): wm€m+2 /M/B( )( (fu Tv ))
—d?( (fu(z), fuly)) )dVol (y)dVol (x)

- Wm€m+2 /M /B(m o) ((fo (@), £ @)
_d(fu( ), fu@)))d(f (), .. (y)) dVol (y)dVol (z)

wm€m+2 /M/B‘( ) 4f @), £ ¥))
—d(fu(@), fu(y)d(fu(), fu(y)) dVol (y)dVol (z).
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Now

d(fu(x), fu(y)) = /0 Dad (fu(x), fu(x +t(y — 2))) (y — =) dt (8.3.8)

(for almost all y), where Do denotes the derivative w.r.t. the second variable, and we
use local coordinates on B(z,¢). This derivative exists a.e. by Lemma A.1.3 since d
is Lipschitz.
Consequently
1

wm€m+2

<Ll o (Dad(fuo), fula 4 1y — )

— Dod(fu(@), fulx + tly — 2))) ||y — 2| dt dVol (y)dVol (w)}2

/M /B A ) = S S D) @) o) VOl () )

1

. {/ / d*(f, (), f.(y)) dVol (y)dVol (a:)} by Holder’s inequality
M JB(z,e)

< Es(fu)éwélgg { /M /B . /0 I Dad(fo @) fo o+ Hy — 7))

1
2

— Dad(fu(@), fulz + ty — 2)))|” dt dVol (y)dVol (m)} . (8.3.9)

Since (f,) converges in H'?2 by Lemma 8.3.3 then (Dad(f, (), f,(+)))ven converges
in L? for every 2. Therefore, given > 0, there exists vy > vq so that for all v, u > v,
the preceding expression is bounded by

ﬂEe(fu)%~

(For M a compact Riemannian manifold, and an integrable function ¢ : M — R,
T fB(LE) fol @(x+t(y — x)) dtdVol (y)dVol (x) behaves like wp,e™ [, ¢(z) dVol (z) as

e—0.)
‘We thus obtain

|B-(f,) = B-(fu)] < 0(B-(f.)% + E=(fu)?). (8.3.10)

From (8.3.8), we see that E.(f,) is controlled by the energy E(f,) and since the latter
is bounded since it converges to E(f), we may assume

E.(f,) <K for some constant K and all v.

Hence by a suitable choice of 7 in (8.3.10), we have for all v, u > 14

B(f) — Bl < 5. 8310
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We then choose € > 0 so small that
6
‘EE(fVl) - E(fl/l)| < 5 (8312)
which is possible by (8.3.6). From (8.3.7), (8.3.11), (8.3.12), we conclude

|E=(f) — E(f)l <6

for all sufficiently small e. This is the claim for f € H2.

In order to establish the result for general (localizable) f € L2(M, N), we show
that if E.(f) stays bounded for ¢ — 0, then f € H%2(M,N). For that purpose, we
use the characterization of Lemma 8.3.3.

Let £ : N — R be Lipschitz. If E.(f) is bounded, so then is

1
o = — [ [ e S@) o J(0) Vol )l ).

m€

Introducing Riemannian polar coordinates (r,) on B(z,e) (¢ sufficiently small, cf.
Corollary 1.4.3), we compute

o b €0 f(z +ey) — Lo f(z)] ™
E.(lof)= o /M /B(O)l) dy dVol (x),

g2 gm

up to an error term that goes to 0 for € — 0. Since this is assumed to be bounded as
e — 0, for almost all y € B(0, 1), the difference quotients

_tof(ztey) —Lof(x)
9

Ay (Lo f)(x)

are uniformly bounded in L?. By Lemma A.2.2, we conclude that /o f € H%2. Since
this holds for every Lipschitz function £, by Lemma 8.3.3, f € HY2. This completes
the proof. O

We now want to show the lower semicontinuity of the energy E w.r.t. L2-
convergence.

Theorem 8.3.2. If (f,),en converges to f in L?(M, N), then

E(f) < liHiinf E(fy).

Proof. We may assume
liminf E(f,) < oo,

vV—00

hence also
E(f,) <K (8.3.13)
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for some constant K and all v. By definition

E(f) = lim E"(f).

n—oo

Given 0 > 0, there then exists ng such that for all n > nyg
E(f) < E"(f) +6.

By Lemma 8.3.2, E™ is continuous on L?. Hence there exists vy such that for all
v > 1y with vy depending on § and ng,

E(f) < E™(f,)+ 24. (8.3.14)
Applying (8.3.4) with A = 1, we obtain
E™(f,) < (14+0(272")E™(f,).
Possibly choosing ng larger, we obtain for all n > nyg
E"(fy) <E(f)+0 (8.3.15)

using (8.3.13).
(8.3.14) and (8.3.15) imply

E(f) < E(f,)+3§ foralv>uw.

Since § > 0 was arbitrary, the claim follows. O

We now wish to relate the above results to a general concept of variational
convergence, the I'-convergence in the sense of de Giorgi. In order to introduce that
concept, let Z be a topological space satisfying the first axiom of countability;? that
means that for every x € Z, we may find a sequence (U, ),en of open subsets of Z
such that every open set containing x also contains some U,. In our applications, Z
of course will be L?(M, N) or some subspace of that space.

Let

F,:Z —RU{+o0}, n €N,

be a sequence of functionals.

Definition 8.3.3. The functional
F:Z —RU{+o0}
is the I'-limit of (F},)nen, written as
F=T- nILH;O F,

if

2This is assumed only for the simplicity of presentation; the concept is meaningful also for spaces
that do not satisfy the first axiom of countability; one has to replace sequences by filters in that case.
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(i) whenever (z,)nen C Z converges to = € Z,
F(z) <liminf F},(x,),
neoo
(i) for every x € Z, we can find a sequence (z,)n,eny C Z that converges to = and
satisfies
F(z) = lim F,(xy,).
n—oo

Lemma 8.3.4. E =T —lim E, w.r.t. L?-convergence.

Proof. By monotonicity (see (8.3.4)), it suffices to show the result for E™ instead
of E..

(i) For every f € L*(M,N), there exists a sequence (f,),eny C L*(M, N)
B(f) = lim B“(f,)
According to the definition of E, we may simply take f, = f for all v.
(ii) For every sequence (f,),en C L2(M, N) converging to f we have
B(f) < liminf B(1,).
From the definition of E, for any J > 0 there exists ny € N such that for v > ny
E(f) < EY(f) +0.

Using this estimate and that EY is continuous on L? by Lemma 8.3.1, we may
find vy (depending on ¢ and ng) such that for v > vy,

E(f) < E™(f,) + 2.
From (8.3.2) with A = £, we get
E"(fy) < (1427 E™ N (f,),

for some constant ¢, depending on the geometry of M.

We may have chosen ng in the preceding also satisfying

[[]a+c2) <140

n2no
Then from the preceding estimate
E™(f,) <1 +9)E"(f,) forv>ne.
Putting the estimates together,
E(f) <(1+8)E"(f,)+26 forv>ng,vp.
As this holds for any § > 0,
E(f) < liminf E¥(f,).

V—00
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This result is quite useful, because, in view of the next lemma, it tells us that
if for some sequence €, — 0, we can find a minimizer f, for every E. and if this
sequence converges to some f, then f automatically minimizes E. In other words, we
can find a minimizer for £ by minimizing the simpler approximating functionals F..

Lemma 8.3.5. Let
F=T- lim F,

n—oo
in the above setting. Assume that every F, is bounded from below, and that x,
minimizes F,. If x,, converges to x € Z, then x minimizes F', and

F(z) = lim F,(z,). (8.3.16)

n—oo

Proof. Let z € Z.
Since F is the I-limit of the F,, we can find some sequence (2, )nen converging
to z with
lim F,(z,) = F(2).

n—oo

Given ¢ > 0, we choose n € N so large that

Fo(zn) < F(2) +

N ™

and also -
Fp(xn) > F(z) — 3 (property (i) of I'-convergence).

Since x,, minimizes F},,
Fo(zn) < Fu(2n)-

Altogether
F(z) < F(2) +e.

Since this holds for every z € Z and every € > 0, x minimizes F'. By I'-convergence
F(z) <liminf F, (),
n—oo
and we may find a sequence (z,)nen converging to x with
F(z)= lim F,(zn).
n—oo

Since
Fo(zn) < Fu(zn)

because of the minimizing property of z,, (8.3.16) follows. O
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I'-limits are automatically lower semicontinuous, and so we could have deduced
Theorem 8.3.2 from that general result about I'-convergence.

Perspectives. The definition and treatment of the energy functional presented here are
taken from Jost[159]. (See also [160].) A similar theory is developed by Korevaar and
Schoen[193]. For the usual definition of the Sobolev space H*?(M, N), see Exercise 8. The
concept of I'-convergence is treated in dal Maso[72] and Jost and Li-Jost[171].

8.4 Higher Regularity

In this section, we study continuous solutions f € H"2(£2,R™), Q open in R™, of a
system

| @ @Duf @)Dy @) do = [ 6o f@). DE@)P @)da (s:41)
Q Q

for all ¢ € Hy® N L=(Q,R™).
We shall assume the following structure conditions:

(a®P(2)) o p=1.....m is symmetric for almost all z, the coefficients a®”(z)

are measurable;

a®P(2)enEs > NE® for all € = (&1,...,&,) € R™ and almost all 2 € @ (A1)
with a constant A > 0, and
|a®P(z)| < K for almost all z € Q (A2)

with a constant K.

G(z, f,p) = (G, ...,G™) is measurable in z and continuous in f and p. This
implies that G(z, f(x), Df(x)) is measurable in z for f € H-!.

loc

|G(x, f,p)| < co+c1lp|? forall (z, f,p) € Q2 x R® x R™ (G1)

with constants cq, c1.

Later on, a®® and G* will be assumed even differentiable, and so we may as well
assume here that they are continuous instead of just measurable.

If f is a continuous weakly harmonic map, then continuity allows us to localize
the situation not only on the domain, but also in the image, i.e. to write everything
down in fixed local coordinates. The preceding structural conditions then are satisfied,
cf. Lemma 8.4.2.
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Some notational conventions:
We usually omit the indices in the image; thus e.g.

D.f-Dgyp:= DafiD,@goi with the standard summation convention.

(Usually, also the dot “” will be omitted.) Also, we shall always integrate w.r.t. to
the Euclidean volume element dz on €2, and this will often be omitted.
We start with the following auxiliary result

Lemma 8.4.1. Suppose f € CON HY2(Q,R™) solves (8.4.1), where the coefficients
satisfy (A1), (A2), (G1).

Then for every € > 0, there exists p > 0, depending on €, m, the structural
constants A\, K, cq, c1, and on the modulus of continuity of f, with

/ |DfPn?(x) da < 5/ \Dn|? da (8.4.2)
B(z1,p) B(z1,p)

whenever B(xy,p) C Q and 1 € Hy?*(B(x1,p),R).

Proof. We choose
() = (f(z) = f(z1)n*(2)
in (8.4.1). We obtain

/B( )aaﬁ(I)DafDﬁfn2§02 sup |f(z) — f(z1)] IDf*n?
z1,p

z€B(z1,p) B(z1,p)

te s |f(@) - fla) / 7

z€B(x1,p)

+ 2/ a®P(x)DofDgn (f(x) — f(z1))n because of (G1)
B(z1,p)
< cosup| (o)~ fa)] [ DsP
B(xlvp)

+easup|f(z) — f(1)]? / Dnf?
B(ﬂﬁhp)
1

+ 5/ aaﬁ(ac)DafD@fn2
B(x1,p)

+8sup|f(z) — f(z)]? / 0 (z) Do D,

where we have used the Poincaré inequality (Corollary A.1.1) for the second term. The

claim follows with (Al), (A2) because we can make sup |f(x) — f(z1)| arbitrarily
B(z1,p)

small by choosing p sufficiently small, since f is continuous. O
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In order to proceed, we have to make additional structural assumptions about
the system (8.4.1):
The coefficients a®?(z) are differentiable and

\Dvao‘ﬁ(ﬂiﬂﬁfﬁ forall a,8,y=1,....m,z € Q (A3)

with a constant Kj.
G = (G, ...,G") is differentiable with

|DEG(I7 fap)| S Yo + ’Yl‘p|37
|DsG(z, f,p)| < 72 + v3lpl?, (G2)
|DpG(z, f,p)| < va+r|pl-

In order to show the main idea of the subsequent regularity argument, we shall first
derive a so-called a priori estimate. This means that assuming that we already have
a regular solution, we can estimate its norms.

Lemma 8.4.2. Suppose
fec®nH"n H>?*(B(x0,R),R")

is a solution of (8.4.1) with Q = B(xo, R), where the structural conditions (A1), (A2),
(A3), (G1), (G2) are satisfied. Then

||D2fHL2(B(IO,§)) + HDf”iA(B(g%,%)) < COR% + Cl||DfHL2(B(zg,R)) s (843)

where Cy and Cy depend on the structural constants in (A1) — (G2), on m, and the
modulus of continuity of f.

Proof. Since f € H*2, for p € Hy?,

/a’wDawaJ = —/Dﬁ(aaﬂDaf)so- (8.4.4)

We now put
=D, (fQDWf)
with & € L°° N Hy?(B(zo, R), R) to be determined later on.

From (8.4.1), (8.4.4)
/ Dy (0™ Do f)Ds (€ Dy f) = — / 4D f - Da(D4 (€2 D4 f))
B(zo,R) B(zo,R)

—— [ GwspNDED.S)  (345)
B(zo,R)

- / D(G(x, f,Df)) D~ f - €2
B(zo,R)
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Now
D,(a*’ Do f)Dp(§* D~ f) = a®’ Do Do f - DgD. f - £
+a* D Do f - D, f - Dgé?
+Dya*? - Do f - DgD. f - €2
+Dya®? - Do f - D f - Dg€?,

(8.4.6)

and from (G2),
|D,G(z, f, Df)||Dy f| < es|Df| + cs| DfI* + c7|Df| - D f| + cs|DfP|D* f, (8.4.7)
and from (A1),
|D?f|? < iaaﬁDwDaf D, Dgf. (8.4.8)
From (8.4.5) — (8.4.8) we conclude, using also (A2), (A3),

/ D212 €% < o / D2 f{|DS|[EDE| + exo /
B(zo,R) B(zo,R) B(zo,R

s

+en / IDfPDE| + s / %
B(zo,R) B(zo,R)

s / D' 4o / D f|[DfPe?
B(l‘o,R) B(:L'(),R)

: [D*fIIDf|€?

C
<ae [ DPrpe 4 DfPIDEP
B(wo,R) €1 JB(20,R)

+52C10/ |D2f|2£2 _’_Cﬂ ‘Df|2£2

B(z0,R) 4¢2 JB(a0,R)

+ IDfPIDER + |Df €2

2 JB(z0,R) 2 JB@o,R)
+c6/ IDf[*€? +C5/ ¢
B(zo,R) B(zo,R)
L N DfER (3.49)
B(zo,R) €3 JB(zo,R)

with arbitrary positive €1, €2, €3, where we have used the inequality
ab < ea® + ﬁbZ for arbitrary € > 0,a,b € R. (8.4.10)
We may choose €1,€2,e3 > 0 so small that
€1€9 + €2¢10 + €368 < %

and obtain

/ ID?FPE < ery / DFPIDEP + ers / €4 en / DfE.
B(mg,R) B(Io,R) B(IQ,R) B(IQ,R)
(8.4.11)



452 Chapter 8 Harmonic Maps between Riemannian Manifolds

For € > 0, we now choose p > 0 as in Lemma 8.4.1.
We assume
B(xla p) C B(J;07 R)

and choose £ € C§°(B(z1,p)) with 0 < ¢ <1,

E=1 on B(acl,g),

e < 2.
p

Thus, all preceding integrals need to be evaluated only on B(x1,p). We now write

/ Dff'e = / IDFP(DSP - €)
B(x1,p) B(z1,p)

and apply Lemma 8.4.1 with n = |Df] - £ and obtain

/ D' < < / D(DFIE)
B(xz1,p) B(x1,p)

(8.4.12)
<o prapese [ prpiog?
B(z1,p) B(z1,p)
We may choose € > 0 so small that
eciy < 1
-2
(8.4.11) and (8.4.12) give
/ |D?f]? < 015/ &+ 016/ |Df?|Dg|?
B(z1,5) B(z1,p) B(z1,p) (8.4.13)
<cirp™ + CL; IDfI?.
P™ JB(z1.p)

Covering B(wzg, &) by balls B(z1, 4) with B(z1,p) C B(xg, R), we obtain the desired

estimate for
[ e
B(zo0,%)

(8.4.12) and (8.4.13) and the same covering argument then also yield the estimate for

[ s
B(wo, %)

|

However, we cannot apply Lemma 8.4.2 because we do not know yet that f €
H32. The point, however, is that the conclusion does not depend on the H?32-norm,
and a slight modification will give us the desired regularity result:
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Lemma 8.4.3. Suppose that
feCc®n HY(B(z, R),R™)

is a solution of (8.4.1) with Q = B(xg, R) and the structural conditions (A1), (A2),
(A3), (G1), (G2). Then

feH*»?nHY (B(xo, g),R”)

and the same estimate as in Lemma 8.4.2 holds.

Proof. We just replace certain weak derivatives by difference quotients (cf. (A.2.1))
in the proof of Lemma 8.4.2. Namely, we put

p = ATMEALS)

with £ as above.
Analogously to (8.4.11), we get with A" = (Al ... Al),

[ p@tnpeses [ jatspipe?
B(zo,R) B(zo

’ (8.4.14)
vou [ @wan [ prRiatspe.
B(zo,R) B(xo,R)
But
[1asseipee < [ ipseiper
(this is similar to Lemma A.2.1).
Using Lemma 8.4.1, we then obtain analogously to (8.4.13),
/ ID(A" )€ < errp + 22 IDf2. (8.4.15)
B(z1,%) P~ JB(w1,p)

Lemma A.2.2 then shows that the weak derivative D?f exists and satisfies the same
estimate. Likewise, we get control over the L*-norm of Df. O

Lemma 8.4.4. Let f € C° N HY2(B(x,R),R") be a solution of (8.4.1), with
structural conditions (A1), (A2), (A3), (G1), (G2) satisfied. Then

Df e LP(B(I‘O, %)) for every p < oo,

and

/ |DfIP|D? f|? < oo. (8.4.16)
B(zo,%)
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Remark. As in Lemma 8.4.2, one also gets a-priori estimates, with constants

depending also on p.

Proof. By Lemma 8.4.3, we know already
R
1,2 4 n
Dfe HY?NL (B(xo, 2))

We put
w = |Df%.

We are going to show by induction that for every s € N, s > 2 and R; < %,

/ (w® 4+ w*?|D*f]?) < .
B(mo,Rl)

(Es)

By Lemma 8.4.3, (Fs) holds for s = 2. We assume (Fs) for s and want to conclude

(Ey) for s+ 1, ie. (Esy1).
We put
wr,(z) := min(w(z), L) for L > 0.

We observe
Dwr(z) =0 if w(z)>L,
|Dw| < 2|D? flw?,

and
|Dwg| < 2|D*flw? from (8.4.17), (8.4.18).

Let n € L>° N Hy?(B(zo, R1)). We compute, for z; € B(zg, Ry ),

/ nwwy,
B(wo,Rl)

= / n’Df - Dfw* *wy by definition of w
B(xo,Rl)

- / PD(f — f(21)) - Dfw* \wy,
B(xo,R1)

<@m+1) sup |f(z) = f(z1)] *[D? flw*™!
z€B(xo,R1) B(xo,R1)
M suppn
201
+2 sup  |[f(z) - f(z1)] nDnw™="wg,,
z€B(xo,R1) B(xo,R1)
M suppn

integrating by parts and using (8.4.18), (8.4.19).

(8.4.17)
(8.4.18)

(8.4.19)

(8.4.20)
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‘We now write

ol
~

PID2 flw®~Mwy, = (gD flw T w) (nwi w
and
2s—1 s L s—2 1
nDnw 2 wp = (nw5w2)(anTwz)

and obtain from (8.4.20) (with 2ab < a? + b?)

/ nwwr, < sup [f(z) = fz1)] -
B(zo,R1)

z€B(zo,R1)
M suppn
{619/ nZ\D2f|2wS_2wL+CQO/ n2waL+021/ |D77|2w8_1wL}.
B(zo,R1) B(zo,R1) B(zo,R1)
(8.4.21)

Here, the constants c19 and cog also depend on s. o
Since f is continuous, given £ > 0 there then exists R(e) with the property that
for 0 < Ry < R(e) and n € Hy*(B(z1, Ry)) (B(x1, Ry) C B(zo, Ry)),

/ nwiwy, < E/ n2|D2f\2wS_2wL + E/ | Dn*w® twy, .
B(Zbl,Rg) B(w17R2) B(Zbl,Rz)

(8.4.22)
We now require for n € Hy?(B(x1, Ra)),
n=1 on B(x, %),
0<n<1,
2
Dn| < —.
| m_RZ
Since f € W22 by Lemma 8.4.3, the equation (8.4.1) yields for ¢ € H§’2,
/Dﬁﬁﬁhﬁam:_/ﬁwDJD¢%¢
—- [ Gle.1.01)D,0 (8.4.23)
The resulting equation
[ D@Dy = [ DG 1D, (.4.24)

then also holds for ¢ € H&’Q (instead of Hg’z)7 because we can approximate ¢ €
Hé 2 by Hg _functions (actually, even by C§°-functions), and an easy application of
Lebesgue’s theorem on dominated convergence allows the passage to the limit.



456 Chapter 8 Harmonic Maps between Riemannian Manifolds
We apply (8.4.24) to

and obtain

[ D@D Dy, )
Bla1,Ra) (8.4.25)
[ DG PP, ]
B(:El,Rz)
and from this equation and the structural conditions (as in the derivation of (8.4.9)),
| a®D,Duf - DatwiPunD, )
B(z1,R2)
< 622/ P|D? flwrwi?wy, + 023/ nDiwwi; wr,
B(z1,R2) B(z1,R2)
+024/ nZw%wfw_QwL + 025/ anwaM?QwL
B(z1,R2) B(z1,R2)

+ c26 / n*|D? flwwi *wy, (8.4.26)
B(z1,R2)

where co2 again depends on s.
Now

/772|D2f|wwf\/;2wL S /n2|D2f|ws—2wL

1 (8.4.27)
< 5/772\D2f|2w5_2w,; 5 n*wwy,
and this is bounded because of (E;) and since wy, is bounded.
Likewise
1
/7]2|D2f\w%wfvf_2wL < 5/n2|D2\2w5_2wL + 5 nw* lwy . (8.4.28)

Therefore, all terms on the right-hand side of (8.4.26) remain bounded as M —
o0. The same then has to happen for the left-hand side of (8.4.26). We may hence
replace wys by w in (8.4.26), and conclude that

/ a®*?DoDf - Dg(n*w* 2w D, f) < co. (8.4.29)
B(Cbl,Rg)
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But this expression equals
/aa’@DQDVf . D,gDﬂ,wa*QwLn2
+(m—2) / a®? Do D., f Dgww® 3w, D., fn?
(8.4.30)
+ / aaﬁDaD,ny,gwLw‘g*QDﬂ,fn2

+2 / ao‘ﬁDava “nDgnuw**wr D, f .

Since Dgw = DgD;sf - Dsf and Dwy, = 0 for w > wp,, we can rewrite the second and
the third integral in (8.4.30) as

mTfQ ao‘ﬁDangwwsf‘n’wan + %/aaﬁDawLDﬂwLwSﬁnZ >0. (8.4.31)
The fourth integral in (8.4.30) is estimated by
5/ |D? f w0 2wpn? + % /ws_le|D77|2, (8.4.32)
for § > 0.

Choosing 6 > 0 small enough in (8.4.27), (8.4.28), (8.4.32), we obtain from
(8.4.26) — (8.4.32) (recalling 0 < n < 1, |Dy| < -%),
R

1
[ preetun < [ DD, DD, furun?
B(z1,R2) B(z1,R2)

1
< 028/ wwrn® + o (1 + —2> / w®. (8.4.33)
B(z1,R2) R3 B(x1,R2)

We then choose £ > 0 in (8.4.22) small enough (and thus determine R(g)) to obtain
from (8.4.22) and (8.4.33)

1
/ (|D? fPw* 2wy, + w'wr) < es0(1 + —2)/ w® . (8.4.34)
B(x1,%2) 13 B(z1,Rz)

We may then let L — oo in (8.4.34).
A covering argument then gives for every Ry < Ry,

[ @ e <o (Forn)
B(xo,R1)

This concludes the induction. O

We obtain
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Lemma 8.4.5. Let f € C°N HZIO’CQ(Q,R") be a solution of (8.4.1), with structural
conditions (A1), (A2), (A3), (G1), (G2) satisfied, and furthermore a®? € C*(Q) for
all o, (3.

Then

feH Y (Q,RY),

loc
Proof. From (G2),

G, (@), DI @)] = |G + CDF + Gy D]

(8.4.35)
< ko + k1|Df]> + k2| D* f| + ks| Df|| D? £,
and this is in L? by Lemmas 8.4.4 and 8.4.3.
Consequently, f is a weak solution of an equation
Ds(a®P(z) Dy f) = g(x), (8.4.36)
with g € H2.
The claim follows from Theorem A.2.1. O
We can now prove
Theorem 8.4.1. A continuous weakly harmonic map f : M — N between

Riemannian manifolds is smooth.

Proof. As explained before, by continuity, we may localize in domain and image, and
we thus treat a continuous weakly harmonic map as a weak solution of the elliptic
system

Do(v*?ADsf) = = Ay T (f(2)) Do fI D f* =t k(). (8.4.37)

The structural conditions (A1) — (G2) then are satisfied.
Lemma 8.4.5 implies
feH>?.

loc

Now
|D* (VAT () Da f? D ")
< kol DfI? + k1| DfI* + k2| D* FI|Df|? + k3| D* f|* + ka| Df||D? 1.

If m := dimM < 3 then Sobolev’s embedding theorem (Theorem A.1.7) already
implies that this is in L2 .. Hence, the right-hand side k of (8.4.37) is in Hlif and
by Theorem A.2.1,

fem:?.
In this manner, inductively
ey =keH " = feH M, (8.4.38)



8.5 Existence of Harmonic Maps for Nonpositive Curvature 459

and Corollary A.1.3 implies f € C'>.

If m = dim M is arbitrary, one either can apply more refined elliptic regularity
results, or alternatively observe that Df satisfies a system with similar (actually,
even better) structural conditions, and so the preceding results may be applied to D f
instead of f. Iteratively, the same is true for higher derivatives of f, and thus one
gets again

Df e H)?
for all v, i.e.
fe g
for all ¢, hence f € C* by Corollary A.1.3. O

Perspectives. The regularity results and proofs of this paragraph are due to Ladyzhenskaya
and Ural’ceva[197] although this is usually not acknowledged in the western literature on
harmonic maps. Their proof has been adapted to harmonic maps into spheres in [32].

8.5 Harmonic Maps into Manifolds of Nonpositive
Sectional Curvature: Existence

Let M and N be compact Riemannian manifolds, N of nonpositive sectional
curvature. In this section, we wish to show that any continuous map g : M — N
is homotopic to some — essentially unique — harmonic map. This result will be
deduced from convexity properties of the energy functional E that follow from the
assumption that the target manifold N has nonpositive sectional curvature. The
relevant geometric results have been collected in §5.8 already.

As an application in §8.7, we shall derive Preissmann’s theorem about the
fundamental group of compact manifolds of negative sectional curvature. Further
applications will be described in the Perspectives.

A continuous map
g: M — N
induces a homomorphism
p =gz :m(M,p) — mi(N,g(p))

of fundamental groups (p any point in M). As described in Appendix B, we may then
find a lift B 5

g:M— N
to universal covers that is p-equivariant, i.e.

9(Az) = p(N)g(x)
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for all z € M, A € m; (M, p) where the fundamental groups 71 (M, p) and 71 (N, g(p))
operate by deck transformations on M and N, resp.

Y :=Nisa simply connected complete Riemannian manifold of nonpositive
sectional curvature. In particular, all the results derived in §5.8 for such manifolds
apply. We let

d:YxY —R

be the distance function induced by the Riemannian metric, as always.
For p-equivariant maps

hihy: X =M —Y,

we can define an L2-distance by

2

o) = ( [ @ (ta(e).hate)yavor ()

where the integration is w.r.t. the volume form of the Riemannian metric on M and
over some fundamental domain of M in X = M. The p-equivariance of hy; and hg
implies that this integral does not depend on the choice of fundamental domain.

We then put
Z = LIQJ(M, N):={h: X — Y p-equivariant with d?(h,§) < co}.

Z = L%(M ,N) then is a complete metric space; the completeness is shown as for the
standard spaces of L2-functions (that result is quoted in Theorem A.1.1), because Y
is complete.

Curves in Z are simply given by families

(ft)tE[O,l]

of p-equivariant maps f; : X — Y, depending continuously on ¢. We say that such a
curve is a shortest geodesic if

d(f07ft) = td(f07f1)

for all ¢t € [0,1]. (It is not difficult to show that this property characterizes shortest
geodesics in Riemannian manifolds, and so it is natural to use this property also in
other metric spaces.) It is then easy to describe such geodesics:

Lemma 8.5.1. For every x € M, let v, : [0,1] — N be a shortest geodesic with
v2(0) = fo(x), v=(1) = fi(x), chosen equivariantly, i.e. p(N)vz = Yrz for all x, X
Then the family of maps

ft(x) = ’Yw(t)a le [09 1]

defines a shortest geodesic in L2(M,N) between fo and f,.
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Proof.

P(forf) = [ (o). fo) dVol (2)
- / 28 (fo(), f1(x)) dVol (x)

because v, defines a shortest geodesic from fo(z) to fi(x)

= t2d2(f07f1)'
|
Thus, if fy and f; are p-equivariant maps, the geodesic in L%(M ,N) from fy to

f1 is simply obtained by taking for each € M the shortest geodesic from fy (z) to
f1(z) and defining maps f; through this family of geodesics.

Corollary 8.5.1. Let ¢1,¢; : [0,1] — L2(M, N) be shortest geodesics. Then
d*(e1(t), c2(t))

s a convex function of t.

Proof. We can use Lemma 8.5.1 to derive this property by integration from the

corresponding property of N that has been demonstrated in Theorem 5.8.2. Namely,

by Theorem 5.8.2, for each « € N, if ~; ,(¢) is the shortest geodesic from ¢;(0)(x) to

ci(1)(z), t = 1,2, then
& (71.0(1); 72,0 (1))

is a convex function of t. But then also
d*(c1(t), ca(t)) = /d2 (71,2(t),72,2(t)) dVol (M) by Lemma 8.5.1
is a convex function of ¢. O

Similarly, if ¢ : [0,1] — L2(M, N) is a shortest geodesic, and z € L2(M, N), we
have the analogue of (5.8.7)

d*(c(t),z) < td*(c(1),z) + (1 — t)d*(c(0), z) — t(1 — t)d*(c(0), c(1)) (8.5.1)
for all t € [0, 1].

We now consider the functionals F. and E defined in §8.3, but this time, we
define them on the space Li(M ,N), carrying out all corresponding integrals on a

fundamental domain for M in M.
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Corollary 8.5.2. E. and E are convex functionals on Li(M, N), in the sense that
for any shortest geodesic ¢ : [0,1] — L?,(M, N),

E.(c(t)) and E(c(t))

are convez functions of t.

Proof. As explained in Lemma 8.5.1, such a shortest geodesic is given by a family of
p-equivariant maps ~ ~
ft M — N

such that for each z € M, f,(x) is geodesic w.r.t. L.
Applying Theorem 5.8.2 to the geodesics fi(z) and f:(y), we obtain

d*(fe(x), fe(y)) < td®(fr(2), fi(y) + (1= 8)d*(fo(@), fo(y))-

Integrating this inequality w.r.t. 2 and y as in the definition of E.(f) (cf. (8.3.3))
yields the convexity of E., and the convexity of E follows by passing to the limit
€ — 0 as explained in §8.3. O

We are now ready to start our minimization scheme for the functionals E. and
E on the space Z = LIQ,(M ,N). In fact, we shall demonstrate a general result about
minimizing convex and lower semicontinuous functionals (recall Lemma 8.3.1 and
Theorem 8.3.2) on Z; in fact, the constructions will be valid for more general spaces
than Z as the only essential property that we shall use about Z is the convexity
property of Corollary 8.5.1.

Definition 8.5.1. Let F' : Z — R U {oco} be a function. For A > 0, z € Z, the
MoreauYosida approximation F* of F is defined as

FNz) = inf (AF(y) +d(y,2).

Lemma 8.5.2. Let F': Z — R U {oo} be convez, lower semicontinuous, # oo and
bounded from below. For every A > 0, z € Z, there exists a unique yx € Z with

FAz) = AF(yx) + d*(y», 2). (8.5.2)

Proof. We take a minimizing sequence (i, )nen for F*(z). This means that

lim (AF(yn) + d*(yn, 2)) = F* = inf (\F(y) + d*(y, 2)). (8.5.3)

inf
n— oo yez

For ym,yn € Z, we take a shortest geodesic v : [0,1] — Z with

700) = ym, (1) = yn

1
Ymn = 7(5) .

and define the midpoint as
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The convexity of F' then implies
FY S AF(Ymn) + d* (Ymon, 2)

1 1
< §AF(ym) + EAF(yn) + d*(Ym.n,2) by convexity of F

1 1 1 1 1
_)‘F(ym) + _)‘F(yn) + §d2(ymvz) + §d2(ynaz) - Zdz(ymyyn) (8'5'4)

2 2
by (8.5.1).

IN

Since, by (8.5.3) (AF(ym) + d*(ym,2)) and (AF(y,) + d*(yn,z)) converge to F*,
we conclude that d?(y,,y,) has to tend to 0 as m,n — oo. Thus (y,)nen is a
Cauchy sequence in Z, and so it tends towards some limit y). Because F' is lower
semicontinuous, (8.5.2) then follows from (8.5.3). O

We can now state our abstract existence result:

Theorem 8.5.1. Let F' : Z — RU {co} be a convez, lower semicontinuous function
that is bounded from below and not identically +00. Letyy be as constructed in Lemma
8.5.2 for A > 0.

If (ya, Jnen is bounded for some sequence \, — 0o, then (yx)rso converges to a
minimizer of F as A\ — oc.

Proof. Take any z € Z. By definition of y»,, yx, minimizes F(y) + ﬁdz(y,z).
Since g, is bounded and \,, tends to oo, (yx, )nen therefore constitutes a minimizing
sequence for F. We claim that d?(yy, 2) is a nondecreasing function of A. To see this,
let 0 < pp <A

By definition of y,,,

1 1
Fyx) + ;dQ(ym z) = Flyu) + ;dQ(ymZ)-
This implies

1 1 1 1
F(yx) + Xd2(y,\,z) > F(yu) + Xd2(yu,z) + (

T -

This is compatible with the definition of y) only if

d2(yu7 Z) < d(y)\a Z)

showing the claimed monotonicity property of d?(yx, 2).
Since d?(yy, 2) is bounded on the sequence (A, )nen tending to co and monotonic,
it has to be a bounded function of A > 0. It follows from the definition of y, that

F(yz) = inf{F(y) : d*(y.2) < d*(yx, 2)}-

Since d?(yy, ) is nondecreasing, this implies that F(y,) is a nonincreasing function
of A, and as noted in the beginning, it tends to inf,cz F(y) for A — oco. Let now
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e > 0. By the preceding boundedness and monotonicity results, we may find A > 0
such that for A\, p > A

1@ (yr, 2) — P (yp, 2)| < = (8.5.5)

5
If A < p < A we have F(y,) > F(yx) as F(y,) is nonincreasing. If y, » is the
midpoint of 3, and y, as in the proof of Lemma 8.5.2, we obtain from the definition

of yu
15 15
F(yu) + ;d (y,“Z) < F(y/\,u) + ;d (y)\,uaz)
1 e 1
< - 2 R ]
< F(yau) + M(d (Yus2) + 1 Qd (ykayu))

by (8.5.1) and (8.5.5).
Also, by convexity of F, and since F(y,) > F(yx), F(yxpu) < F(yu). Therefore,

d(yx, yu) < €.

Thus, (yx)x>o is a Cauchy family for A — oo.
Since Z is complete, there then exists a unique 9o, = limy o0 yx. Since we have
already seen that
lim F = inf F
Am Fys) = inf F(y),
the lower semicontinuity of F' implies that

F(yoo) = inf F(y).

yeZ

|

In order to apply Theorem 8.5.1 to show the existence of a minimizer of E (or,
by the same argument, for the functionals E.), we need to verify that in our situation
the yy in the statement of Theorem 8.5.1 remain bounded. This is the content of the
proof of

Theorem 8.5.2. Let M and N be compact Riemannian manifolds, N of nonpositive
sectional curvature. Then every continuous map g : M — N is homotopic to a
minimizer [ of the energy E, in the sense that E achieves its minimum in the class
L%(M, N) of p-equivariant maps between the universal covers M and N, where p :
w1 (M) — m(N) is the homeomorphism of fundamental groups induced by g. (We
shall verify subsequently that f is smooth, and so in particular continuous.)

Proof. We first consider the case where g(M) is simply connected. It is not difficult
to verify that in that case, g is homotopic to a constant map (and a constant map
obviously minimizes the energy). Since that verification is instructive for the general
strategy, we proceed to perform it. Let yo € g(M). For each y € g(M), we choose a
curve v, from yo to y. Let ¢, : [0,1] — N be the geodesic from yy to y homotopic to
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~y- It is unique because N has nonpositive sectional curvature (Theorem 5.8.1), and
it does not depend on the choice of v, because any two curves in g(M) from yo to y
are homotopic to each other as g(M) is simply connected. We put

9¢(z) = cg(z)(t).
g¢(x) is continuous w.r.t. ¢, and also w.r.t. =, because
d?(cy, (), ¢y, (1)) < td*(cy, (1),¢,,(1)) by Corollary 5.8.3.

Since go = Yo, 91 = ¢, g¢ provides a homotopy between a constant map and g, as
desired.

If g(M) is not simply connected, we choose some closed curve v in g(M) that
is not homotopically trivial. Let ¢ be a closed geodesic in N that is homotopic to ~
(Theorem 1.5.1). Let g € L2(M, N) be the lift of g to universal covers. In order to
apply Theorem 8.5.1, we have to exclude that the Li(M, N)-maps y, constructed for
z = ¢ in Lemma 8.5.2 become unbounded, i.e. that the Lﬁ-distance between g and
yx becomes unbounded for A\ — oo. y, projects to a map gy : M — N homotopic
to g. Let vx be a closed curve in gx(M) that is homotopic to 7. Let + € M with
g(x) € v, and yo € c¢. Let ¢y : [0,1] — N be the geodesic from yo to gx(z) in the
homotopy class determined by a homotopy between g and gy. Let by be the geodesic
loop (which exists by Theorem 1.5.1) from gy () to itself that is homotopic to cycey *
Thus, b;lc,\ccgl is homotopic to a constant curve. Likewise, let by + be the geodesic
loop based at ¢y (t) homotopic to c,\|[0,ﬂc(c>\‘[0’t])’1. By lifting to the universal cover
N, we see that the energy E (ba,1) becomes the squared distance between two different
lifts of ¢y, i.e. two geodesics, and so it is convex by Theorem 5.8.2. Since ¢ = by
is a shortest geodesic, F(by ;) is minimal at ¢ = 0. Thus, assuming d?(g,gx) — o
for A — 00, E(by,) either tends to a constant function, or E(by 1) goes to co. In the
latter case, however, the lengths of all curves in g(M) homotopic in N to ¢ would
also go to oo, and that would let the energy of gy tend to oo as well, in contradiction
to g) being a minimizing family for A — oo by the proof of Theorem 8.5.1.

If the lengths are constant, i.e. by ; is asymptotically of the same length as
bx,0 = ¢, we either find another homotopy class of curves for which the length goes
to oo — which is impossible as already argued — or the length remains constant for
all homotopy classes. In that case, however, the construction of the Moreau—Yosida
approximation implies that d?(g,gx) cannot tend to oo, because E is not changed,
while d?(g,gx) is decreased if we move the image of M closer to ¢ along the curves
cx (“closer” here refers to the lifts to the universal cover N), i.e. replacing = by ¢y ()
for t < 1.

Thus, in any case, d2(g, gx) stays bounded, and Theorem 8.5.1 yields the result
after all. 0O

Perspectives. See the Perspectives on §8.7.
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8.6 Harmonic Maps into Manifolds of Nonpositive
Sectional Curvature: Regularity

In the preceding section, we have shown the existence of a minimizer of the energy
functional E in a given homotopy class, or more precisely, in the class of L?-maps
that induce the same action by deck transformations on the universal covers as some
given continuous map g¢. It is the purpose of this section to show the regularity, i.e.
the smoothness of such a minimizer. In fact, we shall present different regularity
proofs with the purpose of showing a more representative sample of techniques from
geometric analysis.

It is clear that a minimizer f of F is a critical point of F in the sense of Definition
8.2.1. Namely, in §8.1, we have computed that for a compactly supported vector field

Y along f and fi(x) = expy,) t (),

d

GE o = [ (dr.a).
Thus, in particular, F(f;) is a differentiable function of ¢, and since f = fy minimizes
E, this derivative at t = 0 has to vanish, for all such .

If k is some smooth function on the image of f, and if ¢ is a smooth function
on M with compact support, we may consider the test vector

(dk) o f(x) - o(x).
We obtain (referring to §8.1 for the notation)

0= / (df, dvp) = / (df, d(dk)p(z))  with dk being evaluated at f(z)
— [V o (@) @ da) + [(dp(a).dlio 1))
— [e@varardn@ + [Wea.de Ny, o)

recalling (8.1.11) and (4.3.48).
We now take

Kz) = 5 (2.p),

lifting to universal covers as always.

By Lemma 5.8.2,
Vdk(df,df) > ||df|*.

Inserting this into (8.6.1) yields

[taet@) o i) < - [ ol (8.62)
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(8.6.2) means that ko f is a weak subsolution of
— Ao ) > ) (5.6

(Cf. Corollary 8.2.5 for the corresponding result in the case where f is a smooth
harmonic map.)

We shall now use this differential inequality to derive the Holder continuity of
our minimizer f. Theorem 8.4.1 will then imply that f is smooth.

The same argument actually shows that for any smooth convex function k£ on
the image of f, we have
—A(ko f)>0. (8.6.4)

In the sequel, however, the functions k(z) = %dZ(z,p), for various choices of p, will
entirely suffice.

We shall need a version of the Poincaré inequality:

Lemma 8.6.1. Let M be a compact Riemannian manifold, Y the universal covering
of a Riemannian manifold of nonpositive curvature. Then there exist 1y > 0 and a
constant co < 0o such that for any ball B(zg,7) C M, 0 <1 < 19, and any L*-map
with finite energy,

f: B(zo,7) =Y,

the following inequality holds

[ ev@amsaw’ [ @@ (86.5)
B(xzo,r)

B(zo,r)

where fp €Y is the center of mass of f, i.e. fp minimizes

/ d*(f(z),p)dVol (z) w.r.t.p€Y.
B(xzo,r)

Proof. The factor 72 on the right-hand side of (8.6.5) comes from a simple scaling
argument; such a scaling argument is possible because for sufficiently small » > 0, the
geometry of the ball deviates to an arbitrary small degree from the one of a Euclidean
ball of the same radius. Thus, we neglect the factor 72 in the sequel.

If the inequality (8.6.5) then is not valid, we can find a sequence (fy)nen of
maps from some such ball B(zg,r) into Y for which

[ @) tum) 0 [l (8.6.6)

Since Y has a compact quotient, we may compose f, with deck transformations, i.e.
isometries of Y, which leave both sides of (8.6.6) invariant, such that f, p always
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stays in some compact region of Y. Thus, we may assume that the f,, g converge to
some p € Y. If the left-hand side of (8.6.6) happens to be smaller than one, we may
rescale Y, i.e. we consider the chart

exp, : I,Y =Y

and replace the Riemannian metric g;;(z) of Y in this chart by the metric g;;(pz)
for a suitable p > 1. This multiplies the distance function d and the norm | - || by
a factor p which we can thus adjust to make the left-hand side of (8.6.6) equal to 1.
The curvature of Y gets multiplied by p%, and as p — 00, the rescaled Riemannian
manifold (Y, g;;(pz)) becomes Euclidean, and the Poincaré inequality reduces to the
Euclidean one.

We now turn to the case where the left-hand side of (8.6.6) is bigger than 1.

For any map ¢ : B(xg,7) — Y, we may perform the following construction:
gi(z) == expt(expg_; g(xz)) for0<t <1

Thus, for any x,
d(g:(v), gp) = td(g(z), 98), (8.6.7)
and since gp is characterized by the property that

/exp;B1 (9(x))dVol (x) = 0,

we see that
9B = gt,B:

i.e. gp remains the center of mass for the maps g;.

Since Y has nonpositive curvature

d(ge(2), 9:(y)) < td(g(x),g(y)) forall z,y,0<t<1, (8.6.8)

by (5.8.8). Therefore also
dge (@)|* < 2| dg ()|, (8.6.9)

whenever this expression is well defined.
For each n € N for which the left-hand side of (8.6.6) should happen to be bigger
than one, we choose t =t,,, 0 <t < 1, such that

/ P (s (@), for) = 1.

Because of (8.6.7) and (8.6.9), we may then replace f,, by f, without making (8.6.6)
invalid, and so we may assume w.l.o.g.

/d2(fn(x),fn73) =1 forallneN. (8.6.10)
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Then
/||dfn(ac)||2 — 0 for n — oo,

and therefore f,, has to converge to a constant map fo = p for some p € Y. By
Rellich’s theorem (see Theorem A.1.8; the standard proof for functions (see e.g. J.
Jost, Postmodern Analysis, Springer, 1998, p. 265 ff.) carries over to maps with
values in Y, because we have constructed in §5.8 the mollifiers on which that proof
depends)

/dZ(fn($)> fn,B)
converges to

[ @ fom = [ @) =0

This, however, contradicts (8.6.10). This concludes the proof. |

Let us also present an alternative proof of the Poincaré inequality that does not
use Rellich’s theorem, but rather employs the constructions of §5.8 directly:

Proof. By (5.8.21),

d(f(x), f5) < / d(f(), f(4)) dy.

B(xo,r)

We may work with the Euclidean volume form on dy on B(zg,r) induced by the
exponential map exp, : Ty, M — M, rather than with the Riemannian one. Since
the two are uniformly equivalent, this will only affect the constant ¢y in the estimate.
In other words, we assume that B(xg,r) is a Euclidean ball

{y e R™ 2 d(xo,y) = |xo —y| <71}

We may also assume that f is differentiable, because a general f may be approximated
by the differentiable mollified maps f; as explained in §5.8.

Then

s < [ (e e

(the meaning of %£ should be obvious), and so

@ sar < [ el

for m = dim M, w,, = volume of the m-dimensional unit sphere.
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Therefore,

J @ smyae< | ( / d(f(l"),f(y))dy)zdz
< o [ ([ ol as
SmwQ /(/I y\ml”df dy></| — )

by Hélder’s inequality (Theorem A.1.2),

2
= 1P ([ o)

by Fubini’s theorem.

Since )
/ ————— dx < mwy,r forall y € B(xo,r),
B(xzq,r) ‘LI} - |

we obtain

o e st [ s
B(wo,r) B(zo,r

and the constant cg arises from estimating the Euchdean volume dx against the
Riemannian volume dVol (). In fact, employing Riemannian normal coordinates
at xo, we see that this yields a factor of magnitude (1 + ¢17?). O

In the sequel, we shall assume that the radii R of all balls B(zg, R),zo € M, are
smaller than the injectivity radius of M. We then do not need to distinguish between
such a ball and its lift to the universal cover M. Also, on such a ball, the negative
Laplace—Beltrami operator in local coordinates,

—-A = 73? (ﬁ’yaﬁa ﬁ) (notations as in Section 8.1)
is of the type considered in §A.2, and therefore on such a ball, the Harnack inequalities
stated in Theorem A.2.2 hold. .

By the Harnack inequality (Theorem A.2.2 (i)), we have for zp € M, p € N,
m = dim M,

1 q
sup d*(f(z),p) < 02< — / d?1(f(z),p)dVol (x)) forg >1, (8.6.11)
B(zo,r) r B(zo,2r)

because of the inequality
— Ad*(f(z),p) >0 (8.6.12)



8.6 Regularity of Harmonic Maps for Nonpositive Curvature 471

that follows from (8.6.3).

In order to control the right-hand side of (8.6.11), we observe that we can control

d(p, )

where fp is the center of mass of f on B(xg,2r), because f is in L?. We therefore
need to estimate

/ d(f(x), f5)dVol (x).
B(xo,2r)

As in the second proof of the Poincaré inequality, we have (replacing again dVol (x)
by the Euclidean volume element dx)

[ s [( [ d(f(w),f(y))dy) e
- ququ/(/l =t )de>2qu

< —2
m24wid

/ ( / ;ﬁudﬂy)?dy) ( / %dy)q
=y =y
qg—1
( / Idf(y)||2dy) da

by Holder’s inequality (Theorem A.1.2) with exponents p1 = 2, po = 2q, p3 = qul
and writing

g 1
~{ =) H =) T o] )
(] — @ e y)"“( / ||df<y>|2dy)

by Fubini’s theorem as in the second proof the Poincaré inequality.

Now ) )
. q m
- dy<oo if L T
/|x y|(m—1)fT“q 4 1+¢ m-—1

and if we choose ¢ > 1 satisfying that condition, we can bound d?(f(x), p) by d?(p, )

and
[l
B(z0,2r)
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(The first proof of the Poincaré inequality given above can also be strengthened to
yield the present stronger conclusion, by making use of Kondrachov’s extension of
Rellich’s theorem, see Theorem A.1.8.)

In particular, d?(f(z),p) is bounded on B(zg,r), since f has finite energy. We
record this as

Lemma 8.6.2. Let f : B(zg,4r) — Y (complete, simply connected, nonpositive
sectional curvature) be a map of finite energy, satisfying

—Ad*(f(z),p) >0 weakly for all p €Y.

Then f is bounded on B(xg,r). |

Lemma 8.6.3. Let f : B(xg,4r) — Y satisfy —Ad?(f(x),p) > 0 weakly for every
p € Y, where B(zo,4r) is a ball in some Riemannian manifold M, 0 < 2r < i(M) and
Y is a manifold of nonpositive sectional curvature, the universal cover of a compact
manifold N. Let 0 < k1 < k < Ko, and suppose that

diam f(B(zo,2r)) := sup_ d(f(z1), f(22)) = &.

T1,T2€

B(zo,2r)

There exists € > 0 depending on the geometry of M and N and on kg and ki with
the property that if 0 < € < &g and

f(B(xo,2r))

is covered by k balls By,..., By of radius €, then
f(B(zo,7))

can be covered by k — 1 of those balls.

Proof. Since we may obviously assume that each ball B; contains some point f(x;)
we have
B; C B(pi,2¢), with p; = f(x;),i=1,...,k. (8.6.13)

If we assume ¢ < gy < %, the balls

K .
B(pi, g), i1=1,...,K,
cover f(B(xg,2r)). Since its diameter is k, f(B(zo,2r)) is contained in some ball of
radius at most 2k. Because the geometry of Y is uniformly controlled as Y admits a
compact quotient,? there is some integer k; such that any such ball of radius < 2x <

3 Actually, what is needed at this point is solely a lower bound on the Ricci curvature of Y,
combined with the assumption that Y has nonpositive sectional curvature, but we do not pursue
this issue here.
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2kg contains at most k; points whose mutual distance is always at least . Therefore,
already k; of the balls B(p;, §) cover f(B(wo,2r)), say fori=1,... k.
Therefore, for at least one of those p;, say for p1,

meas (f‘l (B(pl, Z)) ﬂB(:cg,r)) > k:11

v
=
@
&
»n

3
8

S
2

=

.6.14
> m (8.6.14)
—r
=
for some constant 1 > 0 depending on the geometry of M .4
We consider the auxiliary function
1
9(z) 1= (. f(2)).
We put
1 .
= sup g(x)< ?(dlam(f(B(xo,r)))) <1 (8.6.15)

zE€B(xz0,2r)

By the triangle inequality, and since diam (f(B(zo,2r))) = k, there also has to exist
some y € B(xzg, 2r) with

K
A(f)m) > 5.
hence
51
n=
On f~Y(B(p1, %)), we have
()< o
9(z) < 16
We consider the auxiliary function
h(z) :==p—g(x) >0 on B(xg,?2r), (8.6.16)
and
1 1 K
h(z) =2 ¢ on f (B(pl, Z))' (8.6.17)

By (8.6.12) and the definition of g and h, we also have
—Ah(z) <0 weakly in B(xg,2r).

Because of (8.6.17), we may apply the Harnack inequality Theorem A.2.2 (ii) to obtain

1
inf h(z) > 507'_7"/ h(z)dxz for some g > 0
B

B(zo,r) (xo,7)
>5  forsomed >0, by (8.6.17), (8.6.14). (8.6.18)

47 is controlled from below by an upper bound for the sectional curvature of M, but again this
is not pursued here.
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This inequality now implies that for sufficiently small €, we cannot have
f(B(zg,7)) N B(pi,2e) #0 forali=1,... k. (8.6.19)
Namely, the balls B(p;,2¢) cover f(B(zo,2r)), and thus, if the supremum is realized
in (8.6.15) for y € B(xo,2r), i.e.
L
(i J () = b

we can find some p; with
d(p1, f(y)) < 2e.

So, if (8.6.19) held, we would have d(f(x1), f(y)) < 4e for some x1 € B(zg,r), and
thus

inf )h(x) < hzy) =p— %dQ(pl,f(mD

B(zo,r
<1622,
K
which contradicts (8.6.18) for
< (5!11
16

Thus, for such an €, f(B(xo,r)) is disjoint to one of the balls B(p;,2¢), hence also
to one of the balls B;, because of (8.6.13). Thus, it can be covered by the remaining
ones. O

Equipped with the preceding lemma, we may now prove

Theorem 8.6.1. Let B(x1,12r) be a ball in some Riemannian manifold, 0 <
12r < i(M), Y the universal cover of a compact Riemannian manifold of nonpositive
sectional curvature (and thus complete, simply connected, and nonpositively curved
itself), and let

f:B(z1,12r) = Y
satisfy

E(f) <oo

and

~Ad*(f(x),p) > 0

weakly for every p € Y.
Then f is continuous on B(x1,Tr).
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Here, with the notation of §8.1 for the metric on the domain M, A is the
Laplace-Beltrami operator

\/_ Oz (ffyaﬂa;iﬁ) '

Proof. By Lemma 8.6.2, f is bounded on B(z1,3r), hence on B(xg,2r) for every

xo € B(zy,7).
Thus,
diam f(B(w,2r)) < ko (8.6.20)
for some kg < 0o. Let now 0 < k1 < Kg. We want to find some p > 0 with
diam f(B(zo, p)) < k1. (8.6.21)

Let g = €o(ko, k1) be as in Lemma 8.6.3.

Because of (8.6.20), we can bound the number kg of balls By, ..., By, of radius
€o in Y that are needed to cover f(B(z¢,2r)). By Lemma 8.6.3, f(B(z¢,r)) can be
covered by at most kg — 1 of them. If

diam f(B(zo,r)) > K1,

we may apply Lemma 8.6.3 again with § in place of r and k = ky — 1 and cover
J(B(wg, %)) by at most ko — 2 balls. We can repeat this construction until, for some
veR,

f(B(wo,27"r))

is covered by so few balls of radius €y that we must have
diam f(B(z0,2771)) < k1.

Since this holds for every z¢ € B(x1,7) and every k1 > 0, we see that f is continuous
on B(xy,r). |

We shall now present an alternative (and more general) derivation of Theorem
8.6.1 not based on Lemma 8.6.3. Of course, the Harnack inequality will again be
used in a crucial manner. The geometry of the domain M will only enter through the
Poincaré inequality (Lemma 8.6.1) (which implies the Harnack inequality) and the
following ball-doubling property for the volume form:

Vol (B(z,2r)) < ¢yVol (B(z,r)) (8.6.22)

for some constant cg, all x € M, and all sufficiently small radii » > 0.
We shall make use of the following abbreviations:
For v € L*(B(zo, R)):

Vi R:i= sup v,
B(zo,R)
V_R: inf o,
B(zo,R)

VR = ][ vu(dz)
B(zo,R)
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(as always, sup and inf are the essential supremum and infimum).

Lemma 8.6.4. Let v be a bounded weak subsolution (—Av > 0) on B(xg,4R). There
ezists a constant oy, independent of v and R, with

vy R < (1 —00)vyar + dovR.
Proof.

U4 4R — VR = ][ (V4,4r — V)
B(zo,R)

1
P
< (][ vy ar — v|p> since p > 1
B(zo,R)

< co <][ [v4ar — v”) ’ by (8.6.22)
B(I(),QR)

< c3(vV4+,4r — V4,R)

by Theorem A.2.2 (ii), since vy 4r — v is a nonnegative supersolution on B(zg,4R).
Consequently,

C3 — 1 1
U4 4R + —UR.
C3

VR <

From Lemma 8.6.4, we derive

Lemma 8.6.5. Let v satisfy the assumptions of Lemma 8.6.4, and suppose 0 < € < i.
There ezists m € N (independent of v and €) such that

viemp < e%vy g+ (1—&*)vp,

for some R withe™R < R’ < % (R’ may depend on v and €).
Proof. Iterating the estimate of Lemma 8.6.4, we get for v € N

viarr < (1=00)"vir+ (1= (1—60)") > Tiva-sr,
=1

with i
. (50(1 — (50)“71
= — .

1-— (1 — (50)”

We choose v so large that

(1 — 50)” S 62,
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and choose R’ = 477 R with j € {1,...,v} such that vy, is largest.
Noting that

47V > ™
if
—(log4)
- log(l — 50) ’
the result follows. |

Lemma 8.6.6. Under the assumptions of Lemma 8.6.4,

li =1 .
Ao VBT REL VR
Proof. This follows directly from Lemma 8.6.4. O

Lemma 8.6.7. Let f: B(xo,4R) — Y satisfy (8.6.3). Let p € Y. Then, with
v(z) = d*(f(x),p),
|B(z0, R)| := Vol (B(zo, R)),

R2
|B(20, R)| JB(z0,R)

In particular,

lldf (z)||?dVol (z) < ¢5(vyar — Vi R)- (8.6.23)

R2

lim df (z)||*dVol (z) = 0. 8.6.24
22 B0 B)] oo ldf ()l (2) ( )

Proof. v(x) = d*(f(z),p) satisfies (8.6.3), that is,
—Av > 2 df|.

Let GE(x,7) be the mollified Green function on B(xg, R) relative to B(zo,2R),
ie. GR(xg, ) € HY? N CY(B(x0,2R)),

/ (dp(z), dG® (20, x)) dVol (z) 2][ () dVol (z)
B(z0,2R) B(wzo,R)
for all ¢ € H'? with supp ¢ € B(zo,2R).
We put
wl(z) = |(33]%—’2R)|GR(:EO,J:)

‘We then have )
[ el ant @)= [ ) (3.6.25)
B(x0,2R) B(xo,R)
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for all ¢ € H'? with supp ¢ € B(zo,2R).
Furthermore, from the estimates for G¥ of Corollary A.2.2, we have
0 <w? <+, in B(z,2R), (8.6.26)
w® >~ >0 in B(z,R) (8.6.27)

for constants 1, 2 that do not depend on R.
We then have with z :=v — v 4r

A (df, df) (w®)? < / (WR)2(~A)

B(z0,2R) B(z0,2R)

= —/ (d(w™)?,dz) since w® € H"?(B(x,2R))
B(:Eg,2R)

= —2/<dwR,d(sz)> +2/z<dwR,dwR>
< —2/<dwR,d(sz)) since z < 0.

From (8.6.25)—(8.6.27), we get

C
[ <[ @an-v
B(mn,R) B(m’o,R)

B(xzg, R
< C4|(R+)‘(U+,4R —UR)

| B(x0, )|

Cs R2

(v44r —vy r) by Lemma 8.6.4.

|

We are now ready to prove the Holder continuity of f. For a point z( in the
domain and a radius R > 0, let

fr := mean value of f on B(xzo, R)

(that is, as in Lemma 8.6.1, the minimizer of fB(mmR) d?(f(x),p)dVol (x) w.r.t. p),
and
vp(x) :=d(f(x),p), with p€ Y chosen subsequently.

We apply Lemma 8.6.5 to ~
VFr — d2(f(££>7 f%)
4

and choose ¢ = em < % and e"R < R' < %, where m € N does not depend on &
or R < Ry. We therefore obtain

= B, Fyvel @
B(zo,R') 4

o=

< 00][ d*(f(z), fr)dVol () for some Cy independent of R
B(wo, %) ‘
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using the ball-doubling property (8.6.22),

C1R?

< — df||?dVol (z
|B(zo, R)| B(zo,g)” | (=)

by the Poincaré inequality Lemma 8.6.1,

< Co(Up R = vy 4 1)

by Lemma 8.6.7, also using the ball-doubling property (8.6.22) once more.

Combining this estimate with Lemma 8.6.5, we get for p in the convex hull of

f(B(xo,e™R)),

sup  d*(f,p) <4 sup d*(f,

)

R
B(x0,e™R) B(x0,e™R) 4
<4e® sup d*(f, fr) + Ca(vp4.r — v, 4 2)
B((E(),R) 4 T

> =

<16¢? sup d*(f,p) + C3(vp+.r — Vptemp) since e™ <
B(JC(),R)

We put, for 0 < p,
w(p) == sup d*(f(x),p) = vp1.,p
B(zo0,p)
and obtain

(1+ Cs)w(e™R) < (6i4 + Cg)w(R).

Here, €™ is considered as a constant. By iteration, we obtain

p «@
w(p) < o(£-) wko)
0
for some ¢ > 0 and some 0 < a < 1.
This holds for any p in the convex hull of f(B(zo,p)). In particular, we may
choose
p= fp-
Since ) )
w(p)? < osc f<2w(p)?,
B(zo,p)
this implies the Holder continuity of f. Thus, we have obtained another proof of
Theorem 8.6.1.

Corollary 8.6.1. Let f : M — N be a weakly harmonic map between compact
Riemannian manifolds M and N, with N of nonpositive sectional curvature.
Then f is smooth.
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Proof. Let B(z1,6r) be a ball in M with 0 < 6r < i(M). Since such a ball is simply
connected (being the diffeomorphic image of a ball in T,,, M under the exponential
map exp,, ), we may lift f to a map

f:B(z1,6r) = Y

into the universal cover Y of N. Therefore, we may apply Theorem 8.6.1 to get the
continuity of f. The smoothness then follows from Theorem 8.4.1. O

In the preceding, we have seen how to use the weak version of the differential
inequality

—Ad*(f(x),p) = 2]|df (2)|*  (see (8.6.3))

to derive the continuity of a weakly harmonic map f with values in a manifold of
nonpositive sectional curvature.

There is another differential inequality for such a harmonic map that can be
used to obtain estimates, namely

— Alldf ()|” = —olldf ()], (8.6.28)

where —o is a lower bound for the Ricci curvature of M. This inequality follows from
(8.2.13).

We shall now display an alternative approach to the regularity result of Corollary
8.6.1 that is based on some weak analogue of (8.6.28). Our construction will exploit
the center of mass properties of the approximating functionals F. (cf. Lemma 8.3.1)
and constructions from §5.8.

Let f = f. be a minimizer of E.. (Of course, the existence of a minimizer for
E. follows by the same method as the one for E, see the proofs of Theorems 8.5.1
and 8.5.2.) By Lemma 8.3.1, for almost every z € M, f(z) is the center of mass of f
on the ball B(z,¢). (As before, we lift f to a map f: B(z,e) — Y into the universal
cover of Y where the center of mass then exists by Theorem 5.8.4.)

Let now x1, 22 € M with d(z1,22) < i(M). We define a diffeomorphism

P B(Ih‘g) - B(‘T275)

as follows: Let
U Tp, M — Tpy M

be the linear map that maps an orthonormal frame at x; into that orthonormal frame
at x4 that is obtained by parallel transport along the shortest geodesic from z; to .
1 then is a Euclidean isometry.
We put
o -1
P 1= exp,, oY oexp,.

and ¢ is almost an isometry in the following sense:
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If dvy and dvy are the volume forms on B(z1,¢) and B(z2,¢), resp., then
|dve — p.diy| < c£? - Euclidean volume form,

for some constant c¢. This is easily seen by writing the volume forms in normal
coordinates and using Theorem 1.4.4.
Also, if V; is the volume of B(z;,¢), then®

Vi — wme™| < ce2.

We then apply Corollary 5.8.7 to get

A ) < 5 [ ), Fe(y)avol (y)
1 JB(x1,e) Vol (3) ordVol(y) (8.6.29)
w . S| T -

We note that
d(y, p(y)) < d(z1,x2) cosh(v—Ae), forally € B(zy,¢)

if A < 0 is a lower curvature bound for M; this follows e.g. from Theorem 5.5.2.
Again, at this point, it is only needed that

d(y, o(y)) < d(1,22)(1 + ce?)

for some constant c.

We now iterate (8.6.29), i.e. we estimate the quantities d(f(y), f(¢(y))) and
d(f(y), f(x2)) in the integrals on the right-hand side by applying (8.6.29) again.
Repeating this a finite number of times, depending on ¢, and using the fact that
all errors, i.e. deviations from the Euclidean situation, are quadratic in &, we obtain
for d(zy,22) < e

A(f (@), f(z2) _, / / W F@) ot ()avol ()
M JB(xz,e)

€ €
for some constant ¢ depending on the geometry of M,

<dE.(f )% by Holder’s inequality,
for some other constant ¢’.
This was for d(x1,22) <e. If d(x1,22) < ve for some v € N, we use the triangle

inequality to obtain
d(f(z1), f(z2)) < E(f)ve. (8.6.30)

¢ can be controlled by a lower bound on the Ricci curvature of M and an upper bound for its
sectional curvature, but we do not verify this here.

5
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This was for a minimizer f = f. of E.. As for example in the proof of the Arzela—
Ascoli theorem (see e.g. J. Jost, Postmodern Analysis, Springer, 3rd edn. 2005, pp.
55-56), one uses (8.6.30) to find a sequence €,, — 0 for which the maps f., converge
uniformly and hence also in L? towards some f. By Lemma 8.3.5, f minimizes E,
and it satisfies the limit of the above estimates, i.e.

d(f(x1), f(z2)) < E(f)d(x1,22)

for all x1,22 € M. By the uniqueness theorem proved below (see Theorem 8.7.2),
this estimate then holds for any minimizer of E. We have thus shown

Theorem 8.6.2. Let M and N be compact Riemannian manifolds N of nonpositive
sectional curvature, and let f : M — N minimize the energy in its homotopy class.
Then f is Lipschitz continuous. O

Corollary 8.6.2. Under the assumption of Theorem 8.6.2, any minimizer f of the
energy is smooth.

Proof. By Lemma 8.2.2, f is a weak solution of

1 8]”)7

\/_ Oz

By Theorem 8.6.2, the right-hand side of (8.6.31) is bounded. By Theorem A.2.3 of
Appendix A, therefore f € C1®, for some 0 < a < 1. But then the right-hand side of
(8.6.31) is of class C®. Applying Theorem A.2.3 once more, yields f € C%®. Iterating
this argument shows that f is smooth. O

af of*
Jk(f)ag{a aiﬂ

(\/_ ap (8.6.31)

Before concluding this section, we want to show how to use (8.6.28) directly to
get a-priori estimates for harmonic maps. Since we have not been very precise about
the geometric quantities on which the previous estimates derived in our regularity
proof depend, we can also use those a-priori estimates to remedy that point. These
estimates will use the assumption that f is a smooth harmonic map, and so, they
cannot be used to show regularity. Such estimates, however, can be employed in
various existence schemes (as for example in previous editions of this book).

Theorem 8.6.3. Let f : M — N be a harmonic mapping between Riemannian
manifolds, where N 1is complete, simply connected, and of nonpositive sectional
curvature. If x € M, p > 0, and B(x,p) C M, then

(D) = gl @I < o(14 55) max (F(x), F(0)) (36.32)

P/ yeB(z,p)

where co depends only on m = dim M, on Ap?, where A is a bound for the absolute
value of the sectional curvature of M, and on a lower bound for the Ricci curvature

of M.
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Proof. We put
r(y) = d(z,y),
q:= f(x),

and assume for simplicity m = dim M > 3. (The proof for m = 2 is similar.) We use
Lemma 5.7.2 with m instead of n,  instead of p, and h(y) = d?(f(y),q). We obtain

/B(x o) (T(y)% - F%) (=2)d*(f(y). p)

< —(m—2uwnd*(f(z),q) .
m—2 P (f(y),q)  m—2 i 6
T A/B@,p) 2 /aB oy W)

<e¢ max d? ,q),
<o max (f(y),q)

with ¢; depending on m and Ap?.
We next let n € C5°(B(z, §)) be a cut-off function,

0<n<1 onB(w,g),
n(z) =1,

Co C3

We then apply Lemma 5.7.2 to h(y) = n%(y)e(f)(y) and obtain

(1 — wme(f)() < — L) a@e()w)
B(z,p) T(y) P

(n*e(f))(w)

(8.6.34)
oA / e())y)
B(zp) T2

Now

A

A(e(f)) < [An2le(f) + 4|Vl Vdf| - |ldf|| + n*Ae(f)
gem + P Vdf|)? + %e(f) — || Vdf|? + cself)

IN

by (8.2.13), since N has nonpositive curvature, where —cs is a lower bound for the
Ricci curvature of M,

< 06(1 + p—12)e(f). (8.6.35)

From (8.6.34), (8.6.35),
(@ <er(1+) |

B(z,p)

= ) (8.6.36)
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noting Tml_z <
m, as well as n(y) =0 if r( ) > "23
We now recall (8.6.3), i.e

- pml ), ifr < 2p, where the constant depends only on

— Ad*(f(y).p) = de(f)(y). (8.6.37)

Then (8.6.32) follows from (8.6.36), (8.6.37), (8.6.33). |

From the proof, we also obtain

Theorem 8.6.4. Under the assumptions of Theorem 8.6.2,

() <20(1+) [

B(z,p)

(1)) =20 (1+ =) Elfinie)

where o depends on the same quantities as co in Theorem 8.6.2.

Proof. From (8.6.36), with p’ instead of p and also assuming B(z, p’) C M, we obtain

1 2—m T e
()@ < er 1+ ) /B AW (8.6.38)

We put
91y, 2) == d* " (y,2),

gk (y, 2) = / gr—1(y,w)g1 (2, w) dw.
B(z,p')

‘We observe that
91y, 2) < emd® M (y, 2).

For example, for k = 2,
lnd) = [ B wE ) do,
B(z,p")

We split this integral into integrals over the regions

I:=Aw:d(y,w) < %d(yv 2)},
I = {w: d(z,w) < 3d(y,2)},
IIT := Bz, p N UII.

=l

< Cmd4 m(y

Then
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as desired. In particular, gi(y,z) is bounded for & > %. We now iterate (8.6.38);
this means that we estimate e(f)(y) in the integral on the right-hand side of (8.6.38)
by using (8.6.38) for z instead of y. We need then B(y,p’) C M, and so we choose
p' = % to guarantee this condition also for the subsequent steps.

After at most 3 steps, we obtain the desired estimate. O

Perspectives. The literature on the regularity of harmonic maps has become too numerous
and extensive to be reviewed here. (See, however, the Perspectives on §8.7 for some
references.)

Therefore, in this section, I have rather tried to present a representative sample
of techniques from geometric analysis. The proof of Theorem 8.6.1 given here is due to
Lin[204]. T have selected that proof because it employs a fundamental tool, namely Moser’s
Harnack inequalities, in a particularly elegant and geometrically instructive manner. The
alternative proof is taken from Jost[162]; it is the most general and powerful regularity
proof presently known; in particular, in contrast to the preceding proof, it does not utilize a
compactness argument in the target. (The telescoping argument Lemma 8.6.7 is originally
due to [111]; the Harnack inequalities for the mollified Green function can be replaced by a
more elementary geometric argument, see [153].) The proof of Theorem 8.6.2 given here is
taken from Jost[161]. I have selected that proof because it elucidates the interplay between
the geometric meaning of the energy functional and its approximations and the geometric
features of nonpositively curved manifolds. Finally, the proofs of Theorems 8.6.3 and 8.6.4
(variants of results of Eells and Sampson[91]) have been developed here because of their
elementary nature, depending only on the geometry of the distance function as described in
§5.7.

8.7 Harmonic Maps into Manifolds of Nonpositive
Curvature: Uniqueness and Other Properties

The results of §§8.5, 8.6 can be summarized as

Theorem 8.7.1. Let M and N be compact Riemannian manifolds, N of nonpositive
sectional curvature.

Let g : M — N be a continuous map. Then g is homotopic to a smooth harmonic
map f, and f can be obtained by minimizing the energy among maps homotopic to g.

The existence result was deduced from a convexity property of the energy
functional E. That convexity also suggests a uniqueness result for minimizers of
E. Here, we shall present a variant of such a reasoning that applies to all harmonic
maps and shows that they are in fact all minimizers of F.

Theorem 8.7.2. Let M be a compact, N a complete Riemannian manifold. We
assume that N has nonpositive curvature. Let fo, fi : M — N be homotopic harmonic
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maps. Then there exists a family f; : M — N, t € [0,1], of harmonic maps connecting
them, for which the energy E(fi) is independent of t, and for which every curve
vz (t) = fe(x) is geodesic, and ||%’yz(t)\| is independent of x and t. If N has negative
curvature, then fo and fi either are both constant maps, or they both map M onto
the same closed geodesic, or they coincide.

If M is a compact manifold with boundary, and if foopr = fijom, then again

fo=f1.

Proof. We let
H:Mx[0,1]—N
be a homotopy between fy and f1, with fixed boundary values if M # (). In particular
H(z,0) = fo(x), H(z,1) = f1(z). We let 7,(t) be the geodesic arc homotopic to the
arc H(z,t). By Lemma 5.8.1, 7,(¢) is unique. Again, t € [0,1], and of course 7,(t) is
parametrized proportionally to arc length, and we put fi(x) := v.(t).
By Corollary 8.2.1, since N has nonpositive curvature,

2 = [ ([t - v o, ) et )

> 0.

(8.7.1)

Since %E(ft)‘tzo =0= %E(ft)“:l, we obtain
E(f:) = const. (8.7.2)

From (8.7.1) then V£, (t) = 0; hence £,(t) is also constant in z. If OM # 0,
hence %’yx(t) = 0 for all z, since this is true for x € OM; hence fy = f1 in this case.

One also sees that fy and f; and hence by (8.7.2) all maps f; are energy
minimizing in their homotopy class, hence all harmonic. We also get from (8.7.1),
(8.7.2), by the nonpositivity of the curvature of N

(R (e, pe®)) eld), ) =0.

If N has negative sectional curvature, then either %fym(t) = 0 in which case again
fo = f1, or Rankrdf:(x) <1 for every z, so that f; is constant or maps M onto the
geodesic v, (t). If OM = @, the image of M under fo and f; in this case has to be a
closed geodesic. O

From Theorem 8.7.1 and Corollary 8.2.3, we obtain

Corollary 8.7.1. Let N be a compact manifold of nonpositive sectional curvature.
Then every map from a compact manifold with positive Ricci curvature into N is
homotopic to a constant map. Every map from a compact manifold with nonnegative
Ricci curvature, in particular from a flat manifold into N is homotopic to a totally
geodesic map. If the sectional curvature of N is even megative, then any such map is
homotopic to a constant map or a map onto a closed geodesic. O
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An implication of Corollary 8.7.1 is that manifolds of positive Ricci curvature
are topologically very different from those of nonpositive sectional curvature.
We shall now prove Preissmann’s Theorem.

Corollary 8.7.2. Let N be a compact Riemannian manifold of negative sectional
curvature. Then every abelian subgroup of the fundamental group is infinite cyclic,
i.e. isomorphic to Z.

Proof. Let o, 8 € m1(N,zo). Thus o and 3 are represented by closed loops with base
point zg. If @ and B commute, the homotopy between o and Ba induces a map
g:T? — N, where T? is a two-dimensional torus, i.e.

9:[0,1] x[0,1] — N,
ﬂT Tﬁ with g(s70) =g(s,1) = afs), for all s, t,
9(0,t) = g(1,t) = B(t),

«

and in particular ¢(0,0) = ¢(1,0) = ¢(0,1) = g(1,1) = x0, since «, [ have base point
ZQ-
By Theorem 8.7.1, g is homotopic to a harmonic map

f:T? = N.

During the homotopy between g and f, the base point may change, but of course the
two loops corresponding to o and  will always have the same base point at each step
of the homotopy.

Since N has negative sectional curvature, by Corollary 8.2.1, f(T?) is contained
in a closed geodesic v, with base point z; = f(0,0). Therefore, our two loops in
m1(N,z1) (the ones obtained from « and § through the homotopy from g to f, i.e.
the curves f(0,-) and f(-,0)) are both multiples of v. Thus they are contained in
a cyclic subgroup of 71 (N, x1). This cyclic subgroup has to be infinite as otherwise
4" for some k € N would be homotopic to a constant loop (representing the trivial
element of 71 (N, x1)), contradicting uniqueness of geodesics (Lemma 5.8.1), as v*

a geodesic since 7 is, and of course a constant loop is also geodesic.

Thus, the subgroup of (N, zg) generated by « and § is isomorphic to an
infinite cyclic subgroup. This is true for any two commuting elements in m (N, zg),
and the conclusion follows. O

Perspectives. While the concept of harmonic maps had been introduced earlier by
Bochner[29], the insight that led to the existence Theorem 8.7.1, namely that nonpositive
target curvature leads to a useful differential inequality via a Bochner formula, was obtained
by Al'ber[4,5] and Eells and Sampson[91]. Once this had been noted, one could essentially
apply the linear argument of [214] to obtain regularity and existence of harmonic maps
with values in manifolds of nonpositive curvature. In fact, Al’ber[5] also showed uniqueness
(Theorem 8.7.2) and conceived the general scheme of applying harmonic maps to the
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investigation of the topology of manifolds of nonpositive curvature; in particular, he was
the first to derive Preismann’s theorem from a harmonic map identity. Thus, his work is
one of the several instances encountered in this book when mathematicians in the former
Soviet Union obtained results that were not given credit in Western countries, sometimes
from ignorance, but sometimes also deliberately. Hartman[140] also obtained the uniqueness
result for harmonic maps into manifolds of nonpositive curvature. For the case of manifolds
with boundary, such results were obtained by Hamilton[136]. These authors used a parabolic
method. They considered the so-called heat flow, i.e. the problem

f:M x[0,00) — N,

%(x, t) = 7(f(x,t)) where the tension field 7 is taken w.r.t. the z-variable on M,
f(2,0) = g().

They showed that a solution exists for all ¢ > 0, and as ¢ — oo, f(z,t) converges to a
harmonic map homotopic to g. This needs parabolic analogues of the estimates of Theorem
8.6.3 and Theorem 8.6.4. A detailed and simplified presentation of this approach is given
in [153]. Elliptic methods were first introduced into harmonic map theory by Hildebrandt,
Kaul, and Widman[145, 146].

Hildebrandt, Kaul and Widman[146] were also able to handle positive image curvature.
They solved the Dirichlet boundary problem for harmonic maps with values in a ball B(p, p)
in some Riemannian manifold N, with p < min (i(p), ﬁﬁ)’ where x > 0 is an upper bound
on the sectional curvature of N.

The proof allows an important simplification by a result of Kendall[185]. He
constructed suitable convex functions on such a ball. Such geometric constructions adapted
to positive curvature had earlier allowed Jéger and Kaul[152] to show that the solution for
the harmonic Dirichlet problem in such a ball is unique. See also [153] for a presentation of
these results.

Hildebrandt, Kaul and Widman[146] also discovered that without that convexity
condition on the target ball, critical points of the energy can be discontinuous, and they
found the basic example of a singularity, namely the map

f:B(0,1)(CR") — §",

T
Xrr— —.
||
For n > 3, it has finite energy and is a critical point for the energy.

Schoen and Uhlenbeck([254, 255] and in a somewhat different context also Giaquinta
and Giusti[111,112] then developed a regularity theory for energy minimizing maps. They
discovered that the above example is the prototype of a singularity, that energy minimizing
maps are regular except possibly on set of Hausdorff dimension at most dimension M —3 and
that singularities can be precluded if there are no nontrivial energy minimizing harmonic
maps from a sphere S¥(k > 2) into the target. Note that in the above example, for r > 1,
f(%£) defines a harmonic map from the sphere S"~!into S"7!. In the general case of a
singularity, the same has to happen at least in the limit » — oco. For a detailed account of
the theory and its subsequent developments, we recommend Steffen[273].

Returning to nonpositive image curvature, as mentioned above, Al’ber[5] was the first
to observe that harmonic maps can be used to prove Preissmann’s theorem. Extensions of
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Preissmann’s theorem, i.e. further restrictions on fundamental groups of compact manifolds
of nonpositive curvature, were found by Yau[309], Gromoll and Wolf[124], Lawson and
Yau[199]. The harmonic map approach to these results is presented in [165]. Recently,
a general theory of harmonic maps between metric spaces has been developed. A systematic
description, together with the appropriate references, can be found in Jost[163].

We now want to discuss some further results about harmonic maps and their
applications.

The first topic are so-called harmonic coordinates. Let M be an n-dimensional
Riemannian manifold. Local coordinates are diffecomorphisms from an open subset U of
M onto an open subset of R?. They are called harmonic if the coordinate functions are
harmonic. Harmonic coordinates have been employed in general relativity. They were
introduced into Riemannian geometry by Sabitov and Shefel’[247] and by de Turck and
Kazdan[73] by showing that the metric tensor when written in harmonic coordinates has the
best possible regularity properties. (In particular, the regularity properties are better than
those of normal coordinates.) Explicit estimates were developed parallely and independently
by Jost and Karcher[170] and Nikolaev[229]. The precise result of Jost—Karcher is

Theorem. Let p € M. There exists Ry > 0, depending only on the injectivity radius of p,
the dimension n of M, and a bound A for the absolute value of the sectional curvature on
B(p, Ro) with the property that for any R < Ry, there exist harmonic coordinates on B(p, R)
the metric tensor g = (gi;) of which satisfies on each ball B(p, (1 —§)R) for every 0 < a < 1

lglote < WAQRQ.

(Here, the norm is the usual one of the Hélder space Cl’a.) In particular the a- Hélder norms
of the Christoffel symbols are bounded in terms of ARy and n.

(See also the presentation in [153].) It is easy to construct harmonic functions on
balls B(p, Ro). A difficult point, however, is to construct n harmonic functions that furnish
an injective map of maximal rank into R™. This is the main achievement of the preceding
result. As an application, one obtains C*® estimates for harmonic maps between Riemannian
manifolds, depending only on the dimensions, injectivity radii and curvature bounds of the
manifolds involved provided one knows an estimate for the modulus of continuity of the
maps already. (Otherwise, no estimate can hold, see Theorem 9.1.2.) These estimates were
also the crucial tool for the proofs of the Gromov compactness theorem (see Short survey on
curvature and topology, above).

We have described in the Perspectives on §5.8 how to define a notion of a metric space
of nonpositive curvature. Now, by an extension of the construction presented in §8.3, one
may define an energy integral for maps between metric spaces as a generalization of the
energy integral in the Riemannian case considered here. Again, it turns out to be expedient
not to work with maps between compact spaces as we did in this section, but rather to
lift to their universal covers and consider equivariant maps. Thus, let X and Y be metric
spaces with isometry groups I(X) and I(Y), resp., I' a (typically discrete) subgroup of
I(X),p:T — I(Y) a homomorphism. We then call f: X — Y p-equivariant if

f(yz) =p(v)f(z) foralze X,yel.
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Of course, if M and N are compact Riemannian manifolds with fundamental groups i (M)
and 71 (IN), resp., then these groups operate by deck transformations on the universal covers
X :=M,Y := N, and a homotopy class of maps from M to N defines a homomorphism

p:m(M)—m(N)CI(Y),

and the lift of any map in that homotopy class to the universal covers then has to be p-
equivariant. In fact, if NV is a so-called x(w,1)-space, meaning that all higher homotopy
groups 7 (N),k > 2, are trivial (such an N is also called aspherical, because that means
that every continuous map ¢ : S¥ — N, k > 2, is homotopic to a constant map), then
conversely the push down of any p-equivariant map lies in the homotopy class defining p.
This device, namely to work with p-equivariant maps, among other things, has the important
advantage that it also naturally applies in situations where some of the elements v and p(7)
have nontrivial fixed points, i.e. where the spaces X/I" and/or Y/p(I") may have singularities.
The energy of a p-equivariant map then is simply defined by integration over a fundamental
region of I' in X. Minimizers are called generalized harmonic maps. The key feature of
the assumption of nonpositive curvature then is that it makes the energy integral a convex
functional on spaces of p-equivarant, square integrable maps as in §8.5.

As already indicated, this works in considerable generality, and in fact, such generality
is useful for example in the context of superrigidity discussed below where certain metric
spaces of nonpositive curvature that are quite far from being manifolds naturally occur.
Some of those spaces are not even locally compact anymore.

A theory of such generalized harmonic mappings has been developed by J. Jost[159—
161,163] and independently (but under more restrictive assumptions, like local compactness)
by Korevaar and Schoen[193]. In fact, a key point of the approach of Jost is that the
convexity of the functional can compensate the lack of local compactness of the target in
existence proofs. (Subsequently, Korevaar and Schoen[194] reproved a special case of those
existence results by a variant of the method of Jost.) Actually, still more generality can
be achieved, and new light can be shed on why nonpositive curvature is the fundamental
assumption for harmonic maps. Namely, a space of p-equivariant, square integrable maps
into a space of nonpositive curvature is itself a space of nonpositive curvature (of course,
not locally compact anymore even if the original target had been locally compact), and the
existence of generalized harmonic maps can then be deduced from an existence theorem for
minima of convex functionals on spaces of nonpositive curvature. In fact, we have displayed
this existence method in §8.5 in the setting of a Riemannian target. For a comprehensive
treatment, we refer to [163].

We finally want to discuss the applications of harmonic maps to superrigidity results
(see the Perspectives on §6.5).

As explained in the Perspectives on §8.2, Siu derived a Bochner type identity for
harmonic maps between Kéhler manifolds. If the image has nonpositive curvature in a
suitable sense, it implies that the product of the Hessian of the map with the Kéahler form
of the domain vanishes, or in other words, that the map is pluriharmonic. A detailed
study of the curvature tensors of Hermitian symmetric spaces (i.e. those that are Kéahler)
of noncompact type then allowed him to conclude that a harmonic homotopy equivalence
between compact quotients of such spaces is holomorphic or antiholomorphic. It then also
is a diffeomorphism. If the domain is also a quotient of a Hermitian symmetric space, one
can then show that the map is an isometry, proving Mostow’s theorem in the Hermitian
case. It is interesting to note that the curvature terms to be investigated here come from
the image and not from the domain. Sampson[252] found a different formula that applies
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to harmonic maps from Kéhlerian to Riemannian manifolds. Corlette[70] showed that the
product of the Hessian of a harmonic map with any parallel form on the domain vanishes if
the image has nonpositive curvature. For quotients of quaternionic hyperbolic space and the
hyperbolic Cayley plane this allowed him to conclude that the Hessian itself vanishes, i.e.
that a harmonic map from such a quotient into a nonpositively curved manifold is totally
geodesic. This again implies a rigidity theorem.

If one wants to derive so-called nonarchimedean superrigidity and arithmeticity of
lattices (see Perspectives on §6.5), one has to study homomorphisms of lattices into Sl(n, Q)
(Qp = p-adic numbers). It turns out that this group operates on a so-called Tits building,
a certain simplicial metric space with nonpositive curvature in the sense of Alexandrov.
Gromov and Schoen[131] then developed a theory of harmonic maps from Riemannian
manifolds into such spaces. In particular, they could extend Corlette’s results to the p-
adic case and obtain arithmeticity of the corresponding lattices.

The most general superrigidity results for harmonic maps were obtained by Jost and
Yau[178] and Mok, Siu and Yeung[222]. Since the image of a lattice need not be a lattice
anymore, once more, one has to work with p-equivariant maps.

The result then is that any such harmonic map is totally geodesic, i.e. we have

Theorem. Let M = G/K be an irreducible symmetric space of noncompact type, other than
SO0(p,1)/50(p) x SO(1),SU(p, 1)/S(U(p) x U(1)). 5

Let T be a discrete cocompact subgroup of G (i.e. a cocompact lattice). Let N be
a complete simply connected Riemannian manifold of monpositive curvature operator with
isometry group I(N). Let p: T' — I(N) be a homomorphism for which p(T') either does not
have a fized point on the sphere at oo of N or if it does, it centralizes a totally geodesic flat
subspace. Then there exists a totally geodesic p-equivariant map,

(With the method of Mok Siu Yeung, the curvature assumption on N can be
weakened; if M = G/K is of rank > 2 then it suffices that N has nonpositive sectional
curvature.)

The proof follows from a careful choice of the parameter A in the Bochner formula of
the Perspectives on §8.2 and a detailed study of the curvature tensors of symmetric spaces.

The corresponding result for SOg(p, 1)/SO(p) x SO(1) and SU(p,1)/S(U(p) x U(1))
is false, because it would imply that compact quotients have vanishing first Betti number
and there are examples of compact quotients of these spaces for which this is not the case.
In the case of SU(p,1)/S(U(p) x U(1)), one gets, however the existence of a pluriharmonic
p-equivariant map, essentially a special case of the result of Siu quoted above.

For Sp(p,1)/Sp(p) x Sp(1) and the hyperbolic Cayley plane, the result is Corlette’s
theorem quoted above. For Hermitian symmetric spaces, the result is due to Mok[220,221].

Corollary. Let M = G/K andT be as above. Let H be a semisimple noncompact Lie group
with trivial center, p : I' — H a homomorphism with Zariski dense image. Then p extends
to a homomorphism from G onto H.

As explained above, this result is due to Margulis for rank (G/K) > 2 and to Corlette
for Sp(p,1)/Sp(p) x Sp(1) and the hyperbolic Cayley plane.
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Using the constructions of Gromov and Schoen, the result extends to the nonar-
chimedean case to show

Theorem. Let M = G/K and T be as above.
Let p: T — Sl(n,Qp) be a homomorphism, for some n € N and some prime p. Then
p(T) is contained in a compact subgroup of Sl(n, Q).

As explained above, the result is again due to Margulis for rank (G/K) > 2, and to
Gromov—Schoen for quaternionic hyperbolic space and the hyperbolic Cayley plane.

The harmonic map approach to rigidity is still not complete:

First of all, so far it has been unable to derive Mostow’s rigidity theorem for quotients
of real hyperbolic space. Secondly, the results for spaces that are of finite volume but not
compact (i.e. for nonuniform lattices) are still not complete. Margulis’ results, for example,
also hold in the noncompact case. (For rank 1, rigidity results were shown earlier by G.
Prasad.) In the Hermitian symmetric case, however, this problem was solved by Jost and
Zuol[179].

A new and very interesting approach to rigidity that applies particularly well in the
case of real hyperbolic spaces has been developed by Besson, Courtois and Gallot[25, 26].

One open problem that is quite easy to formulate but as yet unsolved is the following
one of H. Hopf: Let M?™ be a compact manifold of even dimension 2m that admits
a Riemannian metric of nonpositive sectional curvature. Is it then true that the Euler
characteristic of M satisfies

(=1)"x(M*™) >0
(with strict inequality in the case of negative sectional curvature)? So far, this has only been
demonstrated under additional conditions, e.g. that the curvature is pinched between two
negative constants, see for example Donnelly and Xavier[83], Bourguignon and Karcher[34],
Jost and Xin[175]. If the manifold carries a K#hler metric, then this conjecture has been
verified by Gromov[127], in the case of negative sectional curvature, and by Jost and Zuo[180]
and Cao and Xavier[49] in the nonpositive case.

Exercises for Chapter 8

1. Determine all harmonic maps between tori.

(Hint: Use the uniqueness theorem and the fact that affine linear maps between
Euclidean spaces are harmonic.)

2. a: We call a closed subset A of a Riemannian manifold N convex if any
two points in A can be connected by a geodesic arc in A. We call A
strictly convex if this geodesic arc is contained in the interior of A with
the possible exception of its endpoints. We call A strongly convex if its



Exercises for Chapter 8 493

3.

4.

boundary JA is a smooth submanifold (of codimension 1) in N and if all
its principal curvatures w.r.t. the normal vector pointing to the interior of
A are positive. Show that a strongly convex set is strictly convex.

b: Show that a strongly convex subset A of a complete Riemannian manifold
N has a neighborhood whose closure B; and By := A satisfy the
conclusions of Lemma 9.2.2.

c: Show that Theorem 9.2.1 continues to hold if N is only complete, but not
necessarily compact, again with m3(N) = 0, provided ¢(X) is contained
in a compact, strongly convex subset A of N. In that case, the harmonic
f X — N also satisfies f(X) C A.

In this exercise, still another definition of the Sobolev space H2(M, N) will be
given. The embedding theorem of Nash (see the Perspectives on §1.4) implies
that there exists an isometric embedding

it N > RF

into some Euclidean space.
We then define

HY?(M,N) := {e H"*(M,R*) : f(x) € i(N) for almost all z € M}.

Show that
H“2(M,N) = H*(M, N).

(Hint: Theorem 8.2.1 implies that H'2(M,R*) = H}**(M,R¥) since every map
into R¥ is localizable.)

a: For 1 < p<ooand f € LP(M,N), we define
1
Bpel) = Gy [ [, @U@ ) Vol vl (o

(with the same notation as in (8.2.1)), and
Ey(f) = I B,.(f) € RU {oc}

(show that this limit exists). We say that f € LP(M,N) belongs to the
Sobolev space HP(M,N) if E,(f) < oo. Characterize the localizable
maps belonging to H'?(M, N).

b: Show lower semicontinuity of E, w.r.t. LP-convergence, i.e. if (f,)ven
converges to f in LP(M, N), then

Ep(f) < linl)inf Ep(fv)-
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c: Derive the Euler-Lagrange equations for critical points of E,,. (The smooth
critical points are called p-harmonic maps. The regularity theory for p-
harmonic maps, however, is not as good as the one for harmonic maps. In
general, one only obtains weakly p-harmonic maps of regularity class O
for some o > 0.)

d: Show the existence of a continuous weakly p-harmonic map (minimizing
E,) under the assumptions of Theorem 9.2.1.

e: Extend the existence theory of §8.5 to .

Derive formula (8.2.13) in an invariant fashion, i.e. without using local
coordinates.

Prove the following result that is analogous to Corollary 8.2.4. A smooth map
f + M — N between Riemannian manifolds is totally geodesic if and only if
whenever V is openin N, U = f~1(V), h : V — R is convex, then hof : U — R
is convex.

Let M be a compact Riemannian manifold with boundary, N a Riemannian
manifold, f : M — N harmonic with f(9M) = p for some point p in N. Show
that if there exists a strictly convex function h on f(M) with a minimum at p,
then f is constant itself.

State and prove a version of the uniqueness theorem (Theorem 8.7.2) for
minimizers of the functionals E.. Show that, as for the energy functional E, any
critical point of E. (with values in a space of nonpositive sectional curvature,
as always) is a minimizer.



Chapter 9

Harmonic Maps from
Riemann Surfaces

9.1 Two-dimensional Harmonic Mappings and
Holomorphic Quadratic Differentials

Definition 9.1.1. A Riemann surface is a complex manifold (cf. Definition 1.1.5) of
complex dimension 1.
Thus, coordinate charts on a Riemann surface ¥ are given by maps
¢ : Uy — C,
U; open in X, for which the transition functions
pjopi 1 oiUiNU;) — ¢;(U; N T;)

are holomorphic maps between open subsets of C.
We write coordinates in C as

z=x+1y.

For a coordinate transformation w = w(z), w = u + v, we thus have the Cauchy—
Riemann equations

Uy = Uy,
Uy = —Vqg,
and in particular
Uz Uy + VgpUgp = Uyly + VyUy,

UgUy + U0y = 0,

J. Jost, Riemannian Geometry and Geometric Analysis, Universitext,
DOI 10.1007/978-3-642-21298-7_10, (© Springer-Verlag Berlin Heidelberg 2011



496 Chapter 9 Harmonic Maps from Riemann Surfaces

and we see that a Riemann surface has a conformal structure in the sense of Definition
4.8.2.

We call z = ¢(p) for a local chart ¢ a local conformal parameter at p € 3 and
define operators (cf. §7.1)

0 0 0
5% = 3(z —i5):
0 1/0 0
7 =305 tig,)

and 1-forms

dz = dx +idy, dz =dx —idy.
These satisfy

dz(ﬁ) =1= dz(ﬁ),

R
d:(5z) = 0==(5;).

A map between Riemann surfaces is called holomorphic or antiholomorphic if it has
this property in local coordinates. This does not depend on the choice of local
coordinates because all coordinate changes are holomorphic.

Definition 9.1.2. A Riemannian metric (-,-) on a Riemann surface ¥ is called
conformal if in local coordinates it can be written as

p*(2)dz @ dz (9.1.1)

(p(z) a positive, real valued function).
This means

<ﬁ ﬁ>:0:<i ﬁ>, (9.1.2)
<ﬁ é> = p2(2). (9.1.3)
If we want to express this in real coordinates, we compute

dz ®dz = dzx @ dz + dy ® dy, (9.1.4)

hence
() =70 = (55 )
(o) ="

In the same manner as Theorem 1.4.1 is proved, a partition of unity argument gives

(9.1.5)
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Lemma 9.1.1. Every Riemann surface admits a conformal metric. O

Of course, every conformal metric is Hermitian in the sense of Definition 6.1.2,
and conversely.

Definition 9.1.3. Let ¥ be a Riemann surface, N a Riemannian manifold with
metric (,-)n, or g;;df* ® df’ in local coordinates. A Cl-map f: ¥ — N is called
conformal, if

of ofy _/of of of oy _
<8x’8x>N_<8y’3y>N’ <8:p’8y>N—O' (9.1.6)
In local coordinates this is of course expressed as
TN ST} i ol
glj(f(z)) or Or gz](f(z)) dy Ay ) (9 , 7)
CendLior N
Bl fC) G5 =0

For the sequel, it will also be instructive to write this condition in complex notation,
namely

_/9f of
0= (555w

afiafk  afiofk _afiafk
:gjk(f(z))(%aiz_ai;a_g_%%a_fy)' (9.1.8)

Lemma 9.1.2. Holomorphic or antiholomorphic maps between Riemann surfaces are
conformal, if the image is equipped with a conformal metric.

Proof. Obvious. O

Lemma 9.1.3. Let ¥ be a Riemann surface with a conformal metric \2(z). Then
the Laplace—Beltrami operator is
4 02

A= ——

Proof. Direct computation. O

Lemma 9.1.4. Let ¥ be a Riemann surface with conformal metric \2(2), N a
Riemannian manifold with metric tensor (¢;5). Then a map f : ¥ — N of class
C? is harmonic iff

02 f ; ofiaft . .
9257 +ij(f(z))gg =0 fori=1,...,dimN. (9.1.10)

It is a parametric minimal surface iff it is harmonic and conformal.
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Proof. One checks directly that (9.1.10) is equivalent to (8.1.7). The second claim
directly follows from Definition 4.8.3 of a parametric minimal surface. O

Corollary 9.1.1. If ¥ is a Riemann surface, N a Riemannian manifold, the
harmonic map equation for maps f : X — N is independent of the choice of conformal
metric on . Thus, whether a map is harmonic depends only on the Riemann surface
structure of 32, but does not need any conformal metric.

Proof. The metric of ¥ does not appear in (9.1.10). O

Corollary 9.1.2. Holomorphic or antiholomorphic maps between Riemann surfaces
are harmonic.

Proof. Such maps obviously satisfy (9.1.10). O

More generally

Corollary 9.1.3. If k: X1 — X5 is a holomorphic or antiholomorphic map between
Riemann surfaces, and f : Yo — N is harmonic, then so is f ok.

Proof. Let w be a local conformal parameter on ;. Then, if for example k is
holomorphic, and in local coordinates k = z(w), we have

0z
ow
hence
8fok_8_f% afok_a_fﬁ
ow 9z 0w’ ow 0z 0w
g of1 ok 0" Pf L 0p of'\ 0z 0%
ok Jok ok o J 2z 0Z
dwow + Fﬂ ow ow (828,2 + FJ@ Jdz 0z )6w ow’
and this vanishes if f is harmonic. O

Let ¥, N be as before, A?(z) dz ® dZ a conformal metric on X.
The energy of a map f: 3 — N is written as

P9l /1
E(f):%/ 1 --%%—AQ( )dz AdZ since dx/\dyz%dz/\d?

8]”8]‘7 _
/”8 8_\/ ldzNdZ.

(9.1.11)
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Corollary 9.1.4. The energy of a map from a Riemann surface ¥ into a Riemannian
manifold is conformally invariant in the sense that it does not depend on the choice
of a metric on X, but only on the Riemann surface structure. Also, if k : X1 — Yo is

a bijective holomorphic or antiholomorphic map between Riemann surfaces then for
any f : 39 — N (of class C1)

E(f o k) = E(f)-
O

Remark. Even if the image is also a Riemann surface, the energy of f does depend
on the image metric.

Theorem 9.1.1. Let ¥ be a Riemann surface, N a Riemannian manifold with metric
(), or (9ij)ij=1,....dim N in local coordinates. If f : ¥ — N is harmonic, then

af of
o(2) d2? <a 8z> dz2 (9.1.12)
is a holomorphic quadratic differential. (Here, we use the abbreviation
dz? = dz ® dz,

and p(2)dz? is a holomorphic quadratic differential, if ¢(z) is a holomorphic function.
dz? just expresses the transformation behavior. Thus

o(z)dz?

is a section of TEYX @ TEE, with TEX :=T*¥®C.)
Furthermore,
©(2)dz? =0 < f conformal.

Proof. In local coordinates

of of oftof!
2 _ 9I 5 2
o) = (50,50} 2 = gy (f(2) 57— d2,
and we have to show for a harmonic f,
0 aftofi
5 (@550 ) =0
Now
oftof _ ”azfi ofi N ofF oft of
(gm(f(z)) >— gzja 9z 02 + Gijk 9% 02 0z
o2 fi E)fJ afk 8fe afi
_29”8 9z 02 + (96 + 9ok, — Gjke) 5= 9% 02 02

- 8f] 82fz afk afé
=205 (5255 + T 95 55 )
=0, if f is harmonic.
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Finally, p(2)dz% = 0 is equivalent to the conformality of f, see (9.1.8). O

In intrinsic notation, the proof of Theorem 9.1.1 goes as follows

of of of of
az<az 5o n =XV 5 80 )n
afi 0 of
2<Vaaf % 0z 8]” %>
92 fi ofi afty 8 of
(5205 + T afz)aﬂ 9 )n
-0,

since f is harmonic.
We also note from this computation

(9.1.13)

In real notation, we have of course
of of of of of of )
2 _ (/9] O9r\ /O] OF\ 2
p(2)d" = (<ax’ax> <ay’ay> 2Z<8x 8y>)( dy” + 2idzdy)
J k J k j k
afi st afi of 2.%%)(%2

— g eI ot — di? + 2idady).
93 (f(= ))<6as Ox Oy Oy e dy y" + 2iddy)

(9.1.14)

The easiest example of a compact Riemann surface is S? = {(z1,72,73) € R? :
23 + 22 + 22 = 1} with the following two coordinate charts:

f1:80{(0,0,1)} - C, fi(w1,22,23) =

1
T (z1 +iz2),

f2 SQ\{(070>_1)} _)(Ca f2($17$25$3):

1 .
1+ T3 (331 — Z.%’Q).
We compute

1
fi(z1, 22, 23)

so that foo f; !(z) = % and the coordinate transformation foo f; ' : C\{0} — C\{0}
is holomorphic as required.

= f2(1‘171°2,$3)

Lemma 9.1.5. Every holomorphic quadratic differential on S? vanishes identically.

Proof. We put z = f1(z) and write a holomorphic quadratic differential in the chart

f1 as
1 ©(z)dz?, with ¢ : C(= f1(S*\{(0,0)})) — C holomorphic.
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Then with fo(z) = w =1 for 2 # 0,

p(2) 42 = () () = p(x(w)) = du?.

Since we have a holomorphic quadratic differential on $2, this has to be bounded as
w — 0. We conclude that ¢ is a holomorphic function on C with

p(z) — 0 as z — oo,

hence ¢ = 0 by Liouville’s theorem. (One may also apply Lemma 9.2.7 below.) O

Another Proof. In the preceding notations, for A € C\{0},
z = Az

induces a holomorphic map hy : S? — S?, fixing (0,0, 1) and (0,0, —1). Since hy also
depends holomorphically on A € C\{0},

Ohx(2)
OX  Ix=1

represents a holomorphic vector field V(z) on S2.
Now if ¢ is a holomorphic quadratic differential and V;, V5 are holomorphic
vector fields on a Riemann surface X, then

q(Vl ) VZ)
is a holomorphic function on Y. Thus
1(2) = ¢(2) d2?(V(2),V(2)) = ¢(2)2*
represents a holomorphic function on the compact Riemann surface S? and therefore is
constant (for example by Corollary 3.3.2 and Corollary 9.1.3 or by an easy application
of the maximum principle), hence n = 0, since n(0) = 0, hence ¢ = 0. |
Corollary 9.1.5. For any Riemannian manifold N, every harmonic map
h:S8* =N

is conformal, i.e. a parametric minimal surface.
Proof. From Theorem 9.1.1 and Lemma 9.1.4. O

We look again at the family hy = S? — S? of holomorphic selfmaps of 52, given

in the chart f; by
z— Az
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We equip the image S? with any conformal metric and compute the energy E w.r.t.
this metric. We observe for A € C\{0}

E(hy) = const # 0.

Namely, we write hy = id o hy and apply Corollary 9.1.4 with f =id (= h1), k = hy,
hence
E(hy) = E(hy) for all A € C\{0},

and since hy # const for A € C\{0}, this energy cannot vanish. Now if A — 0, h
converges pointwise on S%\{(0,0,—1)} to the constant map ho(z) = 0 (again in the
chart f1), and

We thus have found a sequence of holomorphic, hence harmonic (Corollary 9.1.2)
maps, hence critical points of F, i.e.

DE(hy) =0 forall A € C\{0}

with
E(hy) = const # 0

with the property that this sequence converges for A — 0 pointwise almost everywhere
to a map hg with
E(hy) # )l\in%) E(hy). (9.1.15)

‘We conclude

Theorem 9.1.2. The energy functional for maps from S* to S? (the image equipped
with any conformal metric) cannot satisfy any kind of Palais—Smale condition. O

The statement is somewhat vague because we have not yet given a precise
definition of the Palais—Smale condition in the present context. Any meaningful
definition, however, should require that a sequence of critical points (f,)nen of E
contains a subsequence converging in some sense to be specified towards a map f
with

B(f) = lim B(f.).
n—oo
Definition 9.1.4. A Riemann surface ¥ with (smooth) boundary 0% is a differentiable
manifold with boundary and charts with values in C and C, := {z =2+ iy € C,y >
0}, resp., and holomorphic coordinate changes.

Again, in this case Y= ¥\0X is a Riemann surface in the sense of Definition
9.1.1. Also, 0% is a differentiable manifold of real dimension 1.

Ezample. D :={z=x+iy € C:|z| <1}, with 9D = {|z| = 1}.
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Definition 9.1.5. A holomorphic quadratic differential ¢ on a Riemann surface X
with boundary 0% is called real on 0% if for all zp € 9% and vy,vy € T,,0%, i.e.
vectors tangent to the boundary

q(vi,v2) € R.

Let 29 € 9%, f : U — C, a chart defined on a neighborhood of zy, z =z + iy € C,.
In this chart, we write a holomorphic quadratic differential as

©(2)(dx + idy)? = (u+ iv)(dz? — dy® + 2idxdy)

L e (9.1.16)
= u(de® — dy*) — 2vdzdy + i(v(de® — dy*) + 2iudzdy),

with u = Rep, v =Imp.
When applied to a vector tangent to dCy = {y = 0}, dy vanishes. Thus, the
holomorphic quadratic differential is real on 9% if

v=Imp =0
for all such boundary charts.

Lemma 9.1.6. Any holomorphic quadratic differential on D which is real on 0D
vanishes identically.

Proof. A holomorphic function i on an open subset €2 of C; which takes real values
on OC, can be reflected as a holomorphic function to Q := {z + iy : x — iy € Q} via
h(x +iy) := h(z — iy). This is the Schwarz reflection principle. In the same manner,
a holomorphic quadratic differential on an open subset of C, which is real on 9C
can be reflected across 0C,.. Thus, a holomorphic quadratic differential on D which
is real on @D can be reflected to a holomorphic quadratic differential on S?. Namely,
since f1(S?\{(0,0,1)}) = C in our above notation, we may consider D as a subset of
52 and we reflect ¢(z)dz? across 0D as

1

o(w) dw? = B(2) dz*  for w = 2
/1N 1 9
=7 () o

The result now follows from Lemma 9.1.4. O

Theorem 9.1.3. Let h : D — N be a harmonic map into a Riemannian manifold
with
hlop = const.
Then
h = const.
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Proof. We denote the metric of N by (g;x). In local coordinates defined on an open
subset of C, the holomorphic quadratic differential associated to h (Theorem 9.1.1)
is

oh? Onk  on? onk oh? Ohk
2 _ ) _ _ . . 2
pdz" = g]k(h(z))( dx dx  dy Oy 2 dz Oy )(dx idy)”,

since h|gp = const, % =0 on 0C,. Thus

Ohi Ohk
Im ¢ = 2gjr———=— =0 on dC
me g]/c a:]j 8y on +5

and ¢ dz? is real on the boundary. Lemma 9.1.6 implies ¢ dz?> = 0. Therefore h is
conformal. Since g—’; =0 on 0C,, then also ‘g—Z =0 on 0C,. Since h is harmonic and
% =0 on JC,, the harmonic map equation gives also %ZL =0 on 0C,. Iteratively,
all derivatives of h vanish on dC,. Hence we can reflect i smoothly as a harmonic
and conformal map across 0C via h(z) = h(Z) for z = z+iy with y < 0. This means

that we can reflect A to a harmonic and conformal map
h:S*— N
mapping D = {|z| = 1} (considering D as a subset of S? as above) onto a single
point.
In the sequel, we shall use the abbreviation

even for functions v : C — R% ie. with real values, with componentwise
differentiation. Thus, for every zg,
d
UZ(ZQ) e Ce.
We now need

Lemma 9.1.7 (Hartman—Wintner). Suppose Q is a neighborhood of 0 in C, u €
C%(Q,RY) satisfies

lu.z| < Klu,| (9.1.17)
for some constant K in Q.
If
hn(l) uw(2)z7" =0 (assume the limit exists) (9.1.18)

for some n € N, then
lim w,(z)z~"
z—0
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exists. If (9.1.18) holds for all n € N, then

u=0. (9.1.19)

Proof. For a compact subregion B of Q with smooth boundary and g € C*(B,C), we
have the integration by parts formula

dz \Ndz
]{ gqu.dn = / (uzg7 + u.z9) Z/\_ Z, (9.1.20)
dB B 24
where 7 is the exterior normal of B.
We assume now
lin}) u,z' 7% =0 for some k € N. (9.1.21)
We choose
B:={z€C:e<|z|<R,|]z—w|>¢e}
with 1
0<3<R< min(dist (0,00Q), E)’
we N2 <|w| <R-—c¢,
and
g(z) = 2z —w) L.
Then

gz=0 in B.
(9.1.20) yields

% w2z F(z —w)7dz| —7{ w2 Mz —w) | dz|
|z|=R

|z]=e
—?{ w2z F (2 —w) 7 |dz| (9.1.22)
|z—w|=¢e
dz Ndz
:/ uzgz_k(z—w)_lL,z‘
B 21

We now let ¢ — 0. Because of (9.1.21), the second integral on the left-hand side of
(9.1.22) then tends to 0. The third one tends to

2mu, (w)w™*

by Cauchy’s integral formula. Consequently for 0 < |w| < R

dz Ndz
2mu, (w)w™F = j{ w2z (2 —w) 7 dz| — / Uz P (2 — w)_lz—,z
|2|=R |2I<R 2
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and (9.1.17) implies for 0 < |w| < R

om | (w)wF| S]{ 22" F (2 — w) | dz|
|z|=R

1.2
_k 1 dZ/\dE (9 3)
+ K luz||2] |z — w| 5
lz|<R ¢
Two auxiliary points:
dw A dw dw A dw
/ PR LT |z — gt RN AT
|w|<R 2 |z—w|<2R 21
1 1
<4rR

Z—ww— 2
1 1 1
)
z—zZp\z—w w— 2

We then multiply (9.1.23) by |w — 20| (J20| < R) and integrate w.r.t. w:

dw A dT
271'/ |quw7k||w - zo|7lu < 87TR7{ \uzsz(z - zo)ledz|
lw|<R 2i |2I=R
dz A\ dz
187RK s ||2|7F |2 — 2| TP EEE
|2I<R 2i
(9.1.24)
Hence, renaming some of the variables
dz A dz
(1 - 4RK) s ||2|7F )2 — w| P ELTE < 4R s 2% (2 — w)~1|dz] .
2I<R 2i |2|=R
(9.1.25)

The right-hand side of (9.1.25) remains bounded as w — 0 and consequently so does
the left-hand side. Then the right-hand side of (9.1.23) remains bounded as w — 0,
and consequently also the left-hand side. Therefore

lim u.(2)27F (9.1.26)
exists.

If k < n, this limit then has to vanish because of (9.1.18), and hence (9.1.21)
holds for k + 1 instead of k.

The first assertion now follows by induction on k:

It is trivial for n = 0. For n > 1, (9.1.18) implies (9.1.21) for k = 1. By
induction, we get (9.1.21) for k = n, and hence the limit in (9.1.26) exists which is
the first assertion of the lemma.

For the second assertion, k =n — 1 and w — 0 in (9.1.25) gives

(-anr) [ jufe S

|z|<R ¢

< 4R7§ lu||z|~"|dz] (9.1.27)
|z|=R
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for all n.
If w # 0, there exists 2o with |z9] < R and

|uz(z0)] = c#0.

Then the left-hand side of (9.1.27) would grow in u at least like ¢|z9| ™", the right-
hand side at most like ¢ R™", with ¢’ = 4Rsup,,_p |u.|. Since [20| < R, (9.1.27) then
could not hold for all n. This contradiction proves the second assertion. O

We can now easily conclude the proof of Theorem 9.1.3. We may assume of
course that in local coordinates

h(OD) = 0.

In the same local coordinates as in the beginning of the proof, we have noted above
that all derivatives of h vanish on OC4 Thus, if e.g. 0 is in the image of our coordinate
chart,

hn% h(z)z=" =0 forall neN.
Since h is harmonic

|h=z| < colh=]|h-]|
< Klh.|,

in a neighborhood of 0 since & is smooth.
Lemma 9.1.7 then yields h =0 (= h(9D)). |

More generally, Lemma 9.1.7 implies

Corollary 9.1.6. Let ¥ be a Riemann surface, N a Riemannian manifold of
dimension d, h : ¥ — N harmonic.

Then for each zy € X there exists m € N with the property that in any local
coordinates around h(zp), there exists a € C* with

h.(z) = a(z — z9)" + 0(|z — z0|™) (9.1.28)

for z near z.
If hy(z0) = 0, m > 1. In particular, the zeroes of h, are isolated, unless h is
constant.
If h is conformal, i.e.
gikhihk =0,

then _
gjk(h(zo))a]ak =0.
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Proof. We apply Lemma 9.1.7 with u = h — h(zp). As above, since h is harmonic and
smooth

‘hz?| < colhz||h:|
< K|h,|,

so that (9.1.17) holds. All claims follow easily. a

We want to discuss a consequence of Theorem 9.1.3.
We look at (continuous) maps

f:D— §?

with
f(OD)  a point, say the north pole.

It is an elementary topological result that the homotopy classes of such maps can be
parametrized by their degree, namely up to a constant factor, with w := dVol (S?),
the volume form of S? for some Riemannian metric, by

/ f*(w), in case f is smooth.
D

That [, f*(w), for smooth f, depends only on the homotopy class of f is a
consequence of Stokes’ theorem. Also, one easily constructs f : D — S? for which
this invariant is not zero. Consequently, not every map f : D — S? with f(9D) a
point is homotopic to a constant map.

Corollary 9.1.7. There exist smooth maps f : D — S? mapping 0D onto a point
which are not homotopic to a harmonic map.

Proof. By Theorem 9.1.3, any such harmonic map is constant, while not every smooth
map as in the statement is homotopic to a constant map. O

Perspectives. In quantum field theory, harmonic maps occur as solutions to the nonlinear
o-problem. The supersymmetric version of this problem recently inspired an extension of the
concept of harmonic maps, the so-called Dirac-harmonic maps[60, 61] that couple the map
with a nonlinear spinor field while preserving the essential structural properties of harmonic
maps. This will be presented in the next chapter.

The method of holomorphic quadratic differentials associated to two-dimensional
geometric variational problems was introduced by H. Hopf. He considered the case of closed
surfaces of constant mean curvature in R® (cf. Exercise 4 of this chapter).

The applicability of the Hartman—Wintner lemma to two-dimensional geometric
variational problems was first discovered by E. Heinz.
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9.2 The Existence of Harmonic Maps in Two
Dimensions

We start with some simple topological preliminaries.
Let N be a manifold.

Definition 9.2.1. m3(N) = 0 means that every continuous map
0:8%° =N
is homotopic to a constant map.

Lemma 9.2.1. m(N) =0
<= Any ho,h; € C°(D, N) with ho\,p = h1,,,, are homotopic.

Proof.
“<": Take 1 : D — S?% bijective on D with n(dD) = py. For ¢ : S — N define
ho = @ on,hi = ¢(po).
“=7: Given hg, hy we define ¢ : S — N by
p(p) = ho(fi(p)) i [f(p)] <1,
e(p) :==hi(falp))  if|fa(p) <1,
where f1, fo are the coordinate charts of §1.1.
¢ is continuous since ho.,_,, = hi._,- If m2(N) = 0, there exists a
continuous map
L:S*x[0,1] - N
with
Lis2x {0y = ¥,

L5251y = const.

We now define a homotopy

H:DxI—N
by
. 1 1
H(z,t) := L(f; "(22),2t) for \z|§§,0§t§§,
11
H(z,t) == L(fy ' (22),2(1 — t)) for |z|§§,§§t§1,
z 1 1
= — - - < < <t < =
H(z,t): L(f1 <z) t(1 |z|) for2_|z\_1,0_t_2,
z 1 1
H(zt) - ( (-) 1—t)1—|z|)) for = <|2|<1,-<t<1
|| 2 2
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Then H is continuous, H|{.j=1}x {1} = h0|{|z\:l} = hlmz|:1} for all ¢, and

H|py o} is homotopic to ho, Hipx (1} to hi.

Remark. While the proof is formal, the claim of Lemma 9.2.1 should be geometrically
obvious.

The first aim of this section is the proof of

Theorem 9.2.1. Let ¥ be a compact Riemann surface, N a compact Riemannian
manifold with
9 (N) = 0.

Then any smooth ¢ : ¥ — N is homotopic to a harmonic map f : 3% — N. f can be
constructed as a map which minimizes energy in its homotopy class.

We need to establish some auxiliary results before we can start the proof of
Theorem 9.2.1.
We say that a continuous map

h:M— N

between differentiable manifolds is of Sobolev class H{Z’Cp if it is of this class w.r.t.
any coordinate charts on M and N. If M is compact, we can then also define Sobolev
classes H*P for continuous maps. For a better discussion of Sobolev spaces, see §8.3
above.

Lemma 9.2.2. Let N be a Riemannian manifold, By C By C N, By, By closed. Let
7 : By — By be of class C,

W‘B() = id‘B() (921)
and

|Dm(v)|| < ||v|| for every x € B1\By,v € TpN,v # 0. (9.2.2)
Let M be a Riemannian manifold with boundary OM , and let

h e C°'nH"*(M,By),
(9.2.3)
h(0M) C By
be energy minimizing in the class of all maps from M into By with the same boundary
values as h.
Then
h(M) C By. (9.2.4)
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Proof. Let us assume that
Q:=h"'(B;\By) # 0.

Since h is continuous, € is open, and since h(90M) C By, h cannot be constant on €.
Thus
E(h|Q) > 0.

But then by (9.2.2), since roh € HY? as 7 € C?,
B(r o) < B(h)

contradicting the minimizing property of k. (Note that (o h)janr = hjan by (9.2.1)
and (9.2.3).)
Therefore €2 is empty. O

Lemma 9.2.3. Let N be a Riemannian manifold, By C By C N, By, By compact.
Suppose that every point in B1\By can be joined inside B1\By to 0By by a unique
geodesic normal to dBy. Also assume that for any two such geodesics v1(t), v2(t),
parametrized by arc length (t > 0) with +;(0) € 0By, i = 1,2, we have

d(11(t);72(8)) > d(71(0),72(0)) ~ for t > 0. (9.2.5)

Then the conclusion of Lemma 9.2.2 holds.

Proof. We define 7 : By — By as the identity on By and the projection along normal
geodesics onto By on Bi\By, i.e. if y(t),t > 0, is a geodesic normal to 9By inside
B1\By, with v(0) € 0By, then w(y(t)) = v(0). This map satisfies all the hypotheses of
Lemma 9.2.2, except that it is only Lipschitz, but not C*. It is not difficult, however,
to approximate 7 by maps of class O satisfying the same hypothesis, and the result
then easily follows from Lemma 9.2.2. O

Lemma 9.2.4. Let N be a Riemannian manifold, p € N, i(p) the injectivity radius
of p, and suppose that the sectional curvature of N is bounded from above by k, and
let

0<p< %min(i(p), 2%) (9.2.6)

Let M be a Riemannian manifold with boundary OM, and let h € C° N HY2(M, N)
with
h(OM) C B(p,p) ={q € N : d(p,q) < p}. (9.2.7)

If h minimizes the energy among all maps with the same boundary values, then

h(M) C B(p,p). (9.2.8)
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Proof. By (9.2.6), we can introduce geodesic polar coordinates (r,¢) on B(p,3p)
(0 <r <3p). We now define a map 7 : N — B(p, p), given in these coordinates by

7T(7‘, 90) = (T‘, GO) if r < 0,
n(r,0) = (3p— ) ifp<r<3p,
m(q) =p if g € N\B(p,3p).

Thus, m maps concentric spheres of radius < 3p onto concentric spheres of possibly
smaller radius. It is clear that on B(p,3p)\B(p,p), 7 is length decreasing in the
r-direction. In order to see that 7 is also length decreasing in the ¢-directions, let
v(s) be a curve given in our coordinates by (r,¢(s)), i.e. a curve in the distance
sphere OB(p, r). For each fixed s, ¢s(t) := (¢, ¢(s)) is a radial geodesic with ¢4(0) = p,
cs(r) = y(s). Thus

0
Js(t) %CS(t)
is a Jacobi field, and
Y(s) = Ju(r),0 = J(0) (9.2.9)
and
Dr(i(s)) = Js(r'), where (r', ) = m(r, ), (9.2.10)
ie.
< p<r<3p. (9.2.11)

The Rauch comparison theorem (Theorem 5.5.1) implies that (assume 4(s) # 0)
)] sin(y/r)
|Js(r")| ~ sin(y/kr')

Consequently by (9.2.9), (9.2.10), (9.2.12)

[Dr(y(s) < [7(s)], i 4(s)) # 0. (9-2.13)

Therefore, 7 is also length decreasing in the (-directions.

7 is not C*, but only Lipschitz. It can, however, be approximated by C'-maps
with the same length decreasing properties, and Lemma 9.2.2 then again gives the
result. O

>1, sincer’ <r<3p< S (9.2.12)
K

2Vk

We shall also need the Courant—Lebesgue Lemma.
Lemma 9.2.5. Let N be a Riemannian manifold with distance function d(-,-),
ue H"*(D,N)

with
E(u) < K. (9.2.14)

Then
Vazo€ D,0 €(0,1)3p € (5,\/5)le,$2 € D with |z; — x| =p (i=1,2):
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d(u(w1),u(z2)) < g I (9.2.15)

Proof. We first recall the following property of an H? function wu:
For almost all r > 0, jgp(a,,r) is absolutely continuous. (See Lemma A.1.2.)
Then for any such r and z1,22 € D with |x; — 29| =7, i = 1,2, we have

d(u(zy),u(ze)) < /O

in polar coordinates (r,¢) with center zy, wlo.g. B(zg,r) C D; otherwise, the
integration in (9.2.16) is only over those values of ¢ which correspond to dB(zg, r)ND.
By Hoélder’s inequality

[ el = eon ([

The energy of u on B(zg,r) is

27
E(uB(zo,r)) / /

Consequently, there exists p € (0, V/6) with

MHd (9.2.16)

S—ZH2d<p> %. (9.2.17)

1) 0u)?
—|l=— dpdp.
p2H8<pH )pps&

Au( p ®) 2E (U B(wy.p)) 2K 4K
[

0 1 Ldr 3 108 0g 5
The claim follows from (9.2.16)7(9.2.18). |

As an intermediate result for the proof of Theorem 9.2.1, we now show

Theorem 9.2.2. Let N be a complete Riemannian manifold with sectional curvature
< Kk and injectivity radius io > 0, p € N. Let

0<r< mln( (9.2.19)

272k )
Suppose g : 0D — B(p,r) C N is continuous and admits an extensiong: D — B(p,r)
of finite energy.

Then there exists a harmonic map

h:D — B(p,r) C N
with
h\aD =9,
and h minimizes energy among all such maps.
The modulus of continuity of h is controlled by r, k, E(g), and the modulus of
continuity of g, i.e. given € > 0, there exists 0 > 0 depending on r, k, g such that

|z1 — xo| < & implies d(h(z1),h(z2)) < €. Finally, for any o > 0, the modulus of
continuity of h on {z : |z| <1— o} is controlled by o, r, k, and E(g).
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Proof. We choose ' with

/ .
r <7’ < min(

272k

Using the Rauch comparison theorem as in the proof of Lemma 9.2.4, one sees that

(9.2.20)

m: B(p.r) = B(p,7),

with 7 g(,,) = id, and projecting B(p,r")\B(p,r) onto dB(p,r) along radial geodesics
satisfies the assumptions of Lemma 9.2.3.

As a first and preliminary application we show that any two points pi,ps €
B(p,r) can be joined inside B(p,r) (and not just in N) by a unique shortest geodesic.
For this purpose, we minimize

E(c)
in
{c:[0,1] = B(p,") : ¢(0) = p1,¢(1) = p2}.

As in §1.4, the infimum is realized by some curve ¢y with image in B(p,r’). Because
of the distance decreasing properties of 7, Lemma 9.2.3 (with By = B(p,r), By =
B(p,r’)) implies that the image of ¢¢ is actually contained in the smaller ball B(p,r).
Therefore, we may perform arbitrarily small variations of ¢y without leaving B(p,r’).
Therefore, ¢ is a critical point of E, hence geodesic by Lemma 10.2.1. Since p1,ps €
B(p,r), they can be joined inside B(p,r) by a curve of length < 2r < ig. Therefore, ¢y
is the unique shortest geodesic between p; and ps by the definition of the injectivity
radius 9. This proves the claim about geodesic arcs. We note that c¢g is free from
conjugate points, again by Rauch’s comparison theorem (Theorem 5.5.1).

In order to find the harmonic map, we now minimize the energy in

V= {ve H"*(D,B(p,r")),v —g € Hy*(D, B(p,"))}

(the latter is the weak formulation of the boundary condition). Since B(p,r’) is
covered by a single coordinate system, namely normal coordinates, the H'2-property
can be defined with the help of these coordinates.

A minimizing sequence has a subsequence converging in L? by Theorem A.1.8.
We have seen above (Theorem 8.3.2) that E is lower semicontinuous w.r.t. L?
convergence. Therefore, the limit A minimizes energy in V. By Lemma 9.2.3 again,
h(D) is contained in the smaller ball B(p,r), hence a critical point of E because we
may again perform arbitrarily small variations of h without leaving the class V.

We now want to show that h is continuous and control its modulus of continuity.

Let g € B(p,r),v1,v2 € T,N with |lv;|| =1,i=1,2,

ci(t) = exp, (tv;).

By Rauch’s comparison theorem (Theorem 5.5.1) again, as in the proof of Lemma
9.2.4,
d(cq(t),ca(t)) > d(cr(e), ca(e)) (9.2.21)
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for
e<t< - _¢
stsg .
With
S 2r
£ = —F/—= — )
0 NG

for any 0 < ¢ < g,

satisfy the assumptions of Lemma 9.2.3, as any geodesic
c(t) := exp, tv, lv|=1 (veT,N,q€ B(p,r))

leaves B(p,r) for t > 2r (i.e. ¢(t) € B(p,r) = t < 2r; this is a consequence of (9.2.19)
and the resulting uniqueness of geodesics in B(p,r)).
We now apply the Courant-Lebesgue lemma (Lemma 9.2.5). Since h is energy
minimizing,
E(h) < E().

For 0 < e < g9, we compute § € (0,1) with

(_87”37@))% <e (9.2.22)

log %
For any g € D, by Lemma 9.2.5 there exists p, 6 < p < /6, with the property that
for any x1,x0 € D with |a; — 20| =p (1 = 1,2),

d(h(z1), h(z2)) < e, (9.2.23)

hence
h(0B(zo,p) N D) C B(g,e) for some ¢ € N. (9.2.24)

Since g is continuous, there also exists ¢’ > 0 with

d(g(y1), 9(y2)) <&, (9.2.25)

whenever y1,ya € 0D satisfy |y; — ya| < §'.
We now require in addition to (9.2.22) that also

Ve <§.

Since hjgp = g, with p as above we then have

hO(B(xg,p) N D)) C B(g,e) for some q € N,

d(B(x0,p) N D) = (0B(x0,p) N D) U (0D N B(zg, p)). (9.2.26)
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Lemma 9.2.3 then implies
h(B(zo,p) N D) C B(q,e). (9.2.27)

Likewise, |xo| + p < 1, then 9(B(zo,p) N D) = 0B(z0,p) N D, and so in this case, we
do not need g to control h on 9(B(zg, p) N D).

In particular,
h(B(z¢,0) N D) C B(q,¢) (9.2.28)

for any zg € D and some g € N (depending, of course, on xg). (9.2.28) is the desired
estimate of the modulus of continuity. The proof of smoothness of h is postponed
until after the proof of Theorem 9.2.2 — see Theorem 9.3.1. O

Remark. We actually shall only need the weaker result that there exists rg > 0
with the property that for any r € (0,rp), the conclusion of Theorem 9.2.2 holds.
As an exercise, the reader should simplify the preceding proof in order to show this
weaker statement. On the other hand, the injectivity radius i¢ in (9.2.19) can easily
be replaced by io(r) := min{i(q) : ¢ € B(p,r)}, where i(q) is the injectivity radius
of ¢, without affecting the validity of the above proof. This remark is interesting for
complete, but noncompact manifolds N. In this case, one may have iy = 0, but one
always has io(r) > 0 for any r > 0 as N is complete.

Finally, D may be replaced in Theorem 9.2.2 by any compact Riemann surface
> with boundary 0%, with only trivial modifications of the proof.

Proof of Theorem 9.2.1.  We put
[¢] := {v e CON H (X, N) : v is homotopic to ¢}.

‘We choose 1

pi=s min(iO(N), %ﬁ) (9.2.29)

where ig(N) is the injectivity radius of N, and x > 0 is an upper bound for the
sectional curvature of N. We choose dy < 1 to satisfy

8TE(p)\ 2
(”—(P> <2 (9.2.30)
log 5- 2
For every 0 € (0,0¢), there exists a finite number of points z; € ¥, i = 1,...,m =

m(6), for which the disks B(z;,2) cover ¥. Here, we may define the disks B(;, 2)
w.r.t. any conformal metric on 3. We may also arrange things so that around each
x;, there exists a coordinate chart f; with image containing

{zeC:|f(x;) — 2| <1}

and put
B(z;,0) :={z € C:|f(x;) — 2| <d}.
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We let (un,)nen be an energy minimizing sequence in [¢]. By definition of [¢], all w,
then are continuous. Also, w.l.o.g.,

E(u,) < E(p) for all n. (9.2.31)

Lemma 9.2.5 implies, recalling (9.2.30), that for every n € N, there exists r,1 €
(6,v/9) and p, 1 € N with

un(0B(z1,mn,1)) C B(pn.1,p)- (9.2.32)

On the other hand, if u,(0B(z,r)) C B(p,p) for some z € ¥, r > 0, p € N, then
Theorem 9.2.2 (replacing D by B(z,r)) yields a solution of the Dirichlet problem

h: B(xz,r) — B(p,p) harmonic and energy minimizing
with

MoB ) = UnjaB(x,r) - (9.2.33)

We replace u,, on B(z1,7,,1) by the solution of the Dirichlet problem (9.2.33) for
x=1m1, T =1p1. Outside B(z1,75,1), we leave u,, unaltered.
We denote the new map by ul. Since mo(N) = 0, by Lemma 9.2.1, ul is

homotopic to u,, hence to ¢. Thus

uy, € [¢].

After selection of a subsequence, (7,,1)nen converges to some r1 € [9, \/3] By the
interior modulus of continuity estimate of Theorem 9.2.2; the maps (u.) are uniformly
continuous on B(z1,d—n) for any n € (0,5). Moreover, by Lemma 9.2.4, ul minimizes
the energy not only among maps into B(p, p), but also among all maps into N with
the same boundary values.
Thus
E(ul) < E(uy). (9.2.34)

Repeating the above argument, we find radii 7,2 € (0, V/6) with
Uy (0B(x2,70.2)) C B(pn,2,p)

for points p, 2 € N. We replace u,ll on B(zg,7y,2) by the solution of the Dirichlet
problem (9.2.33) for x = xq, 7 = r,, 2. Again by selecting a subsequence, (7, 2)neN
converges to some 19 € [0, \/3] The new maps u% are again homotopic to ¢, i.e.

ul, €[],

because (V) = 0.
Since the maps ul are equicontinuous on B(xy,d — #) whenever 0 < 7 < 0, the
boundary values for our second replacement are equicontinuous on

OB (x2,7n2) N B(a1,6 — g).
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Therefore, using the estimates of the modulus of continuity in the proof of Theorem
9.2.2, the maps u2 are equicontinuous on B(x1,8 —n) U B(xs,§ —n) for any n with
0<n<d.

By Lemma 9.2.4 and (9.2.34)

E(u2) < E(ul) < E(uy) (9.2.35)

as before.

We repeat the replacement argument on disks centered at x3, ..., Tm,.

We obtain a sequence v, := u}* € [¢] with

E(vy) < E(un) < E(p), (9.2.36)

which is equicontinuous on every disk B(z;, %), i = 1,...,m, hence on ¥ because
these disks cover .

After selection of a subsequence, (v, )nen converges uniformly to some map u
which then also is homotopic to ¢. (v,)nen then also converges in L? to u.

By Theorem 8.3.2 we have the lower semicontinuity

E(u) <liminf E(v,). (9.2.37)

n—oo
Since u € [¢] and (u,), hence also (v,) by (9.2.36) was a minimizing sequence for
the energy in [¢], (9.2.37) implies that « minimizes energy in [p]. In particular, u is
energy minimizing when restricted to small balls. Either from this observation and
Lemma 9.2.4 and Theorem 9.2.2 or alternatively directly from the construction of u,

the modulus of continuity of u is controlled by the geometry of NV, more precisely by
i9(N) and k, and by E(y). Smoothness of u follows from Theorem 9.3.1. |

With the same argument, one also shows:

Theorem 9.2.3. Let ¥ be a compact Riemann surface with boundary 0¥, N a
compact Riemannian manifold with m(N) = 0, ¢ € CY' N HY2(X, N). Then there
exists a harmonic map

u:— N
homotopic to ¢ with
Ujgs = Plox,
and u can be chosen to minimize energy among all such maps. O
Remark. If one does not assume mg(N) = 0, one still obtains a harmonic map

u @ X — N with ups = pjps by our reasoning. In that case, however, u need
not be homotopic to ¢ any more. u can be chosen to minimize the energy among all
maps with boundary values given by .

In the sequel, we shall need the following covering lemma:
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Lemma 9.2.6. For any compact Riemannian manifold M, there exists A € N with
the following property: whenever we have points x1,...,Ty, € M and p > 0 with

X C U Bz, p)

i=1

and
x; & B(xj,p) fori# j,

then {1,...,m} is the disjoint union of A sets Iy, ..., Ix so that for all £ € {1,... A}
(lnd Z‘177;2 € Ié; il # 7;2?
B(xi,,2p) N B(x4,,2p) = 0.

Proof. We construct I;: We first put 21 := 1 and iteratively seek points zjl €
{z1,..., T} with

4p < d(le,xll) for all i < j,
until no such point can be found anymore. I; is the set of points selected so far. If
xy ¢ I1, there exists a?jl € I, with

d(zk,z}) <Adp.

We construct I, iteratively for £ > 2: We select any zj, ¢ Ui_:ll Iy, put xf = xp and

iteratively seek points {Eg € {z1,..., o\ Ui_:ll I, with

4p < d(mf,mf) for all i < j

until no such point can be found anymore.
If 2 ¢ Iy, then for each A < ¢, we can find some I;(A) € I, with

(g, 7)) < 4p.

All these points x;‘( \) are distinct, and their mutual distance is bounded from below
by p by our assumptions. Therefore, there exists some Ay € N such that there exist
at most Ag points x?‘( N satisfying the preceding inequality. The reader should by now
have acquired enough familiarity with the local geometry of Riemannian manifolds
to verify the existence of such a Ag with the required properties. The claim follows
with A := Ag + 1. O

Remark. 1t is easy to see that one may always construct coverings satisfying the
assumption x; ¢ B(z;, p) for i # j.

We now come to the important phenomenon of splitting off of minimal 2-spheres.
Before giving a general theorem below, we first want to isolate the phenomenon in a
simpler situation:



520 Chapter 9 Harmonic Maps from Riemann Surfaces

Theorem 9.2.4. Let X be a compact Riemann surface, N a compact Riemannian
manifold
Up 22— N

a sequence of harmonic maps with
E(u,) < K  for some constant K.

Then either the maps w, are equicontinuous, and hence a subsequence converges
uniformly to a harmonic map u : X — N, or there exists a nonconstant conformal
harmonic map

v:S8%* = N,

i-e. a (parametric) minimal 2-sphere in N.

Proof. Let

A = sup [[dun (2)]].
z€X

We distinguish two cases.
1) sup A, < 0.
neN
Then (up )nen is equicontinuous, because the derivatives are uniformly bounded.
A priori estimates (see §9.3) imply that also higher derivatives of (u,,) are equi-
bounded. By the Arzela—Ascoli theorem, a subsequence converges uniformly,
and by these regularity results the limit is also harmonic. Alternatively, the limit

is continuous and weakly harmonic, hence smooth and harmonic by Theorem
9.3.1.

2) sup A, = 0.

After selection of a subsequence, \,, tends monotonically to oo, and a sequence
(zn)nen C X with

l[dun (zn) |l = sup [|dun(2)|| (= An)
zEX

has a limit point zj.
‘We choose suitable local coordinates for which
{z:|z— 20| <2}

is contained in a coordinate chart. All local expressions will be evaluated in this chart.
We put
D, :={weC:|w <A}

and define
U Dy — N
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by

Up (W) = up <zo + ;U—n)

By definition of A,
sup [[dv, (w)] = 1.
weD,

By conformal invariance of
E(v,) < K.

As n — o0, D,, exhausts all of C. By regularity results for harmonic maps (see §9.3)
after selection of a subsequence, (v, )nen converges uniformly on compact subsets of
C to a harmonic map

v:C— N.

Actually, the convergence takes place even in C?, by a priori estimates for harmonic
maps, see §9.3 and therefore

[dv(0)]] =1,

and v is not constant. Also, E(v) < K.
The holomorphic quadratic differential defined by v,

gij (v(2))vivlda?,

((gij) being the metric of N in local coordinates) therefore yields a holomorphic
function

P(2) = gij(v(2))viv]

[l < E)

By a variant of Liouville’s theorem, see Lemma 9.2.7 below,

=0

of class L', since

and it follows that v is conformal (see §9.1). It remains to show that v extends as a
harmonic and conformal map
v:8* = N

where we consider S? as C U {oo}. Thus, one has to show that co is a removable
singularity. In §9.3, it will be shown more generally that conformal harmonic maps
of finite energy on a Riemann surface cannot have isolated singularities. O

Theorem 9.2.5. Let ¥ be a compact Riemann surface, possibly with boundary 0%, N
a compact Riemannian manifold, ¢ € CONHY2(X, N). Then there exists a harmonic
map

u:y — N
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homotopic to ¢, with ugs, = @ax in case X # 0, or there exists a nontrivial
conformal harmonic map
v:S8% = N.

i.e. a (parametric) minimal 2-sphere in N.
Proof. We only treat the case 0¥ =

modifications of the argument for 9% =
We let

The case 0% # () is handled with easy

0.
0.
1

== 9.2.38
3" (Z ) (9:2.38)
where i(NN) is the injectivity radius of N, and x > 0 is an upper curvature bound.

We choose a conformal metric on ¥. All distances on 3 will be computed w.r.t.
this metric.

We let
ro:=sup{R>0:VYz e X3pe N:¢(B(z,2R)) C B(p,3*p)}, (9.2.39)
where A is the integer of Lemma 9.2.6 for M = 3.
According to Lemma 9.2.6, there exist finite sets I1,...,Ix and points z; € X
with
A
> =J U B@i,m) (9.2.40)
t=1iel,

and
B(xiy,2r0) N B(x4,,2r0) =0, whenever i1,is € Iy, i1 # iz, for some £.  (9.2.41)

We then replace ¢ on every disk B(x;,2rg) for i € I; by the solution of the Dirichlet
problem (9.2.33) for x = x;, » = 2r¢. This is possible by Theorem 9.2.1. Since the
disks B(xz;,2r¢) for ¢ € I are disjoint by (9.2.41), we can carry out these replacements
simultaneously. We obtain a map

uy X — N
with
E(ug) < E(p) (9.2.42)
as in the proof of Theorem 9.2.1.
Since
ug(B(xs,2r0)) C B(pi, 3 "p) (9.2.43)

for every ¢ € I1 and some p; € N by the maximum principle Lemma 9.2.4, we obtain
from the definition of rg and the triangle inequality

ud(B(z,2r0)) € B(p, 372 1p) (9.2.44)

for every x € ¥ and some p € N (depending on x).
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Having constructed u§ for 1 < ¢ < A — 1, we construct uﬁ“ by replacing u on
every disk B(z;,2rg), ¢ € Iy41, by the solution of (9.2.33) for x = x;, r = 2rg. We
obtain

E(uf™) < B(uf) (9.2.45)

and
ub T (B(z,2r0)) C B(p, 37 1)) (9.2.46)
for every x € ¥ and some p € N (depending on z).
We thus arrive at a map
= ué\ 2 — N
with
E(u1) < E(p) (9.2.47)
and

uy(B(z,2r0)) C B(p,p)

for every x € 3 and some p = p(z) € N.
Having iteratively constructed u, : ¥ — N, we construct u,+; by replacing ¢
by u, and ry by

rp=sup{R>0:Vz € X3pec N :u,(B(x,2R)) C B(p,3*p)}.
The maps (uy, )nen satisfy
E(un) < Blun 1) < E(g). (9.2.48)
We now distinguish two cases.

1) s:=infuenry > 0.
We claim that in this case (un)nen converges to a harmonic map u : ¥ — N
homotopic to ¢.

We shall first show that the u,, are equicontinuous. We note that for every n,
there exist finite sets I1,...,Ix and points z; € 3 (everything depending on n,
except for A) with

A
(=1i€l,
B(wi,,2ry) N B(wiy, 2ry) = 0, (9.2.50)

whenever iy # is, 41,42 € Iy for some ¢, by Lemma 9.2.6 again.
By (9.2.49), for every x € X, there exists some i € U?zl 1, with

B(x,s) C B(x,2ry,). (9.2.51)
There exists £,1 < £ < A, with ¢ € I;. Therefore

l
Un|B(z,s)
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is harmonic, since it is even harmonic on the larger disk B(z;,2r,) (uf, is
constructed in the manner as uf with u, instead of ¢).

Given ¢ with 0 < € < p we consider  with

0 < & < min(1, s) (9.2.52)
and .
FE 2
(8”—@) <37 (9.2.53)
log 55

For every z € ¥, and n € N there exists Ry (z) with
8% < Ry(x) <6
and some p; € N with
ul (0B(z, Ri(x))) € B(p1,372e) (9.2.54)

by Lemma 9.2.5. Here ¢ is chosen as in (9.2.51), i.e. so that i € I, for the i
occurring in (9.2.51).
Since
¢
Un|B(x,R: (w))

is harmonic and energy minimizing from Lemma 9.2.4 and (9.2.54),
Uy (B(x, Ry (x))) C B(p1,3™"e). (9.2.55)

We likewise find Ro(z) with
8% < Ro(z) < 62

and
uy, (OB (x, Ry (x))) C B(pz,3™"e)

for some py € N. u5t! need no longer be harmonic on B(z, Ry(x)). It is only
piecewise harmonic in case

vi=B(z, Ry(x)) N |J 0B(;,2r,) # 0.

i€lp41
Since
ub™ (v) = ul,(v) € B(p1,3™ ")
and
ufﬁl(’y NIB(z, Re(x))) C B(pa, 37/\5),
we obtain

uffl(fy U 0B(z, Ra(x))) C B(pa, 37A+1€).
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Therefore, the image of the boundary of every subregion of B(z, Rs(x)) on which
u’F! is harmonic is contained in B(pa, 3 %), and since of course all maps are

energy minimizing on these subregions, Lemma 9.2.4 gives as usual
ub™ (B(z, Ra(2))) C B(pe, 37 e). (9.2.56)
Tterating, we obtain
R(z) > &* (9.2.57)
and p = p(z) € N with
wnt1(B(x, R(z))) € B(p,e) (9.2.58)
(note w41 = ul).
This proves equicontinuity, since § and A are independent of u and x.

Therefore, after selection of a subsequence, (up)nen converges to some map u
homotopic to ¢, and by (9.2.48) and lower semicontinuity of E (c¢f. Theorem
8.3.2),

E(u) < nlirrgo E(uyn) < E(p). (9.2.59)

We want to show that u is harmonic.

Replacing r,, by s, we may assume that the points x;, i € Uly, are independent of
n. (One may assume, by selecting a subsequence, that the points x;(n) converge
to points x;, and also r, — s as n — 00.)

We first claim that with (uy)nen also (ul)neny converges to u, and that u is
harmonic on every disk B(z;,s) for ¢ € I1.

Since
E(uni1) = E(u)) < E(u)) < E(uy), (9.2.60)
lim (E(un) — E(u;,)) = 0. (9.2.61)

Therefore, on each disk B(z;,s),i € I, for sufficiently large n the energy of
u, deviates only by an arbitrarily small amount from the energy of the energy
minimizing map
1
u’n|B(xi,s)'
Consequently, considering the gradient DE of the energy as in Section 7.11, we
obtain
DE(un\B(xi,s)) — 0 foriel.
Since the maps w, converge uniformly, the same argument as in the proof of
Theorem 7.11.1 shows that

UiB(as) = I UniBo,s)
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is harmonic (and energy minimizing), and then also

U B(z;,s) = lim u;‘B(m) for i € I. (9.2.62)

n—oo

Having iteratively shown that (uf),en for some £, 1 < £ < A — 1, converges to
w and that u is harmonic on every disk B(z;,s) for i € I;, we show in the same
manner that (u5!), ey likewise converges to u and that u is harmonic on every
disk B(xi,s), 1€ Ig+1.

We conclude that « is harmonic on B(z;,s) for every ¢ € I, and every £ €
{1,..., A}, hence on all of X.

The second case is
inf r, =0.
neN

By selecting a subsequence, we may assume that (r,),eny is monotonically
decreasing and converges to 0.

By definition of r,, for every u, there exist points yg,y; € ¥ with

d(yo,y1) = 2rn, (9.2.63)
d(un(Yo), un(y1)) > 371p =: po. (9.2.64)
We choose local coordinates around yy and denote the coordinate representations
of yo and y; again by yo and y; resp.
For z € C, we put
kn(z) =Yo + 12

whenever this defines a point in our coordinate chart, and

We thus have maps
Uy Qy — N

with ©,, € C and Q,, — C as n — oo (i.e., in the limit, the domain of definition
of k, becomes the whole complex plane C, since r,, — 0). Since k,, is conformal,
the maps 1, are piecewise harmonic in the same manner the maps u, are (see
Corollary 9.1.3).

The maps @, now are equicontinuous by the same argument as in case 1 for s = 1
because for every wy € €, (with B(wg,2) C ) there exists p € N with

i (B(wo,2)) C B(p,371p), (9.2.65)

by definition of r,, because k,(B(wp,2)) is a ball of radius 2r,, (w.lo.g., we may
assume that the chosen metric on X coincides with the Euclidean one on our
coordinate chart around yg, as a different metric would only introduce some fixed
factor in our estimates for the ball radii on ¥ and ,,).
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Likewise, as in case 1, after selection of a subsequence the maps (4, ) converge
uniformly on compact subsets to a harmonic map

v:C— N.
Moreover, by Corollary 9.1.4
E(inq,) = E(tnk, @,))
< E(un)
< E(p),

hence by lower semicontinuity of E (Theorem 8.3.2)

E(v) <liminf E(u,) < E(p).

n—oo

The holomorphic quadratic differential associated to v,
gik(v(2)vividz?

((gjr) being the metric of N in local coordinates), therefore defines a holomorphic
function

U(2) = gk (v(2))vlvl
of class L', because

/ ] < 2B ().
C

Since every holomorphic function on C of class L! vanishes identically (this follows
by applying Lemma 9.2.7 below to the real and imaginary parts of ), we get
1 = 0, and consequently v is conformal (see the discussion in §9.1).

It remains to show that v extends as a harmonic (and then also conformal) map
v:58% =N,
i.e. that the singularity at oo is removable. This will be achieved in §9.3.

|

Corollary 9.2.1. Let N be a Riemannian manifold with wo(N) # 0. Then there
exists a monconstant conformal harmonic v : S* — N, i.e. a (parametric) minimal
2-sphere in N.

Proof. Since ma(N) # 0, there exists ¢ : $2 — N which is not homotopic to a constant
map. By Theorem 9.2.5 either ¢ is homotopic to a harmonic map v : > — N which
then is also conformal by Corollary 9.1.5, or if the second alternative of Theorem 9.2.5
holds, there also exists a conformal harmonic v : S — N. O
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Lemma 9.2.7. Any harmonic function h defined on all R™ and of class L*(R™) is
tdentically zero.

Proof. By the mean value property of harmonic functions on R",

Ih(zo)] = /B L

, (9.2.66)

Vol (B(zo, R))

for any R > 0, g € R".

Since
/ h(z)dz| < / |h(z)| dz < ||h||1mn)
B((Eo,R) B(mo,R)

the right-hand side of (9.2.66) tends to 0 as R — oco. Thus h(z¢) = 0. This holds for
any zo € R”. O

Perspectives. Theorem 9.2.1 is due to Lemaire[200] and Sacks and Uhlenbeck([249].
Theorem 9.2.5 is again due to Sacks and Uhlenbeck[249]. Other approaches to these results
were found by Struwe[276], Chang[50] and Jost, see [157]. A detailed proof of Theorem 9.2.1
is given in [169].

The method of M. Struwe and K.C. Chang consists in studying the associated parabolic
problem. Thus, given ¢ : ¥ — N, one studies solutions of

f:X x[0,00) = N,
f(Z7O) = @(7)7

L (e 1) = (21,

where the tension field is computed w.r.t. the z variable. Omne can then show that a
solution can develop at most finitely many singularities. These singularities correspond
to the splitting off of minimal 2-spheres. In the limit ¢ — oo, one obtains a harmonic map
I

The construction presented here is refined in [157]. There, also various existence
results for unstable harmonic maps are presented. Any type of critical point theory, e.g.
Morse theory, for harmonic maps in two dimensions has to take the splitting off of minimal
2-spheres into account. In certain instances, however, one may show that this phenomenon
can be excluded. A prototype of such a result is the following

Theorem. Let ¥ be a compact Riemann surface with boundary, N a Riemannian manifold
diffeomorphic to S* (thus, the condition mao(N) = 0 is not satisfied). Let g : 0% — N
nonconstant. Then there exist at least two harmonic maps fi, fo : 3 — N with fiaox = g.

This result is due to Brézis and Coron[41] and Jost[154].

In order to prove this theorem, one first minimizes the energy over all maps f: ¥ — N
with flox, = g and obtains a harmonic u (see the remark after Theorem 9.2.3). By careful
comparison constructions one then exhibits another homotopy class « of maps from 3 to NV
(not containing u) with

inf{B(f) : f € a} < B(u) + Area (N).
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One then shows that if minimizing energy in some homotopy class leads to the splitting off of
a minimal 2-sphere, the energy would be lowered by an amount of at least the energy of that
minimal sphere. Since N is diffeomorphic to S?, the energy of such a minimal sphere would
be at least the area of N. Since, however, u realizes the absolute minimum of energy among
all maps with the prescribed boundary values, the above inequality excludes the splitting off
of a minimal 2-sphere during the minimization of the energy in the class a.

We have described the preceding argument in some detail because it forms a
paradigm for other conformally invariant variational problems (Yang-Mills equations in
four dimensions, constant mean curvature surfaces, Yamabe problem, etc.). Some further
discussion of such limit cases of the Palais-Smale condition may be found in [277] and in the
references given there.

Returning to the critical point theory for two-dimensional harmonic maps, we also
mention Ding[77] and the survey article [158] where many further references can be found.

In this context, we should also discuss the Plateau problem for minimal surfaces. In
its simplest form, we consider a smooth (or, more generally, a rectifiable) closed Jordan
curve v in R? and seek a minimal surface with boundary ~. In the parametric version of the
problem, we look for a harmonic and conformal f : D — R® (D = unit disk) mapping 0D
monotonically onto v (a monotonic map between curves is defined to be a uniform limit of
homeomorphisms). In this form, the problem was solved by J. Douglas and T. Rad6. The
problem was then extended by Douglas to configurations of more than one disjoint curves
Y1, ..,7 and/or minimal surfaces of other topological type. He found a condition (the so-
called Douglas condition) guaranteeing the existence of minimal surfaces of some prescribed
topological type. It was also asked whether one may find unstable minimal surfaces with
prescribed boundary. The most comprehensive critical point theory for minimal surfaces in
R?® was developed in Jost and Struwe[173] where also references to earlier contributions are
given.

The Plateau problem in Riemannian manifolds (instead of just R®) was solved by
C. Morrey[226]. Results pointing into the direction of a general Morse theory for minimal
surfaces in Riemannian manifolds may be found in Jost[157].

There also exists the geometric measure theory approach to minimal surfaces. Here,
one tries to represent a minimal surface not as the image of a map of a Riemann surface, but
directly as a submanifold of the given ambient space. In the parametric approach, one had to
generalize the space of smooth maps to a Sobolev space, in order to guarantee the existence
of limits of minimizing sequences. For the same reason, in the measure theoretic approach,
the space of submanifolds has to be generalized to the one of currents. A submanifold
of dimension k yields a linear functional on the space of differential forms of degree k by
integration, and so the space of k-currents is defined as a space dual to the one of k-forms.
One may then minimize a generalized version of area, the so-called mass, on the space
of currents. This approach is valid in any dimension and codimension, in contrast to the
parametric one that is restricted to 2 dimensions. If the codimension is 1 and the dimension
at most 7, then such a mass minimizing current is regular in the sense that it represents a
smooth submanifold. Otherwise, singularities may occur. In particular, any smooth Jordan
curve in R® bounds an embedded minimal surface, see Hardt and Simon[139]. For a general
treatment of the concepts and the approach of geometric measure theory, we recommend
Federer[97] and Almgren[6].

Minimal surfaces in Riemannian manifolds have found important geometric applica-
tions. Let us mention a few selected ones.
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In the proof of the Bonnet-Myers theorem (Corollary 5.3.1), we have seen how
information about geodesics and their stability can be used to reach topological consequences
for manifolds of positive Ricci curvature. This suggests that information about the stability
of minimal surfaces may likewise be used to obtain restrictions on the topology of positively
curved manifolds. The first instance of an important application of minimal 2-spheres in
the presence of positive curvature is Siu and Yau[270]. Micallef and Moore[213] showed that
minimal 2-spheres can be used to prove that any compact Riemannian manifold with positive
curvature operator (i.e. R(-,-) = Q*(M) — Q?(M) is a positive operator; this in particular
implies positive sectional curvature) is diffeomorphic to a sphere. Also, the sphere theorem
(see Short survey on curvature and topology, above) was proved under the assumption of
pointwise pinching only (i.e. at each point, the maximal ratio between sectional curvatures
is less than 4).

There are also important applications of minimal surfaces in three-dimensional topol-
ogy. The so-called Dehn lemma, whose first complete proof was given by Papkyriakopoulos,
asserts that if S is a differentiably embedded surface in a compact differentiable three-
manifold M and if v is an embedded curve on S that is homotopically trivial in M (i.e.
[v] = 0 € m(M)) then v bounds an embedded disk. Meeks and Yau[212] showed that
in this case, if we equip M with a Riemannian metric in such a way that S is convex,
the solution of the parametric Plateau problem with boundary ~ is embedded. Thus, one
obtains an embedded minimal disk bounded by 7. This represents an analytical proof of
Dehn’s lemma. The important fact is that we have found a canonical solution of the problem.
Assume for example that some compact group G acts on M, leaving « invariant. One may
then average the metric of M under the action of G and obtain a new Riemannian metric
on M for which G acts by isometries. Since 7 is G-invariant, one may then also find a
G-invariant minimal disk bounded by «. If one chooses this disk to be area minimizing in
its class, one may then show again that it is embedded. This equivariant version of Dehn’s
lemma of Meeks—Yau then has applications to the classification of discrete group actions on
3-manifolds, see [15].

9.3 Regularity Results

Regularity results are usually local in the domain (but the distinctive feature of
geometric analysis in contrast to standard PDE theory is that regularity is a global
question in the target). Thus, we consider regularity questions for harmonic maps
from Riemann surfaces on the unit disk D. Since we shall see that the regularity
question for harmonic maps on Riemann surfaces can essentially be reduced to the
consideration of isolated singularities, we shall also use the punctured unit disk

D* := D\{0}.

Lemma 9.3.1. Suppose f € HY2(D* R") satisfies

DI dz = [ (e (). DIe() de (93.1)

D*
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for all
@ € Hy? N L>(D*,R")

where g fulfills
l9(2, £,p)| < co+clpl®

with constants co, ¢1 for all (z, f,p) € D* x R™ x R?™. Then also
| Dotz = [ o1 DGl iz

for all o € Hy® N L= (D,R™).

531

(9.3.2)

(9.3.3)

The lemma says that weak solutions of (9.3.1) with finite Dirichlet integral
extend as weak solutions through isolated singularities. Easy examples show that the

assumption of finite Dirichlet integral is essential.

Proof. For k € N, k > 2, we put

1 for r < (%)2,
Ai(r) = log(ﬁ)/logk for (£)? <r < %,
0 for r > ¢,

and for o € Hy? N L (D, R™),
or(2) = (1 = M\e(|2]))o(2) € Hy® N L=(D*,R™).
‘We now observe that

dAg,

% 2 2m
2 = —_— = —
/D‘DAI@(LZM dz-27r/(}c)2( dr) rdr Togk —0 ask— oo.

By (9.3.1),

Dj(Deu(z)dz = [ (1) DI)en(2)

D*

Because of f € H'? and (9.3.2),
9(z, f(2),Df(2)) € L".

(9.3.4)

(9.3.5)

Since |px| < |o| € L and since @y converges to o almost everywhere, Lebesgue’s
theorem on dominated convergence therefore implies that for k — oo, the right-hand

side of (9.3.5) tends to
/ 9(z, f(2),Df(2))o(z)dz.

D
By (9.3.4), 0 € L*>®, f € H"2, and by Holder’s inequality, for k — oo,

/D Df(z)D(Mg(2))o(z)dz — 0.
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Therefore, the left-hand side of (9.3.5) tends to

/D Df(z)Do(z)dz

for k — oo, and (9.3.3) follows. |

Corollary 9.3.1. Suppose that ¥ is a Riemann surface, p € ¥, N a Riemannian
manifold, f € H“2(3\{p}, N).

If f is weakly harmonic on X\{p}, then f extends as a weakly harmonic map to
3.

Proof. A consequence of Lemmas 8.1.3 and 9.3.1. O

Remark. Suppose that f: X\{p} — N is localizable and of finite energy

E(f,2\{p}) :/E 1df||? < oo.

\{r}

Then we can define the energy of f on ¥ as

E(f;%) = E(f;X2\{p})-

The proof of Lemma 9.3.1 shows that this is meaningful.

Our first aim is to prove the extension result needed in the proofs of Theorems
9.2.4 and 9.2.5, namely that a conformal harmonic map C — N of finite energy
extends to a conformal harmonic map on S? = C U {oo}. While the following results
are correct even without the assumption of conformality, that assumption considerably
simplifies the proofs. We divide the proof into two steps, first continuity and then
smoothness. In order to explain the basic idea of the continuity proof, we first consider
an easy special case, namely N = R™. We are thus investigating weak minimal surfaces
in Euclidean space:

Definition 9.3.1. A map h € H%?(X,R") from a Riemann surface ¥ is called a weak
minimal surface if h is weakly harmonic and conformal, i.e.

(i)
/(hxgox + hypy) dedy =0 (9.3.6)
)

for all ¢ € Hy® N L>°(2,R") (2 = = + iy being a conformal parameter on ¥),

and



9.3 Regularity Results 533

(i)
(9.3.7)

almost everywhere.

We now show

1,2

o (3,R™) is continuous.

Proposition 9.3.1. Any weak minimal surface h € H

Proof. Since the result is local, we may assume % = D, that the point where h has
finite Dirichlet integral (energy) on D.
We consider r € (0,1) and

20 € Dy :={2€C:lz| <r},

p:= h(zo).
We assume that for almost all z € 9D, = {|z| = r},
|h(z) —p| >p (9.3.8)

(this means that the minimal surface h(D,) has no boundary inside the ball B(p,p)).
The plan is to show that if » — 0 then also p — 0 for p satisfying (9.3.8). We
shall then apply the Courant—Lebesgue lemma to the extent that for suitable r, if
|h(z) — p| is small for one z € 9D, then this is so for all z € 9D,. Continuity will
then follow from the triangle inequality.
We first consider a general compact Riemann surface S with boundary 95 and
a weak minimal surface h € H"?(S,R™) with

|h(z) —p| >p forall z € 9S. (9.3.9)
We let n € C*(R) satisfy
1
nt)=1 for ¢< >
n(t)=0 for ¢>1,

n'(t) <0 forallt

and choose as a test vector
_ (Ih(z) —pl
olz) = (=) () ~ )

for 0 < p <p.
Because of (9.3.9), ¢ has compact support in the interior of S. Therefore, ¢ is
an admissible test vector in (9.3.6), and thus

/(hrgom + hypy)dady =0 (2 = x4+ iy). (9.3.10)
s



534 Chapter 9 Harmonic Maps from Riemann Surfaces

-4 (22,

If 7 is the characteristic function y (o 1) of (=00, 1), A, (p) is the area of the minimal
surface h(S) inside the ball B(p,p). We compute

We now define

A (p) = — /IDhI b = pln' (‘h p‘) (9.3.11)
and
‘h—p‘ 2 / |h—p| 1 9 9
77( P )|Dh‘ +n (T) p|h—p|{((h_p) “he)” 4+ ((h—p)-hy)°}. (9.3.12)

Since the vectors h, and h, are orthogonal and of equal length by the weak
conformality of h, we estimate
((h=p) - ha)® + ((h—p) - hy)? < L(h2+ hy)|h —pf?

|Dh?|h — p|?. (9.3.13)

N)Ir—lml

The factor % will be essential, cf. (9.3.14) below and its consequences. Since 7’ < 0,
(9.3.12) and (9.3.13) imply

|h = pl o a(lh=pIN[P =Dl 0
hyor +h > —) Dh —)—Dh .
sa+y<py_n( o) |+n( 5 5, PN

(9.3.10) and (9.3.11) then yield

24, (p) — pA,(p) <0,

hence

A /
( "(p)) >0, (9.3.14)
and thus for 0 < p; < pa <7,

An(Pl) < AW(PZ)
2mp? T 2mp3

(9.3.15)
|

We choose a sequence (n,)neny of smooth functions with the above properties
and tending to X(_oo,1)- By Lebesgue’s theorem on dominated convergence, we obtain
in the limit with

A(p) := Area (h(S) N B(p, p))

the fundamental monotonicity formula for minimal surfaces which we record as
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Theorem 9.3.1. Let S be a compact Riemann surface with boundary 0S and let
h € HY2(S,R™) be a weak minimal surface, and suppose

h(9S) N B(p,p) = 0. (9.3.16)

Then ;ngg is a nondecreasing function of p for 0 < p < p.

The result also holds for 0 < p < oo if S is a (noncompact) Riemann surface

and h € Hﬁ)’f (S,R™) is a proper weak minimal surface. Here, “proper” means that

the preimage of each compact set in R™ is compact in S.

Proof. The compact case has just been described. The claim for noncompact S
follows by exhausting S by compact subsets. The properness of h guarantees that
(9.3.16) is satisfied for sufficiently large compact subsets. |

Alp)
27 p?

We want to determine whether has a limit as p — 0.

Definition 9.3.2. Let T be a surface in a Riemannian manifold N, p € N,
A(T,p,p) := Area (T N B(p, p)). If

. A(T,p,p)
oy = ATP)

exists, then this limit is called the density of T at p.
We observe that if 7" is closed and p € T, then

d(T,p) = 0.

If h is a smooth minimal surface, then as a consequence of the Hartman-Wintner
lemma (Lemma 9.1.7), we have an asymptotic expansion

h.(z0) = a(z — zo)™

with some a € C" (a? = 0 since h defines a minimal surface) at every zy, with some
nonnegative integer m, cf. Corollary 9.1.6, and

m=20

for almost all zg, because h, has only isolated zeroes.
This easily implies
A((S), h(z0)) = m +1

and
d(h(S),h(z9)) =1 for almost all z.

We now return to the case of a weak minimal surface h : S — R"™.
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Lemma 9.3.2. Let h: S — R" be a weak minimal surface. Then the (lower) density
of h(S) at h(z) is at least 1 whenever

z €8y :={y € S :is approzimately differentiable at y,
y is a Lebesgue point for |Dh|?, and |Dh(y)|* # 0}.

Consequently, for z € Sy,
Area (h(S) N B(h(2),0)) > 270>
whenever
h(0S) N B(h(z),0) = 0.
Proof. By the monotonicity formula (Theorem 9.3.1), we need to show that with
K, :={x e S :|h(z) —h(z)| < o},

. 1 2
al)lg%) e /|dh(w)| dx > 1.
KQ

Now, with K¢ := {z € D, : |h(z) — h(z) — Vh(2)(z — 2)| < e|z — 2[}
/ dh(2)]? > / dh(x)? = / V),
D, K<NSo K:nSo

where VI denotes the approximate derivative (see §A.1), and we shall control the
latter quantity from below.

The domain of integration here is controlled by a radius in the image. In order
to estimate the integral, however, we shall need to convert that radius into a radius
in the domain.

We put

1
re = Q(%|Vh(z)| + 5)
Then, for
x € B*(z,re) :={y € B(z,7¢) : |h(z) — h(z) — Vh(z)(z — 2)| < elz — 2|},
|h(z) — h(z)] < |Vh(z)(x — 2)| + |z — 2|
The conformality relations (9.3.7)) now imply
1
IVh(z)(@ = 2) < S |VA(2) |z = I,

Thus, we obtain

@) = h(2)| < (I ThE) +)le =21 < o
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for x € B*(z,r.). This implies
B*(z,7:) C Ky,

and so, since K \ (KN Sp) is a null set,

1 22

h 2 > £ h 2

= / VAP 2 35 V()P
K5nSo

up to an error term (arising from having B¢(z,r.) in place of B(z,r.)) which, however,
goes to 0 as g, and hence also r. tends to 0, because h is approximately differentiable

at z.
Inserting the value of r., and letting first ¢ and then € tend to 0, we obtain

T — /\Vh(z)\z > 1.

0—0 21 0?
Ko

The integrand, here, however, is |Vh(z)|?, i.e. the value at the center z, and not

|Vh(z)|?. Thus, in order to complete the proof, we need to estimate
1
2702

/ |[Vh(z)[> = |[Vh(z)|?| da.

Kngo

Again, we need to translate the radius in the image into one in the domain, but this
time with an inequality in the opposite direction.
W.lo.g. € <|Vh(z)|, and so for x € K; N Sy,

|z — 2| < o(|VA(2)| —&)™! =: R,

ie.
K, NS C B(z Re).

Therefore,

1

2102 / ||Vh(z)|2 - |Vh(1’)\2’ dz
K5NSo
1 1 ) )
< (Vh(s) =) 2n R IVh(2)[? — [Vh(z)[?| dx.

B(z,R:)NSo

If we then let o, and hence R, tend to 0, the last integral also goes to 0 because z is
a Lebesgue point for |dh(z)|>. Thus, the proof is complete. |

In order to also include points where h is not approximately differentiable, or
that are not Lebesgue points for |dh(z)|?, we now claim that the lower density

lim inf —A(h(S), z),p)
p—0 27 p?



538 Chapter 9 Harmonic Maps from Riemann Surfaces

is an upper semicontinuous function of z.
Let p, — 0 for n — oo.
By the above, we find sequences (2, )neny C S, (€n)nen C R, €, — 0 as n — oo,

|h(2) = h(zn)| = enpn.
Then, since B(h(zp), (1 —n)pn) C B(h(2), pn),
A(h(S), h(z)vpn) > A(h(S)v h(zn)a (1 - €n)Pn>
2mp;, - 27 py,
_ A(W(S), Az, (1= 2l

2m((1 - 5n)Pn)2
> d(h(S),h(z,))(1 —,)? by monotonicity at h(z,),

)(1 _ En)2

and upper semicontinuity follows. O
We now return to the

Proof of Proposition 9.3.1. Put S = D,. The preceding argument, Lemma 9.3.2
and Theorem 9.3.1 say
| < Al)

— 2mp?

(9.3.17)

for 0 < p < p, unless Vh = 0 locally, which, however, represents a trivial case.
Since

A) < 1/ \DhP, (9.3.18)
2 D,

and
lim |Dh|> =0 monotonically
D,

r—0

(it follows by applying Lebesgue’s theorem on dominated convergence to fxp, that
lim, o [, f =0 for any integrable f), we conclude from (9.3.17) that

p—0 asr—0.
This means, by definition of p,

ingT |h(z) = h(z0)| — 0. (9.3.19)

zE

On the other hand, the Courant-Lebesgue lemma (Lemma 9.2.5) says that for any
rg < 1, there exists r with ro < r < ,/rg such that for all 2,2’ € dD,.,

_ (s 2% 2)°
E) ) < Gy ( / ) |Dh|) , (9.3.20)

and the right-hand side goes to 0 when o — 0, hence r — 0.
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Let now ¢ > 0 be given. We then find sufficiently small » > 0 so that first
the right-hand side of (9.3.20) is smaller than £ and that for every zy € D, the

3
infimum in (9.3.19) is also smaller than $. For 29,2y € D,, let then z and 2’ resp.,
be points in D, where the infimum in (9.3.19) is attained. The triangle inequality
gives |h(zo) — h(z})| < €, hence continuity. O

We now want to prove continuity of weak minimal surfaces in Riemannian
manifolds.

Definition 9.3.3. A map h € Hﬁ)f (X,N) from a Riemann surface ¥ into a
Riemannian manifold N is called a weak minimal surface if it is weakly harmonic
and conformal, i.e.

(i)
/(dh, de) =0, (9.3.21)

for all compactly supported bounded H'? sections ¢ of A~ *TN ({-,-) here is the
scalar product in 7*% ® h=1TN),

(i)

(h )= (()hyv hy), (9.3.22)

@ ha
(P hy)

almost everywhere ({-,-) here is the scalar product in h~!TN).
For (i), cf. Definition 8.1.3 and Lemma 8.1.2.

In contrast to the existence theory, for regularity results we do not need the
compactness of the ambient manifold N. It suffices to have a uniform control on the
geometry of N:

Definition 9.3.4. We say that a Riemannian manifold N is of bounded geometry if

(i)
i(N) := inf i(p) > 0,
i(N) = infi(p)
where i denotes the injectivity radius,
(i)

A :=sup|K| < oo,
N

where K denotes the sectional curvature.

Theorem 9.3.2. A weak minimal surface H € HY? (2, N) (X a Riemann surface)

loc
in a Riemannian manifold N of bounded geometry is continuous.
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Proof. We shall translate the argument of Proposition 9.3.1 from the Euclidean case
into a Riemannian context. Thus, the strategy of proof will be the same as before.
Again, it suffices to treat the case ¥ = D, h € HY2(D, N), and to prove continuity
at 0.

We let

1 . T
0<po < §mln(m,z(l\7)>,

0<r<l1,
20 € D =A{lz] <71}, p:=h(z).

We assume that for almost all z € 9D, = {|z| = r},
d(h(2),p) > P (9.3.23)

with

0< p < Po;
where d(-,-) denotes the distance function of the metric of N. As before, we let
n € C*(R) satisfy

1
nt)=1 for t< 3

n(t) =0 for t>1,
n'(t) <0 for all ¢,

and again, we later on let 7 increase to the characteristic function x(_uc 1)
We now choose as test vector

w(z) = U(MZL])))(—GXPZ(IZ) p) € Ty()N.

¢ is bounded, of class H?, namely

/(dcp,dap) < Const/<dh,dh) < 00,

for example by (9.3.26) below, or directly from the chain rule, and by (9.3.23), it has
compact support in D,.. Therefore, ¢ is an admissible test vector, and by (9.3.21)

/ (dh, de) = 0. (9.3.24)
b
In order to evaluate (9.3.24), we compute

(dip, dh) = (V o @dz +V o pdy, hodz + hydy)

(M) (9 g - expi ) 4 (T (exm D)) (g3

4 n’(d(i;p))pdoll,p) ({(— exp p), ha)? + ((— exp;, ), hy)?)
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(ct. (5.6.6)).
We have to estimate the covariant derivatives of (— expg1 D)
For this purpose, let h(s) be a smooth curve in N. In order to control
v 2 exp;(ls) p, we consider the family of geodesics

c(t,s) = expy ) (t exp;(ls)p).
Then

9 —1
aC(t, 3)|t:0 = EXPps) P
and thus

_ 0
V% exph(ls)p = V% &C(tvs)\tzo

0
= V% ac(t,s)‘tzo .

For fixed s, J5(t) := %c(t, s) is a Jacobi field along the geodesic ¢(-, s) with

Oh
7.(0) = H(s) -2
Js(1) =0 € T,N,
. _ 0
Js(0) = Va exph(ls) p = EJS(O)'

From Corollary 5.5.1, we have the Jacobi field estimate

17:(0) + Js(0)] < %AdQ(h(S)yp)HJs(O)Ilv

hence

_ 1
IV expyly -+ 1) < SAE(h(s). D)W (3)].

(9.3.26)
We shall use (9.3.26) to compare Vo exp, ' p with hy.
The conformality relations /
(ha,hg) = (hy, hy), (hs, hy) =0 almost everywhere,
imply
_ _ 1 _
(expy " p,ha)” + (expy ' pyhy)” < S(Ilhall” + [y %)l expy, plI*
. (9.3.27)
Slanl - (h. ).

The factor % will be crucial.
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We define

)= [ (SR,
Then, because of (9.3.23) and p < p,

A40) = ~g5z [ 1P (T2

From (9.3.25), we get, since ' <0, n > 0,

2(dp,dh) 27](@) ((Va%(—exp;l h),hy) + <V%(— exp;1 h), hy))

Jr77/(d(i;’_p))CZ(Z—/’)mIIclflll2 by (9.3.27)
20T a0 (S S
B %’7(@)%(7%19)”6%”2 by (9.3.26)

and then from (9.3.24),
24,(p) = pAy(p) < Ap*Ay(p). (9.3.28)

This implies

hence

& (9.3.29)

whenever
0<pr <p2<0p.

We again let 1 approach the characteristic function x(_,1) and obtain with
A(p) := Area (h(D;) N B(p, p))

the following monotonicity formula

A . A 2
(p1) 30t < A2 403 (9.3.30)
2mpy 2mp;

whenever 0 < p; < ps <.
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Again, if p; — 0, the left-hand side of (9.3.30) tends to the density of the
minimal surface h(D,) at p = h(zp), and this density again is a positive integer.
Therefore, choosing p2 = 7 in (9.3.30),

1 o
P < oot [ Janf?
27T D
1 " (9.3.31)
A 2
< —eaﬂo/ ldh|?  since 7 < po.
271' D,
This is impossible, if » < rg and rg is chosen so small that
/ ||dh|% < 2me™ 27052, (9.3.32)
0
Therefore, for such r, (9.3.23) cannot hold. Thus, for 0 < r < r,
i <Dp. 3.
ess infd(h(2), h(z0)) < (9.3.33)

Also, by the intermediate value theorem, we can find r with %ro <r<rgand

, 27 9 2
A=) < = ( /D e ) (9.3.30)

for all z,2z’ € D, (this is an alternative to the use of the Courant-Lebesgue lemma
(Lemma 9.2.5), the proof is similar).
We then choose 7 so small that in addition to (9.3.32)

log 2
/ ldn|? < 2825 (9.3.35)
o 47

For zo, 2, € D, %ro < r < rg, r satisfying (9.3.24), we find z, 2" € 9D, for which the
infimum is attained in (9.3.33) for zop and z{, resp. Then from (9.3.33) and (9.3.34)
and the triangle inequality

d(h(z0), h(=)) < 3p.

Since this holds for all zg, 2, € D,, where r is estimated in terms of p, continuity at
0 follows. O

Perspectives. In Theorem 9.3.2, we have shown that weakly harmonic and conformal maps
of finite energy from a Riemann surface into a Riemannian manifold (of bounded geometry)
are continuous. The conformality of the map is not needed for this regularity result as
was shown by Hélein[142]. A systematic treatment is given in [143]. The removability of
isolated singularities of weakly harmonic maps was obtained by Sacks and Uhlenbeck[249].
The proof of the continuity of weak minimal surface given here partly uses some arguments
of Griiter[133].



544 Chapter 9 Harmonic Maps from Riemann Surfaces

Exercises for Chapter 9

1. Show that every two-dimensional torus carries the structure of a Riemann surface.

2. Determine all holomorphic quadratic differentials on a two-dimensional torus, and
all holomorphic quadratic differentials on an annular region {z € C : r; < |z| < 1o}
(0 < r; < r) that are real on the boundary.

3. Show that the conclusions of the Hartman-Wintner lemma (Lemma 9.1.7)
continue to hold if (9.1.17) is replaced by

uzz| < K(Juz| + |ul).

4. We let ¥ be a Riemann surface and H : R? — R be a smooth function. For a map
f: ¥ — R? we consider the equation
( 0?02

s a_yQ) f=2H(f()fe Ny

where z = k+1y is a conformal parameter on 3 and A denotes the standard vector
product in R3.

a: Show that, if f is conformal, H(f(z)) is the mean curvature of the surface f(X)
at the point f(z).

b: If ¥ = 52, show that every solution is conformal.

c: If ¥ is the unit disk D and f is a solution which is constant on 0D, show that
it is constant on all of D.

d: Show that for a nonconstant solution, f, and f, have only isolated zeroes.

e: At those points where f, and f, do not vanish, we define

b mnd N F)

\fo A fyl
o My fo A Sy)
M= [fo N fyl
N \fo A £yl

(using the Euclidean metric of R?).

Show that for a solution with H = const, pdz? := (L — N — 2iM)dz? is a
holomorphic quadratic differential.

Conclude that ¢, since holomorphic and bounded, extends to all of ¥ as a
holomorphic quadratic differential.
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f: If H = const and ¥ = 52, show that every solution f(X) has constant and
equal principal curvatures at each point. Conclude that it is a standard sphere

of radius \/—%, iLe. f(X)={z eR®: |z —xo|> = £} for some .

(Hint: Use a), b), e) and Lemma 9.1.4.)

Remark: By the uniformization theorem, every two-dimensional Riemannian
manifold M diffeomorphic to S? admits the structure of a Riemann surface and
a conformal diffeomorphism K : §? — M. It thus is conformally equivalent
to S2. The exercise then implies that every surface diffeomorphic to S? and
immersed into R? with constant mean curvature is a standard “round” sphere.
This result, as well as the method of proof presented here, were discovered by
H. Hopf.

5. Prove Theorem 9.2.3, assuming only that N is complete but not necessarily
compact.






Chapter 10

Variational Problems from
Quantum Field Theory

10.1 The Ginzburg—Landau Functional

A prototypical situation for the functionals that we are going to consider is the
following;:

M is a compact Riemannian manifold, E a complex vector bundle over M, i.e.
a vector bundle with fiber C", equipped with a Hermitian metric (-,-). We consider
sections ¢ of F and unitary connections D4 = d+ A (locally) on E. Here, “unitary”
of course means that A is skew Hermitian w.r.t. (-,-). We denote the curvature of
Da=d+ Aby Fa, and we write |g| for (¢, @)2.

We consider Lagrangians of the type

L) i= [ (nIFaP +72IDagl +2aV () #(1). (10.1.1)
M
Here 71, 72, 3 are positive constants, while V(-) is some “potential”. If V(¢) is
quadratic in |¢|, e.g.

V(p) = m?|pl, (10.1.2)
the resulting Euler-Lagrange equations are linear in ¢,
D4Dap +mPp =0, (10.1.3)

The Euler-Lagrange equations also contain a equation for variations of A,
namely

. 1
MDY Fa = —572(<<P,DA<P> +(Dap,¢)) (10.1.4)

J. Jost, Riemannian Geometry and Geometric Analysis, Universitext,
DOI 10.1007/978-3-642-21298-7_11, (© Springer-Verlag Berlin Heidelberg 2011
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(see also the proof of Lemma 10.1.1 below for the derivation of these equations).

It leads to a richer structure, however, if we allow V' (¢) to be a polynomial of
higher than quadratic order in |p|. Of particular interest to us will be the case of a
fourth order polynomial, for example

Vip) = (o - l¢?)?,

for some o € R.

We first consider the case where the base manifold is a compact Riemann surface
3 equipped with a conformal metric, and where the vector bundle is a Hermitian line
bundle L, i.e. with fiber C, and a Hermitian metric (-,-) on the fibers.

Definition 10.1.1. The Ginzburg—Landau functional for a section ¢ of L and a
unitary connection Dy = D + A on L is defined as

1 2

Lo A)i= [ (Pl +1Dagl + (o = 16P)?)4(1) (10.1.5)
=

for o € R.

The reason for the factor 411 will emerge in a moment. A simple calculation yields

Lemma 10.1.1. The Euler—Lagrange equations for the Ginzburg—Landau functional
are

. 1
DiDap = 5 (o = lel) ¢, (10.1.6)

D3 Fy=—Re(Dayp,p). (10.1.7)

Proof. The term [|Fa|?> was handled in §4.2 when we derived the Yang—Mills
equation. Varying

/(DAso,DAsO> (10.1.8)
w.r.t. A yields

d

G [1DasimeDavinellico = [ ((Dag.Bo) + (Bo.Dag)) .

Thus (10.1.7) readily follows (cf. also (10.1.4) above). Varying (10.1.8) w.r.t. ¢ yields

& [Dato+10).Date+ 6o = [ (D3Daw.0) + (6. D3Dag))

Finally, the right-hand side of (10.1.6) obviously arises from varying

[3lo-1ep)

w.r.t. ¢. O
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Remark. (10.1.7) is linear in A. Namely, as explained in §4.2 (cf. (4.2.24)), for an
abelian structure group, D% F4 becomes d*F4, and so (10.1.7) is

d* (9A™! = 9AM°) = —Re ((d + A)p, ¥)
(in the notations of (10.1.12) below) which is obviously linear in A (but not in ¢).

Since D4 is a unitary connection, A is a 1-form with values in u(1), the Lie
algebra of U(1). This Lie algebra will sometimes be identified with iR. (U(1) is a
subgroup of the Lie group Gl(1, C), and u(1) is a subalgebra of the Lie algebra gl(1, C).
The latter can be identified with C. Likewise, GI(1,C) can be identified with C*, the
nonvanishing complex numbers, and U(1) then corresponds to the complex numbers
of the form e*’, ¢ € R. Taking derivatives, u(1) then corresponds to the complex
numbers of the form it, ¢ € R.) Thus, A, A%® A% and the curvature F,4 will then be
considered as imaginary valued forms. This will explain certain factors ¢ appearing
in the sequel.

We should point out that the convention adopted here (which is a consequence
of more general conventions used in other places in the present book) is different
from the convention employed in the physics literature, where one writes a unitary
connection as

d—iA

with a real valued A. In other words, our A corresponds to —iA in the physics
literature.
We decompose !, the space of 1-forms on ¥, as

o =00 o0t (10.1.9)

with Q10 spanned by 1-forms of the type dz, Q%! by 1-forms of the type dz. Here, z
of course is a local conformal parameter on ¥, and with z = x4y, we have Z = z —1iy.
From the beginning of §9.1, we recall the conventions

dz = dx + idy, dz = dx — idy,
9 _1(0 .0 9 _1(0 0
0z 2\ox oy)’ 0z 2\ox oy/)’

If 8%7 ai are an orthonormal basis of the tangent space of ¥ at the point under
Yy

consideration, we get
(dz,dz) = (dx + idy, dz + idy)
=2, (10.1.10)
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The last relation in (10.1.10) implies that (10.1.9) is an orthogonal decomposition.
We may also decompose D4 into its (1,0) and (0, 1) parts

Dy =04+ 5,4.
Thus
dap € QYO(L), 940 € Q¥(L), for all sections ¢ of L. (10.1.11)
We also write _ _
Oa=0+AYY 9x=0+ A%, (10.1.12)
with _
d=0+40

being the decomposition of the exterior derivative. Here we have
0 0
af = fdz, of = f dz, for functions on X.

We write the conformal metric g on ¥ in our local coordinates as
p*(2) dzdz.
Given zg € ¥, we may assume that
0% (20) = 1, (10.1.13)

simply by replacing our coordinates z by 72 We may then describe the action of

p(z
the * operator of the metric p?dzdz at zy as follows

xdz = *(dz + idy)

=dy —idx
= —idz, (10.1.14)
«dz = idz. (10.1.15)
We also recall
dz Ndz = —2idx N\ dy, (10.1.16)
hence
*(dz N\ dz) = —2ix(dzx A dy)
= -2 (10.1.17)
and
(1) =dz Ndy

- %dmdz. (10.1.18)
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We compute

94040 = (0+A") 0 (0+A")p
=000+ AV NDp+ AN AN 4 (A1) o — AN NDp  (10.1.19)
= 07

since 99 = 0 and AY0 A A0 + 9AL0 is a (2,0)-form which has to vanish as ¥ has
complex dimension 1.

Likewise L
00=0 (10.1.20)
Moreover,
04040 = 00p + A0 N Do + AV A A% - (8A0’1) o — A% A Dy,
9404 = 58901— A01 A_ago + AP AN AYOp + (9AMY) o — AV A Dy (10.1.21)
= —040ap + (04" —0A™")
= —040.a¢ — Fap,
ie. B B
Fy=— (0404 +0404). (10.1.22)

Theorem 10.1.1. We have

L(p, A) = /<2|5As02 + (*(sz) - %(o’ - |¢|2))2>*(1) +2rodegL  (10.1.23)

with
deg L := ¢, (L)[X] (the degree of the line bundle L).

Proof. We compute (writing F' in place of Fy)

J (P = o= 1) V) = [(1FP + 3(0 = 10P)? = osiF xiF(p.0)) (1)
(10.1.24)
Now

/ FiF(1) = / iF = 2mer (L)) = 2 deg L. (10.1.25)
Also, using (10.1.22),
/(*iF(p, ©)x(1) = / <—2' (GAEA +5A8A) ®, *gp> x(1).

In order to proceed, let 2y € X, and choose Riemannian normal coordinates with
center zg. Thus, p?(z0) = 1, and the first derivatives of the metric vanish at zy. Also,
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we apply a gauge transformation so that A(zp) = 0 (see Lemma 4.2.3). Since we
are not going to commute derivatives any more, no second derivatives of the metric
or first derivatives of A will enter our subsequent computations at zp, and we may
therefore proceed with our computations as in the Euclidean case. Thus, we have to
evaluate

/<—i((<pg)zdz NdZ + (¢.)zdZ A dz), %gpdz A d2>*(1)

. / 2((p)- -7 — (p2)= - 7)#(1)

(since (—idz A dZ,idz A dZ) = —|dz A dZ|> = —4,as (-,-) is Hermitian)
= 2/(%@ — ¢.7) (1)
=~ [ (0al? = Basl)1)

(the factor 2 disappears since (dz,dz) = (dz,dz) = 2, and in our coordinates d¢ =
.dz ete.). Thus we have shown

= [tiFe.e1) = [ (0aeP = Bagl?) +(0). (10.1.26)
Finally, of course 3
IDagl® = [0a¢]” + [0agl?, (10.1.27)

since the decomposition
Ql — QI,O o QO,I

is orthogonal. The result then follows from (10.1.24) — (10.1.27). |

Theorem 10.1.1 has the following useful consequence:

Corollary 10.1.1. Assume deg L > 0. Then the lowest possible value permitted by
the global topology of the bundle for L(p, A) is realized precisely if ¢ and A satisfy the
set of first order differential equations

dap =0, (10.1.28)

_ 1
#(iF) = 5(0 = lol?). (10.1.29)
O

Remark. If deg L < 0, then these equations cannot have any solution, because for any
solution, L (¢, A) would be negative by (10.1.23) whereas we see from (10.1.5) that
for any ¢, A, L(p, A) > 0. Thus, in case deg L < 0, one has to consider the selfduality
equations arising from the following expression for the Ginzburg-Landau functional:

L(p, A) = /(2|6Acp|2 + (#(=iF) — %(a - |<p|2))2)*(1) “ordegL,  (10.1.30)
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which is derived through the same computations. W.l.o.g., we shall assume deg L > 0
in the sequel.

Integrating (10.1.29) yields the inequality

2 deg I — /zF - %/(o— ~ loP)(1) < 2 Area(5),

with

Area (X)) = /*(1)

Thus, a necessary condition for the solvability of (10.1.29) is

4w deg L
o> Area (%)’ (10.1.31)
and in fact, we must have strict inequality in (10.1.31) unless ¢ = 0.

Corollary 10.1.1 constitutes another instance of the phenomenon of selfduality
that we already encountered in §4.2 when we discussed the Yang—Mills functional on
a four-dimensional Riemannian manifold. The equations (10.1.28), (10.1.29) are also
called selfduality equations because the solutions of these first order equations are
precisely those solutions of (10.1.6), (10.1.7) that realize the lower bound imposed
by the topology for the functional and, if they exist, yield the absolute minima for
the functional considered. In fact, this remark, namely that these equations hold
for the absolute minima, makes it clear that any solution of (10.1.28), (10.1.29)
automatically also solves (10.1.6), (10.1.7), as the latter are the Euler-Lagrange
equations for the Ginzburg-Landau functional, and as such have to be satisfied in
particular by minimizers of that functional. Of course, it may also be checked by a
direct computation that solutions of (10.1.28), (10.1.29) also solve (10.1.6), (10.1.7).

The selfduality may be generalized as follows. Instead of L(p, A), we consider
for € > 0,

Lelp, A) - = /{62|FA\2 +[Dagl® + ﬁ(o ~ e 1)

) ; (10.1.32)
- /{2|a,4<p\2 + (exliF) = 5o )" b(1) + 27 deg L,
which leads to the selfduality equations
Dap =0, (10.1.33)
1
Ex(iF) = 50— lol?). (10.1.34)

Still more generally, in place of €, one may consider a function f(z) on X, for example,

=ell ¢(€z)\ . This leads to the functional
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Lty (9, 4) = / {WFA(Z)2 +|Dag(2)* + é(d - |<p2)290(z)2} *(1)
N / {25“”'2 * (@*(W) - 2%(0 - Isog)sol)Q} #(1) + 2w deg L
(10.1.35)

with the selfduality equations
Oap =0, (10.1.36)

ex(iF) = %(0 — lel®)|pl?. (10.1.37)

The functionals L. and Lm are quite important for studying phase transitions in

superconductivity.

For studying solutions, the following consequence of the maximum principle is
very useful:

Lemma 10.1.2. Let ¥ be a compact Riemann surface with a conformal metric, L as
before. For any solution of (10.1.6), hence in particular for any solution of (10.1.28),
we have

lp| <o on X. (10.1.38)

Proof. From (10.1.6), we obtain

S 0p.0) = (D Dag,) — (Dap, Dag)  (cf. (127))

(o = lel)lel* = [Dagl*.

1
2
Let zo € ¥ be a point where |p|? achieves its maximum. We may assume A = 0 at
zo (cf. Lemma 4.2.3), hence Dap = 0 at z9. If we had |¢(20)| > o, then at 2

Alg]? <0,

which contradicts the maximum principle. O

Perspectives. It was shown by Taubes[281] that on R?  one may solve the Ginzburg-
Landau equations with any given finite collection prescribed as zero set for ¢, with prescribed
multiplicities. This result was extended to compact Riemann surfaces by Bradlow and
Garci a-Prada, and these authors also found generalizations on higher dimensional Ké&hler
manifolds. References include [35, 36], [108-110]. We should also mention Hitchin’s
penetrating study[148] of the equations

5,4(,0 =0,
Fa+[p,¢7]=0
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on a compact Riemann surface.

The limit analysis for ¢ — 0 of the functional L(¢, A) and the solutions of the
equations (10.1.33), (10.1.34) on a compact Riemann surface has been carried out by Hong,
Jost and Struwe[149]. The result is that away from the prescribed zero set of ¢, (the
“vortices”), |¢e| uniformly converges to 1, and Da, ¢, and dAc uniformly converge to 0,
whereas the curvature in the limit becomes a sum of delta distributions concentrated at
the vortices. Of course, the number of vortices counted with multiplicity has to equal the
degree of the line bundle L, deg L. This result thus yields a method for degenerating a line
bundle on a Riemann surface into a flat line bundle with deg L singular points (counted with
multiplicity) and a covariantly constant section.

Results for the ¢° theory on a compact torus can be found in Caffarelli and Yang|[45],
Tarantello[280], Ding, Jost, Li and Wang[79]. For the case of S?, see Ding, Jost, Li and
Wang[80]. The general case was solved by Ding, Jost, Li, Peng and Wang[78].

10.2 The Seiberg—Witten Functional

Let M be a compact, oriented, four-dimensional Riemannian manifold with a spin®
structure P¢, i.e. a spin® manifold. (As mentioned in §2.4, in the four-dimensional
case, there always exists some spin® structure on a given oriented Riemannian
manifold.) As in Definition 2.4.10, the determinant line bundle of this spin® structure
will be denoted by L, and as in Definition 4.4.1 (ii), the Dirac operator determined
by a unitary connection A on L will be denoted by @4. Finally, we recall the half
spin bundle 8% defined by the spin® structure, as remarked after Definition 2.4.10 (we
omit the subscript for the dimension, as the dimension is fixed to be 4 in the present
section). By Lemma 4.4.5, @4 maps sections of 8 to sections of 8F.

Definition 10.2.1. The Seiberg—Witten functional for a unitary connection A on L
and a section ¢ of 8T is

R 1
SW(p.A)i= [ (IVagl +FLP + Tlol + glol*) (1), (10.2.1)
M

where V4 is the spin® connection induced by A and the Levi-Civita connection of
M (cf. (4.4.6)), F1 is the selfdual part of the curvature of A, and R is the scalar
curvature of M.

The discussion of the Seiberg-Witten functional will parallel our discussion of
the Ginzburg-Landau functional in §10.1. In fact, the structure of SW is quite similar
to the one of L, containing a square norm of the curvature of the connection A, the
square of the norm of the covariant derivation of ¢, and a nonlinearity that is a fourth
order polynomial in |p].
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Lemma 10.2.1. The Euler-Lagrange equations for the Seiberg—Witten functional are

. R 1
ViVap=- (F+7IP) e (1022)
d*Fi = —Re(Vap,p). (10.2.3)
Proof. As the proof of Lemma 10.1.1. O

In order to proceed, we need to associate to s € S the 2-form 7(s) defined by
7(s)(v,w) := (v-w-s,8) + (v, w)|s|?.
Lemma 10.2.2.
7(s) € A>T (iR)
(i.e. T(s) is a selfdual 2-form that assumes imaginary values), and

[m(s)* = 2Is[".

Proof. We first show that 7(s) takes imaginary values. We start with the skew
symmetry.
7(s)(v,w) = (v-w-s,8) + (v, w)|s|?
= ((~w-v—2(v,w))s,s) + (v,w)]s

= —7(s)(w,v),

| 2

next,

= —(v-s,w-s)+ (v,w)|s|* by Corollary 2.4.4
= (w-v-s,s) + (v,w)|s|* for the same reason
= 7(s)(w,v)
= —7(s)(v,w) by skew symmetry.
This implies that 7(s)(v,w) is in iR.
For the computation of |7(s)|?, we recall that the spin representation T' :
CI°(R*) — C**4, and the half spin representation that we shall now denote as
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T CI9Y(RY) — S = C%2. We write s = (s!,5?) € C? and obtain from the
formulas for I'(eq, eg) from §2.4,

7(s)(e1,e2) = i(s's2 + s’sT) = 7(s)(es, ea),
7(s)(e1,e3) = s's2 —s%s1 = —7(s)(eq, e4),
7(s)(e1,eq) = i(s'st — s%s2) = 7(s)(ea, e3).
This implies that 7 € A>T,
We may now compute
2= () (e e))?
i<j
=2 ((S sU— 5262)% 4 (5762 + s%s1)2 — (s's2 — 525)2)
=2|s|*.
|
In more explicit terms we may write
7(s) = (ej - ex - 5,8)ed NeF
where € is a frame in 7 M dual to the frame e; on TM (j =1,...,4).
Theorem 10.2.1. The Seiberg—Witten functional (10.2.1) can be expressed as
2
W)= [ (19l + |Ff = Jles e o) ne[)s), (0:2.)
M
where ¢/, j = 1,...,4, are 1-forms dual to the tangent vectors ej, j = 1,...,4, i.e.
e’ (ex) = 9.
Proof. We have
+ 1 ikl =
|F — Z(ej-ek-w,w)e Ae | =
1
|FX\2 + 6 (e - ex - @, cp)ej /\ek’ FX,eJ Ae )( cep ). (10.2.5)
By Lemma 10.2.2
1 g2 1, 4
6 (ej -er-p,p)e! Ne ’ = g\gp| . (10.2.6)
Writing Ff = F;je' A€, we get
Lot i p ok Lot
S AFL e AN e e 0, 0) = (B ek 0,¢)
(10.2.7)

1
—5(Fie9).
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On the other hand, the Weizenbdck formula of Theorem 4.4.2 yields (applying (4.4.21)
to ¢, taking the scalar product with ¢, integrating, and using the selfadjointness of

@A) that
1 1
[10a6 = [19a0 + JRI6E + 5(FL 0,00 (10.2.8)
The result follows from (10.2.5) — (10.2.8). |

Corollary 10.2.1. The lowest topologically possible value of the Seiberg—Witten
functional is achieved precisely if ¢ and A are solutions of

aAgp = O7 (10.2.9)
1 .

Fi =Yy enpuied ne. (10.2.10

O

Definition 10.2.2. The equations (10.2.9) and (10.2.10) are called the Seiberg-
Witten equations.

Thus, we see the mechanism of selfduality at work once more. The absolute
minima of the Seiberg—Witten functional for which the above lower bound is achieved
satisfy not only the second order equations (10.2.2), (10.2.3), but also the first order
Seiberg-Witten equations (10.2.9), (10.2.10).

So far our discussion of the Seiberg—Witten functional has been completely
analogous to the one of the Ginzburg-Landau functional, except that so far, the
parameter o in the latter has had no analogue in the former. However, this can easily
be achieved by choosing a 2-form p and considering the perturbed functional

1 ; 2
SWiul.A) = [ (19acP +FL = 1l e pdel A ek ) s)

R
= /(IVMI2 +IFA1P + el (10.2.11)

1 . 2
+ ‘M* A_L<€j e p,p)ed /\ek| +2<FX,M>)*(1)~

If we assume that p is antiselfdual, then
(Fi,m) =0, (10.2.12)

as Ff by definition is selfdual and the decomposition of the 2-forms on a four-
dimensional manifold into selfdual and antiselfdual ones is orthogonal (see §4.2).
Thus, in that case the additional term (F}, u) in (10.2.11) disappears.

If we assume that pu is a closed selfdual form, then

(Fyom) =0,
again since the antiselfdual form F'; is orthogonal to the selfdual forms, and hence

(Fi,m) = (Fa, p)-
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Further, since F4 represents the first Chern class ¢; (L) of the determinant line bundle
L (see §4.2), and since p is assumed to be closed, hence represents a cohomology class

(1],
/<FA,M>*(1) (10.2.13)

M

does not depend on the connection A (see the discussion of Chern classes in §4.2),
hence represents a topological invariant, denoted by (c1(L) A [u])[M]. This expression
then plays a role that is completely analogous to the one of 27 deg L in the discussion
of the Ginzburg—Landau functional.

The corresponding first order equations for SW,, are

Dap =0, (10.2.14)
1 .
Fi= 1(€ien )l A et —pu. (10.2.15)

Since, by our conventions, both F'* and (e; - e - ¢, p)el A eF are imaginary
valued, (10.2.15) may only admit a solution if we assume that p is imaginary valued
as well. As in the Ginzburg-Landau theory, one may also introduce a scaling factor
€ > 0 or a scaling function like @ into the Seiberg-Witten functional. For example,
one may define

R
SWoelosA) = [{IVael + UETE + Lol
M

1 . 9
gl e -en - oophed At 2(FL ) f#()

= [{1pael +|ert = £ (Gl ex gt net = u)[ .
" (10.2.16)

We have a maximum principle similar to Lemma 10.1.2:

Lemma 10.2.3. For any solution ¢ of (10.2.2), hence in particular for any solution
of (10.2.9), on a compact four-dimensional Riemannian manifold, we have

2
< — . 2.
max lol* < 535}( R(z),0) (10.2.17)

Proof. (10.2.2) implies
1 *
FAIl® = (ViVap. @) = [Vapl® (e (427))

— R 1 2 2 2
= —(F+ 710P)lel = IV apl?.
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Let 2o € M be a point where |V 4¢|? achieves its maximum. Then
Alp(ao)[2 > 0.
Thus,
R(wo) + |¢(wo)|* < 0,
and (10.2.17) follows. |

Corollary 10.2.2. If the compact, oriented, Riemannian Spin® manifold M has
nonnegative scalar curvature, then the only possible solution of the Seiberg—Witten
equations is

Proof. By Corollary 10.2.1, solutions of the Seiberg-Witten equations (10.2.9),
(10.2.10) also solve (10.2.2), (10.2.3). From Lemma 10.2.3 we conclude that in case
R > 0, the only solution of (10.2.2) is

AS)
If
o

(10.2.10) then yields Ff = 0. O

In fact, the conclusion of Corollary 10.2.2 may also be obtained directly from
Theorem 10.2.1 as follows: From (10.2.4) is clear that for any solution of (10.2.9),
(10.2.10), we have SW(p,A) = 0. If R > 0, (10.2.1) on the other hand implies that
SW(p,A) = 0 can only hold if all terms in the integral in (10.2.1) vanish. Hence
p=0, FX =0.

Perspectives. The Seiberg—Witten equations were introduced by Seiberg and Witten[265,
266]. The mathematical relevance of these equations was first shown by Witten[303],
Taubes[282, 283], Kronheimer and Mrowka[195]. Further references can be found in the
monographs of Salamon[251] and Morgan[223]. The equations and their applications are
also described in several survey articles, among which we mention Friedrich[104] (see also
[105]). All these references have been useful in assembling the material presented here.

As in the case of other gauge theories like the Yang—Mills theory discussed in §4.2,
the functional and the equations are invariant under the action of a gauge group. Here the
structure group is U(1), and so the Gauge group G consists of maps from M into U(1) = S*,
u € G acts on a pair (¢, A) via

u(p, A) = (u" g, u” du+ A).

One has
Pura(u™ @) =u" Par
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and

Fuxa = Fa,
so that the functional and the equations (including the perturbed ones) remain invariant
under the action of §. For a given spin® structure ]SC, Riemannian metric g and imaginary
valued selfdual 2-form p as pertubation, one considers the space of solutions of (10.2.14),
(10.2.15) modulo the action of §. This space is called the moduli space M(M, ﬁc,g7u) of
solutions. One writes the second Betti number b> of M as

by =b" +b7,

where b (b7) is the dimension of the subspace of H?(M,R) represented by (anti)selfdual
2-forms. In Seiberg-Witten theory, it is shown that in case bt > 0, the moduli spaces
M(M, P¢, g, ) are finite-dimensional, smooth, compact, oriented manifolds, at least for
“generic” u. The compactness here comes from the fact that solutions satisfy uniform
estimates (Lemma 10.2.3 and estimates for higher derivatives, see e.g. Jost, Peng and
Wang[172] for a general presentation) that imply convergence of subsequences of families
of solutions. This is different from the situation in Donaldson’s theory of (anti)selfdual
connections on SU(2) bundles where no uniform estimates hold. The most useful case seems
to be where the moduli space is zero-dimensional, i.e. where one has a finite number of
solutions. The theorem of Seiberg-Witten says that if b© > 1 and b* — b~ is odd, then the
number of solutions counted with orientation is independent of the choice of the Riemannian
metric g and the pertubation p and depends only on the spin® structure P¢ on M. Also,
these moduli spaces are nonempty only for finitely many spin® structures. If (M, g) in
addition has positive scalar curvature, then in fact all Seiberg—Witten invariants vanish (cf.
Corollary 10.2.2). On the other hand, such Seiberg-Witten invariants, i.e. numbers of
solutions counted with orientation, can often be computed from general index theorems, i.e.
from topological data alone, and when these numbers are found to be nonzero, this yields
an obstruction for certain compact, oriented, differentiable 4-manifolds to carry metrics
with positive scalar curvature. For results based on such ideas, see e.g. Le Brun[42]. The
Seiberg-Witten theory can be used to prove, to reprove and to extend many results from
Donaldson theory. Kronheimer and Mrowka[195] and Morgan, Szabé and Taubes[224] used
Seiberg—Witten theory to prove the Thom conjecture, stating that smooth algebraic curves
(i.e. compact complex smooth subvarietes of complex dimension one) in CP? minimize the
genus in their homology classes.

The Seiberg—Witten equations seem to be particulary useful on symplectic 4-manifolds
(M, w). Using iw as a perturbation and using the limit e — 0 for the parameter € introduced
into the equations above (see (10.2.16)), Taubes[284,285] showed that in the limit the zero set
of the solution ¢ is a collection of pseudoholomorphic curves in the sense of Gromov[126].
Also, the curvature F4 will concentrate along the pseudoholomorphic curves in the limit
€ — 0. In this way, one may identify the invariants defined by Gromov that are very useful
in symplectic geometry, but hard to compute, with the invariants of Seiberg—Witten that
can typically be computed from topological index theorems. For a generalization of the
Seiberg—Witten functional with a potential term of sixth order, see Ding, Jost, Li, Peng and
Wang|[78].
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10.3 Dirac-harmonic Maps

Let ¥ be a compact oriented Riemann surface, equipped with a conformal Riemannian
metric as in Definition 9.1.2, in local coordinates

p*(z)dz @ dz (10.3.1)

for some positive, real valued function p(z). In real coordinates, we write the metric
as Yop(r)dz*dz”, and put v = det(yap), as usual. For a map f: X — N into some
Riemannian manifold, we shall use the abbreviations

_or

T Oz

fo

(10.3.2)

in local coordinates on N and real coordinates z', 22 on X.

As defined in §2.4, we let 83 be the spinor bundle of ¥, w.r.t. some choice of
spin structure, equipped with a Hermitian product (-,-). We also recall the Clifford
multiplication

T,Y xc 8y — 8% (10.3.3)

VRS — v-S
which satisfies the Clifford relations
veow-s+w-v-s=—2(v,w)s (10.3.4)
for v,w € T3 and s € §,%, and which is skew-symmetric,
(v-s,8)=—{(s,v-5) (10.3.5)

for v € T,X and s,s" € §,3.

Let f be a smooth map from ¥ to a Riemannian manifold (N, g) of dimension
n > 2. f7'TN is the pull-back of the tangent bundle TN by f. We consider the
twisted bundle X ® f~!TN. On this bundle, there is a metric (-,-) induced from the
metric on 8% (induced in turn by the metric on ) and the metric of N on f~1TN.
Also, we have a natural connection V on 82 ® f'TN induced from those on 8% and
F-ITN.

In local coordinates, a section 1 of 8 ® f TN can be expressed as

—~ 0
Y(x) = z;d)] (z) ® 6_yj(f(x))’ (10.3.6)
j=
where 1 is a spinor and %,j = 1,...,n, is the natural local basis of TN. The

connection V can then be expressed as

Vi = Vii(z) ® %(f(fv)) + T3V (@)y" () © o (f(2)), (10.3.7)
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where, of course, the I‘j- . are the Christoffel symbols of IV. Since the connection Vv is
induced from the Levi-Civita connections of ¥ and N, we have

U<¢1’ ¢2> = <%v¢17¢2> + <'(/117 %111&2)7 (1038)

for any vector field v.
After these preparations, we can define the Dirac operator along the map f by

9 )
dy’ (f(x)), (10.3.9)

P = i) o o

(f(2)) + T Ve, f! (2)(ea - " (2)) ©

where eq, es is the local orthonormal basis of ¥ and @ = e, - V., is the usual Dirac
operator as defined in Definition 4.4.1.
Like @, see (4.4.11), also the Dirac operator Pis formally selfadjoint, i.e.,

[w.p = [, (10.3.10)

for all ¢, & € T(8X ® f~1TN), the space of smooth sections of 8L ® f~ITN.
We consider the space

X:={(f,¢)|f€C®E,N)and ¥ € (S ® f'TN)}

of smooth maps from ¥ to IV together with smooth sections of the bundle $L® f 1T N
along those maps. On X, we define the functional

L) = 5 [P + ) s

[2 (gij(f)v"ﬁ%% +gij(f)<'(/1i,wj>> VAd*z. (10.3.11)

So far, we have not made use of the assumption that the domain Y is two-dimensional.
Thus, the next result is, in fact, valid for Riemannian manifolds of arbitrary dimension
as domains.

Theorem 10.3.1. The Euler—Lagrange equations for L are

T(f) = R(f.¥), (10.3.12)
D=0, (10.3.13)
where T(f) is the tension field of the map f and R(f,) € T(f~1TN) is defined by

R, 0)(0) = 5 R (F@) Toh 05 (7(2)) (10:3.14)

Here, the R}, are the components of the curvature tensor of N.

Definition 10.3.1. Solutions (f,7) of (10.3.12) and (10.3.13) are called Dirac-
harmonic maps.
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Proof of Theorem 10.3.1. We first keep f fixed and vary ¢. We consider a family
iy with diy/dt = n at t = 0. Since Pis formally selfadjoint (see (10.3.10)), we have
for a critical point of L for all such n

0=y = /M<17JD¢> ) =2 /M<n,w>, (10.3.15)

which yields (10.3.13) by Theorem A.1.5.

Next, we consider a variation {f;} of f with df;/dt = & at t = 0 for which
the coefficients 7 (j = 1,2,---,n) of the spinor ¥(z) = ¥’ (z) ® 8%(]‘(95)) are
independent of ¢t. Then

dL( ft

=0 = / o |40 = 0*/ 5> Po)e=o- (10.3.16)
By (8.1.13), we have

0 ‘
/ S lldfell*li=o = —2/ T(F)gim€™. (10.3.17)
M M

For the remaining term in (10.3.16), we first compute the variation of 4. As usual,
we choose Riemann normal coordinates, that is, V_o_52 2. = 0 at the point under

B’Ea

consideration. We also put e, := %' Then

d
E = €q V%VEQ@Z)
; 9 i 9
T Ve BV gy e VOV Ve gy
Z, 5 Z, ) ) P
= €q- Vea’l/) ®V%a—yi +eq PR (veaV%a—yi +R(df(§)adf(ea))ayz)

? 1. 0 0
= e€q- Vea(w ® V% 8_%) +eq - 1/) ® R(df(a)vdf(ea))ayz :

Hence, we have

9]
| st o

d
| e+ [ Gl

/N’W ® vgimt:o + (et ® R(df@),df(ea))imzo

- /va,wi@va 2 limo+ (a4 @ R (2), df(ea) o >\to

/ (V,ea - @ R(df(*), df(Ea))afy'ﬂt:o by (10.3.13)

, 0, 0
Ay, dy; Dy
0
8

- / (e - W®R($m )

/ (o ®E™ LRI

[ WV R
J M
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Altogether, when (f,) is a critical point of L for such variations, we obtain

dL(ft)
dt

li=0 = / (=2gmi™" (f) + Ryt (", Vf1 - 7)) €™,
M
and hence (10.3.12). |

There are obvious solutions of the Euler—Lagrange equations (10.3.12), (10.3.13),
namely those where either f or v is trivial. In the first case, we have a constant map
f and a harmonic spinor ¢, that is, ¢ = 0. In the second case, we have a harmonic
map f, that is, a solution of (10.3.12) with vanishing right-hand side, and 1) = 0. On
52, we also have an interesting class of nontrivial solutions. For a map f : $? — 52
and a spinor ¢ on S2, that is, a smooth section of 852, we define a spinor field
along f by

V5o i =€q 0® filea), (10.3.18)

for a local orthonormal basis e, of the tangent space as before.

Proposition 10.3.1. Let ¢5, be defined by (10.3.18) from a nonconstant map f :
S% — 82 and a spinor o. Then (f,1.,) is a Dirac-harmonic map if and only if f is
a (possibly branched) conformal map and o is a twistor spinor (see (4.4.14)).

Proof. Let (f,1¢,0) be a Dirac-harmonic map. The spinor field ¢ of (10.3.18) satisfies
(W5 VfT ) = (V5 0,V f1 -V f ) = [Ef L en - 0,00y - ).

Hence (%, Vf7 - 9!} is purely imaginary by the skew-symmetry of Clifford multipli-
cation. On the other hand, because of the skew-symmetry of R; i With respect to the
indices k and I, Rl (¥, V f7 - 4!) must be real, and hence

SR, VT 9l) =0,

Thus, if (f,¢fs) is a Dirac-harmonic map, then f is harmonic by (10.3.12). By
Corollary 9.1.5, f therefore is conformal.

We may, as always, choose Riemann normal coordinates so that V. eg = 0 at
the point z € S? under consideration. (10.3.13) then yields at =

0 = Do
— ey Velea 0@ folea)
= e €a {Ve,0® fulea) +0® Ve, fulea)}
= —(Ve,0® filea) +o@7(f))
ter ez (Ve,0® fu(ea) = Ve,0 @ fuler) + 0 @ (Ve, fulez) — Ve, fi(e2)))
= =V, 0® fileq) —€1-€2 (Ve,o0 ® fuler) = Ve, 0@ fule2)).
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Since ¢ is conformal (and nonconstant), the above equation is equivalent to
€1 VEIO' = €9 VE2O', (10.3.19)

which says that o is a twistor spinor, see (4.4.14).
In the other direction, the above computations also yield that if f is a conformal
map and o is a twistor spinor, then (f,1¢ ) is a Dirac-harmonic map. O

We now use the fact that the domain is two-dimensional in order to detect
important structural properties of the functional L and its critical points, the Dirac-
harmonic maps. These depend on the analogue of Corollary 9.1.4, that is, conformal
invariance.

Theorem 10.3.2. Let k: ¥ — ¥ be a conformal diffeomorphism, with p(z) = |%E|.
With

fi=fok and ¢ =p"*)oK, (10.3.20)

we have

L(f, %) = L(f, ). (10.3.21)

Proof. The conformal invariance of [, ||V f||?p*dzdz follows from Corollary 9.1.4.
Eom (4.4.7), one may infer that the Dirac operator @ for the new metric p%k(z))%
%dz ® dz satisfies

P =iy, (10.3.22)

remembering (10.3.20). Hence also
D= =3y, (10.3.23)
whence the conformal invariance of [(¢, W)p*dzdz. Thus, both terms in L are
conformally invariant. O
The conformal invariance of L will now lead to the analogue of Theorem 9.1.1.

Theorem 10.3.3. Let X be a Riemann surface with local holomorphic coordinates
z=x+1y, N a Riemannian manifold with metric (-,-)n (with associated norm |||,
or (9ij)ij=1,..dim N @0 local coordinates. If (f,1) is Dirac-harmonic, then

02157 = ({12 = 1,1 = 2 ) + (5 ¥ ) =00 5 T g 01)) 5

ox
(10.3.24)
is a holomorphic quadratic differential.

Remark. The expression in (10.3.24) involving 1 does not look symmetric in z and
y, but the subsequent computations will clarify this issue.

Theorem 10.3.3 can be proved by direct computation, of course, but it is more
insightful to derive it from conservation laws.
Define a two-tensor by

bap = 2far f8) = 0ap(fys fo) + (¥, €a - Ve, 1), (10.3.25)
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where f, := fi(es). Here, as before, {e,} is a local orthonormal frame on ¥ and {n®}
is a coframe dual to {e,}. The tensor ¢,sn® ® n” is called the energy—momentum
tensor. This tensor is symmetric and traceless, as we shall now verify. First the
symmetry: The equation A = 0 yields

€1 %eﬂﬂ = —€2- 6@%

then _ _ ~
€9 €71 Velw = *63 . V52¢ = Ve2¢7
that is, . -
—€1 62" velw = Veg"/)
therefore,

€2 - Veld) =e€e1 - 6621!}7

which implies that ¢ is symmetric.
The first term in ¢ is traceless by construction, and that the second one is
traceless as well follows directly from the equation /¥ = 0.

Proposition 10.3.2. When (f,) is a Dirac-harmonic map, the energy—momentum
tensor is conserved, i.e.,

> Veibap=0. (10.3.26)

Proof.

Veabas = Ve 2(farfs) = Sap(frs f2)) + Veu (¥, €a - Ve, 1)
I+ 11

As before, we choose a local orthonormal basis {e,} on ¥ with V. eg = 0 at the
point under consideration. We compute

I = 2(Ve, fi(ea), fulep)) +2(fs(ea), Ve, fi(es))
—200p(f«(€5), Ve, fi(ey))
= 27(f): fo) + 2(fa, Veg felea)) = 2(f1: Vey fuley))
= 2(r(f), fp)

and

II = ($area )+ (W, ea - Ve, Ve, )
= 7<ea'¢avwﬂ>+<¢’mﬂ>
= (¥, D).

Therefore, we have

Vea@ap =21(f), f3) + (¥, Pg). (10.3.27)
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Now

2D fa) = ARGWLVI W) g o)
gmpRlij<w 7Vfl 1/}]>fg

= Ry (W', V1 07) f5. (10.3.28)

We compute Dpg = eq - %ea %eﬁw. By a direct computation,

0
aym ’

_ -~ 9
Veaveﬁ’d) - Veaveﬂw = Rsz(eayeﬁ)wl ® ay lljfl ffﬂ/}l

where RS¥ is the curvature operator of the connection V on the spinor bundle $X.
By (4.4.19), this curvature operator satisfies for a tangent vector V of ¥

o - R%% (e, V)p' = %Rz‘c(V) Yt (10.3.29)
It follows that
0 6
. pSE _ i v . pSY i
(¥, ea - R (eq, oy ) (¥ ® s€a - R (easep) By )

= gij<wjaea "R (eq,e5)0")
= %gij (7, Ric(eg) - ")
= 0.

Therefore

(%Wﬁ) = <w7€a Veaveﬁ¢>

<'L/J véﬁ(ea.v€aw)> lzng<vfZ ¢l® aym»w & 8yp>
szgw” VI ) g

= —Ruuy (", V- 99) f3m.

From (10.3.27), (10.3.28) and (10.3.30) we conclude that ¢,g is conserved. |

Proof of Theorem 10.3.3. The proof follows directly from Proposition 10.3.2. O

Perspectives. The variational problem presented in this section is a mathematical version
of the nonlinear supersymmetric sigma model of quantum field theory. In that model,
the variables and fields are Grassmann instead of real valued. In particular, the ones
corresponding to the spinor 1) represent fermionic particles and are anticommuting. It was
discovered in [61] that one still obtains a rich mathematical structure when one makes all
fields real valued, and therefore commuting, even though one then loses the supersymmetry.
The conformal invariance of the functional L, however, is not affected. Here, we have
followed that reference. Further analytic results are derived in [60]. It remains to explore
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the geometric significance of Dirac-harmonic maps further, but since they arise from a deep
structure in quantum field theory, one naturally also expects deep geometric applications.
The physical aspects including supersymmetry are discussed in [94,95,164]. In [62], the
D-branes in superstring theory are converted into a partially free boundary value problem
for Dirac-harmonic maps, and the corresponding boundary regularity theory is developed.
The variational problems presented and analyzed in this chapter, as well as those in earlier
chapters like the Yang—Mills functional, form important links between high energy theoretical
physics and geometry. This perspective is more systematically explored in, for instance,
[164,208].

Exercises for Chapter 10

1. Show by a direct computation that (10.1.28), (10.1.29) imply (10.1.6), (10.1.7).

2. Derive the Euler-Lagrange equations for the functional defined in (10.2.16).






Appendix A

Linear Elliptic Partial
Differential Equations

A.1 Sobolev Spaces

We are going to use the integration theory of Lebesgue. Therefore, we shall always
identify functions which differ only on a set of measure zero. Thus, when we speak
about a function, we actually always mean an equivalence class of functions under the
above identification. In particular, a statement like “the function f is continuous” is
to be interpreted as “f differs from a continuous function at most on a set of measure
zero” or equivalently “the equivalence class of f contains a continuous function”.

Replacing functions by their equivalence classes is necessary in order to make
the LP- and Sobolev spaces Banach spaces.

Definition A.1.1. Q C R% open, p€ R, p > 1,

LP(Q) : = {f : Q@ — RU {%o0} measurable
Ild P = pd % s
o [ lariey o= ( [ 17@)Pde) " < oc

L>®(Q): = {f : Q — RU{£oo} measurable

and || f|| Lo () = ess sup|f(z)| < oo}, with
TEQ

ess sup f(z) := inf{a € RU{oo} : f(z) < a for almost all z € Q}.
€N

J. Jost, Riemannian Geometry and Geometric Analysis, Universitext,
DOI 10.1007/978-3-642-21298-7, (© Springer-Verlag Berlin Heidelberg 2011
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Theorem A.1.1. With norm || - ||r(y, LP(Q) is a Banach space for 1 < p < oo.

Theorem A.1.2 (Holder’s Inequality). Letp,q > 1, %+% =1(g=o00 forp=1
and vice versa), f € LP(2),g € L4(Q). Then fg € L*(Q) and

[ @atanas < ([ If(w)l”dw); ([ |g<x>|qu);.

More generally, for p1,...,pm > 1, pil+-~-+pL:1, fieLPi(Q),i=1,...,m,

/’H fi(x)‘d:v < ﬁ (/|fl(x)|17)pl '

i=1

Theorem A.1.3. If (fn)nen converges to f in LP(2), then a subsequence converges
pointwise almost everywhere to f.

Theorem A.1.4. C§°(Q) is dense in LP(Q2) for 1 < p < oo (but not for p = o0).

Theorem A.1.5. If f € L?(2) and

/ f@)p(x)de =0, for every ¢ € C3°(Q),
Q

then
f=0.

We let

LP

loc

(Q) = {f: Q= RU{*oc}: f € LP(Y) for V¥ Q' € Q}.

Definition A.1.2. Let f € L (Q). We call v € L] _ () the weak derivative of f in

loc

the direction of z¢, v = D, f, if

[ v@rewas=— [ 1% as,

for all p € C3(Q). Here z = (z',...,2") € R™.
Weak derivatives of higher order are similarly defined (notation Dy f for a
multiindex ).
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Definition A.1.3. Let k € N, 1 < p < co. We define the Sobolev spaces and Sobolev
norms as follows:

WHEP(Q) == {f € LP(Q) : Va with || < k: Dof € LP(Q)},

oo = (3 [ 10afl) for1<p <,

lee| <k

f lwee@) == D ess sup [Daf(x)l,

jaj<k  *€9
HEP(Q) := closure of C°(Q) war.t. | - lwe.e),
H*?(Q) := closure of C*°(Q) w.r.t. || - llwe.e(q)-

Theorem A.1.6. W5P(Q) = H*?(Q) for 1 < p < oo,k € N. WrkP(Q) is a Banach
space for 1 <p < oo, k € N.

Some local properties of Sobolev functions:

Lemma A.1.1. Q C R? open, f € HYY(Q), i € {1,...,d}. Then for almost all
A ER, flrzi—yy is absolutely continuous.

Let f € LY(Q), © open in R%. Then for almost all zo € Q,

1
lim ——— — dz =0
Tli% |B($0,7‘)‘ /|f($) f($0)| €z
(|B(z0,7)| = wqr? denotes the Lebesgue measure of the ball B(xg,7)).

An z( satisfying this property is called a Lebesgue point. If z( is a Lebesgue
point, then f is approximately continuous at xo; this means the following:
For € > 0, let

Se:={y € Q:|f(y) — flwo)| <c}.

Then
. |Se N B(xo, )]

lim

=1 foralle>O0.
r—0  |B(zg,7)]

Similarly, f € H%(Q) is called approximately differentiable at zo € €, with
approximate derivative V f(xo), if for
SLi={y € Q:|f(y) — fxo)(y — wo) = Vf(w0)| <ely — zol},

1

B
limwzl for all € > 0.
r—0  [B(zo, )|

We then have

Lemma A.1.2. A function f € H"Y(Q), Q C R? open, is approvimately differ-
entiable almost everywhere, and the weak derivative coincides with the approximate
derivative almost everywhere.
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Lemma A.1.3. Q C R? open, £ : R — R Lipschitz, f € H*?(Q). If {o f € LP(Q),
then Lo f € HYP(Q) and for almost all x € €,

Di(bo f)(z) =0(f(x))Dif(x), i=1,...,d.
Theorem A.1.7 (Sobolev Embedding Theorem). Q@ C R" open, bounded, [ €
HyP(). Then
fe L7 forp <mn,
feCc’@Q) forp>n.
More precisely, there exist constants ¢ = c(n,p):

IF11 22 ) < €l Dfllzr @ forp <n,

11
sug |f(z)] < Vol ()7 ||Df|lry forp>n.
zTE

Forn=p, f e L1Q) for all ¢ < c0.

Remark. HY™(Q) is not contained in C°(Q) or L>=(Q).

Let us consider the following example:
d>2,Q=B(0,1) cR? f(z):=loglog ﬁ is in Hy*“(Q), but has a singularity at
x = 0 and is unbounded there. Using this example, we may even produce functions

in A4 with a dense set of singular points. For example, take Q =B (0, %) C R?, let
(pv)ven be a dense sequence of points in 2 and consider

glw) =Y 27" f(z —py).

Corollary A.1.1 (Poincaré Inequality). Let Q C R™ be open and bounded. Then
for all f € H}?(Q)

1£]l 220 < comst Vol ()=

Dfllr2 - (A.1.1)

When in place of a domain €2 in Euclidean space, we have a compact Riemannian
manifold M, this becomes

Corollary A.1.2 (Poincaré Inequality). Let M be a compact Riemannian
manifold. If f € H“?(M) satisfies [,, f =0, then

1£1l 2 ary < const Vol (M) | Df|| 12 (ar)- (A.1.2)
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We recall here that we assume all our manifolds to be connected. Otherwise, we
would have to impose the condition that the integral of f be 0 on every component
of M.

Corollary A.1.3. Q2 C R" open, bounded, then,

Hk,p(Q) L%(Q) for kp < n,
0 cm@)  for0<m<k-—2

In particular, if f € H(]f’p(Q) for all k € N and some fized p, then f € C=(Q).

Theorem A.1.8 (Rellich-Kondrachov Compactness Theorem). 2 C R" open,

. . 1, .
bounded. Suppose 1 < g < % ifp<d,and1 <q<ooifp>d. Then Hy?(Q) is

compactly embedded in LY(Q), i.e. if (fn)nen C H&’p(Q) satisfies

| frllwir o) < const,

then a subsequence converges in L1(2).

Corollary A.1.4. Q as before. Then Hy*(Q) is compactly embedded in L*(9).
Similarly, on a compact Riemannian manifold M, H*2(M) is compactly embedded in
L?(M).

H"*2(Q) is a Hilbert space, the scalar product is
(F @ = 3 /Q Do f(2) Decg() da
lee|<k

Finally, we recall the concept of weak convergence:
Let H be a Hilbert space with norm ||| and a product (-,-). Then (v,)neny C H
is called weakly convergent to v € H,

Up —7 U,

iff
(U, w) — (v,w) forall we H.
Theorem A.1.9. Every bounded sequence (vn)nen in H contains a weakly convergent
subsequence, and if the limit is v,
lo|l < liminf ||v,|
n—oo

(where (vy,) now is the weakly convergent subsequence).

Ezample. Let (e,) be an orthonormal sequence in an infinite dimensional Hilbert
space. Then e, — 0. In particular, the inequality in Theorem A.1.9 may be strict.
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A.2 Existence and Regularity Theory for Solutions
of Linear Elliptic Equations

Q) will always be an open subset of R™.

For technical purposes, one often has to approximate weak derivatives if they
are not yet known to exist by difference quotients which are supposed to exist. Thus,
let

feL*(QR),
(e1,...,em) an orthonormal basis of R™,
heR, h#0.

We put

f(z + he;) — f(z)
h

If o € L2(2), supp p € Q, |h| < dist (supp ¢, 99Q), we have

Al f(z) = (if dist (@, 09) > |hl).

[ @ @yete) e = - [ @A olw) da. (A.2.1)
Lemma A.2.1. If f € H'2(Q), ' € Q, |h| < dist (V,09Q), then Alf € L2(Q) and
1A} fllz2n < IDifll2) fori=1,...,m.

Conversely,

Lemma A.2.2. If f € L?(Q) and if for some K < oo
AP fllro@) < K

for some sequence h, — 0 and all Q' € Q with h, < dist (Q',99Q), then the weak
derivative D; f exists and
I1DifllL20) < K.

The fundamental elliptic regularity theorems for Sobolev norms may be proved
by approximating weak derivatives by difference quotients.

We now formulate the general regularity theorem.
We consider an operator

Lf(z):= a%(aaﬁ(x)g% f(@)) (A.2.2)

forreQ, f:Q—-R, QCR™.
We assume that there exist constants 0 < A <y with

MEP < a®(2)éas < pléf (A.2.3)
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for all x € Q,& € R™. We say that L is uniformly elliptic. Let k € L?(Q). Then
f € HY2(Q) is called a weak solution of

Lf=k

/ a®P(z) Dy f(x)Dap(z) do = —/ k(z)p(z) dx (A.2.4)
Q Q
for all ¢ € Hy(Q).

Theorem A.2.1. Let f € HY2(Q) be a weak solution of (A.2.4). Suppose k €
HY2(Q), a®® € C"*T1(Q) (v € N).
Then
f c HV+272(Q/)

for every Q' € Q.
If

a®?|| vy < Ko,

then
I fllzvv22y < e(lfllzz ) + 15l mv2@))s (A.2.5)

where ¢ depends on m, A\, v, K, and dist (£/,090).

Iterating this result with respect to the order v of regularity, we obtain
Corollary A.2.1. Let f € H"%(Q) be a weak solution of (A.2.4). Suppose k,a™® €
C>(Q).

Then

fec=()
for every Q' € Q.

The Harnack inequalities of Moser are of fundamental importance for the theory
of elliptic partial differential equations:

Theorem A.2.2. Let L be a uniformly elliptic operator as in (A.2.2), (A.2.5).

(i) Let u be a weak subsolution, i.e.
Lu>0 in a ball B(xg,4R) C R™

([a*’DyuDgp <0 for all ¢ € Hy?(B(xo,4R))). Forp > 1 then

P 1 ’
sup u < ¢y < m/ maxum,Opda:> ,
( ) wm(2R) B(z0,2R) (), 0)

B(zo,R) p—1
where ¢ depends only on m and § in (A.2.3).

S o




578 Appendix A Linear Elliptic Partial Differential Equations

(ii) Let u be a positive supersolution, i.e.
Lu <0 in aball B(xy,4R) C R™.

Form >3 and0<p<% then

( 1 P) P < C2 . f
— U <—— inf w,
wm(2R)m B(z0,2R) (mrr_L2 - P)2 B(zo,R)

¢z again depending only on m and §. For m = 2 and 0 < p < oo, the same
estimate holds when %ZW is replaced by a constant c3 depending on p and &.

The Harnack inequality also translates into estimates for the fundamental
solutions of the Laplace-Beltrami operator, and their generalizations, the Green
functions. The Green function G(zg,x) of a ball B C M (or another sufficiently
regular domain), for xg in the interior of B, is symmetric in 2 and zg, smooth
for x # x(, becomes singular like md(aj,xo)%d in case d = dimM > 3

(wg = Vol S971) (and like ;—2 log d(zg, z) for d = 2), vanishes for x € 0B, and satisfies
h(zg) = / Ah(z) G(xg,z)dVol (z) for allh € CZ(B).
B

A geometric approximation of the Green function (that is exact in the Euclidean
case) has been investigated in §5.7. An analytic alternative that allows to avoid the
singularity is the use of the mollified Green function. For simplicity, and because that
typically suffices for applications, we only consider the case of a ball. The mollified
Green function G(zg, ) on the ball B(zg, R) relative to the ball B(z,2R) of double
radius, GE(zo,-) € HY2 N CY(B(wo,2R)), satisfies

/ Ap(x) GB (2o, x) dVol () = / (dp(x),dG (20, x)) dVol (z)
B(z0,2R) B(z0,2R)

= ][ o(z) dVol (z),
B(zo,R)

for all p € HY? with supp ¢ € B(zo,2R).

For purposes of normalization, it is convenient to consider

| B(z0,2R)|
wh(z) = TGR(IQ,CL‘)
with |B| := Vol B.
We then have

do(z), dw® (z :i x),
/B @) d @) = /B R

for all o € H'? with supp ¢ € B(zo,2R).
We then have the estimates
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Corollary A.2.2.
0 <wf <~ in B(xo,2R),
wh >~ >0 in B(zg, R),
for constants 1, o that do not depend on R.

The estimates of J. Schauder are also very important:

Theorem A.2.3. Let L be as in (A.2.2), (A.2.3), and suppose that the coefficients
a“B(x) are Hélder continuous in Q, i.e. contained in C°(Q) for some 0 < o < 1.

(i) If u is a weak solution of
Lu=k
and if k is in L>®(Q), then u is in CH7(Q), and on every Qy € Q, its C17-
norm can be estimated in terms of its L?-norm and the L>¥-norm of k, with a
structural constant depending on Q, Qu, m, o, A, u and the C?-norm of the

a“f(z).
(i) If u is a weak solution of
Lu=k

for some k € C*(Q), v=0,1,2,...,0< 0 < 1, and if the coefficients a®® are
also in C*7(Q), then u is in C*T%7(Q), and a similar estimate as in (i) holds,
this time involving the C*° -norm of k and the a®P.

Finally, we quote the maximum principle.
Theorem A.2.4. Let Q C R™ (or, more generally, @ C M, M a Riemannian
manifold) be open and bounded, f € C*(Q) N C°(Q) with
Lf>0 in€Q,
L asin (A.2.2), (A.2.3). Then f assumes its mazimum on the boundary 0.

All the preceding results naturally apply to the Laplace—Beltrami operator on
a ball B(xg,r) in a Riemannian manifold M, putting

1 0 0
L=-A=—— b _—_
7 0w (v 52m).
(YaB)a,8=1,...,m the metric tensor of M in local coordinates, (v*8) = (Yap) ",
v = det(Vas)-

References for the material in this appendix are: Gilbarg and Trudinger[113], Jost[166]
and, with a more elementary presentation, Jost[167]. The results of Corollary A.2.2
about Green functions are systematically derived in [134], and in a more general
context in [28]. Some further points about Sobolev spaces can be found in Ziemer[315].
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A.3 Existence and Regularity Theory for Solutions
of Linear Parabolic Equations

In this section, we consider differential equations on § x [0,00) where € is an open
subset of R™ as in §A.2, and we continue to use the notations introduced there.

In particular, as before, let the operator L be a uniformly elliptic operator of
the form

. 0 a3 0
Lf(z) = %(a (I)Wf(x)) (A.3.1)
with constants 0 < A\ < p satisfying
NéP? < a® (@, 1)6als < plgf (A.3.2)

for all z € 2,0 <t,£ € R™. The equation we wish to study then is

%f(m,t) — Lf(x,t) =k(x,t) forz €Q, t >0 (A.3.3)
f(z,0) = ¢(x) (A.3.4)

for some continuous function ¢(z) and some bounded function k(z,¢) (and suitable

boundary conditions, but since in the text, we are interested in compact manifolds M

in place of the open domain €2, these will not play an essential role and consequently

are not emphasized here). (A.3.3) is a linear parabolic partial differential equation.
We first state the parabolic maximum principle.

Theorem A.3.1. Let Q@ C R™ (or, more generally, Q C M, M a Riemannian
manifold) be open and bounded, f € C?*(Q) N CYQ) with respect to x and in
CH((0,T7)) N C°([0,T7]) with respect to t, with

%f—Lng in Q x [0, 7. (A.3.5)

Then f assumes its mazimum for (x,t) with x € 9Q or fort = 0, that is, either on the
spatial boundary or at the initial time. In particular, when M is a compact manifold
(without boundary), the supremum of f(-,t) is a decreasing function of t.

We have the following existence and regularity theorem for solutions of (A.3.3),
with Schauder type estimates:

Theorem A.3.2. Let L be as in (A.3.1), (A.3.2), and suppose that the coefficients
a®8(z,t) are Hélder continuous in Q x [0,00), i.e. contained in C°(Q x [0,00)) for
some 0 < o < 1. If we prescribe some boundary values, say f(y,t) = g(y) for all
y € 09, for some given, e.g. continuous, function g, the solution of (A.3.3) then
exists for all t > 0.
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Furthermore, we have the following estimates:

(i) If u is a weak solution of
Lu=k (A.3.6)

and if k is in L>(Q x [0,00)), then as a function of x, u is in C17(82), and
for every Qo @ Q and ty > 0, its (spatial) C17(Q)-norm on Qo x [tg,o0) can
be estimated in terms of its L™ -norm and the L -norm of k, with a structural
constant depending on Q, Qo, to, m, o, \, p and the C7-norm of the a®?(x).

(i) If u is a weak solution of
Lu=k

for some k € CV7(Q2 x [0,00)), v=0,1,2,..., 0 < o < 1, and if the coefficients
a®? are also in C"7(Q x [0,00)), then u is in C*+%7(Q) with respect to x and
of class CV*1:7 with respect to t, and the corresponding norms can be estimated
analogously to (i), this time involving the C**? -norm of k and the a®P.

The restriction to ¢t > t; > 0 can be avoided if the initial values f; satisfy
appropriate regularity results. The estimates on [0, c0) will then naturally also involve
the corresponding norms of fj.

Theorem A.3.2 concerns a linear parabolic equation. In the text, we shall
encounter nonlinear parabolic equations and systems. For those, the global existence
and regularity cannot be deduced from a general result, but rather needs to invoke the
detailed structure of the system. What one can deduce from Theorem A.3.2, however,
is the short time existence of solutions when the linearization of the differential
operator satisfies the assumptions of that theorem. This follows by linearization
and the implicit function theorem. That means that for such nonlinear systems, we
can obtain the existence of a solution on some interval [0,7') whose length depends
on the regularity properties of the initial values. This also implies that the maximal
interval of existence for nonlinear parabolic systems is open. For the closedness of
the interval of existence, and consequently the existence of a solution for all “time”
t > 0, one then needs to derive specific a-priori estimates that prevent solutions from
becoming singular in finite time.

A reference for parabolic differential equations and systems is [196]. For a
textbook treatment, we refer to [166].






Appendix B

Fundamental Groups and
Covering Spaces

In this appendix, we briefly list some topological results. We assume that M is a
connected manifold, although the results hold for more general spaces.
A path or curve in M is a continuous map

c¢:[0,a] = M (a>0).

A loop is a path with ¢(0) = ¢(a), and that point then is called the base point of the
loop. The inverse of a path c is

¢t [0,a] — M,
cH(t) == cla —t).

If ¢; : [0,a;] — M are paths (i = 1,2) with ¢2(0) = ¢1(a1), we can define the
product ¢ - ¢ as the path ¢: [0,a1 + as] — M,

t) c1(t) for 0 <t <a,
C =
co(t —ar) foray <t <ay+ as.

Two paths ¢; : [0, a;] with ¢1(0) = ¢2(0) and ¢1(a1) = c2(az) are called equivalent or
homotopic if there exists a continuous function

H:[0,1] x [0,1] — M
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with

H(t,O) =C1

>

a )

i), for all ¢,
a2

0),

az), for all s.

H(t,].) = C9

I/~ I/
[

H(O,S) = 01(0) = C2
H(l,s) =ci(a1) = c2

—~

In particular, ¢ : [0,a] — M is equivalent to ¢ : [0,1] — M with &(t) = ¢(%), and so
we may assume that all paths are parametrized on the unit interval.

We obtain an equivalence relation on the space of all paths. The equivalence
class of ¢ is denoted [c], and it is not hard to verify that [c1co] and [¢~!] are independent
of the choice of representations. Thus, we may define

[c1 - o] =t [e1] - [e2],

[ =[] .

In particular, the equivalence or homotopy classes of loops with fixed base point
p € M form a group 71 (M, p), the fundamental group of M with base point p.

If pand g are in M and ~ : [0,1] — M satisfies y(0) = p, v(1) = ¢, then
for every loop ¢ with base point ¢, Y '¢y is a loop with base point p, and this
induces an isomorphism between 71 (M, q) and w1 (M,p). We may thus speak of the
fundamental group 71 (M) of M without reference to a base point. M is called simply
connected if w1 (M) = {1}. A continuous map f : M — N induces a homomorphism
fy :m(M,p) — w1 (N, f(p)) of fundamental groups.

Let X be another connected manifold. A continuous map

. X > M

is called a covering map if each p € M has a neighborhood U with the property that
each connected component of 7~ (U) is mapped homeomorphically onto U. If p € M
and H is a subgroup of m1 (M, p), there exists a covering w : X — M with the property
that for any « € X with 7(x) = p, we have 7, (m(X,z)) = H.

If we choose H = {1}, we obtain a simply connected manifold M and a covering

7 M — M.

M is called the universal covering of M.
If 7: X — M is a covering, ¢ : [0,1] — M a path, zo € 7 !(c(0)), then there
exists a unique path
&:00,1 — X
with ¢(0) = zo and ¢(t) = 7(&(t)). ¢ is called the lift of ¢ through .
More generally, if M’ is another manifold, f : M’ — M is continuous, pg € M,
Yo € f~ (po), w0 € T (po), there exists a continuous

f:M'—>X
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with f(yo) = zo and f = 7o f if and only if fu(m (M, y0)) C mu(mi (X, x0)). f is
unique if it exists.

Let m: M — M be the universal covering of M. A deck transformation is a
homeomorphism ¢ : M — M with

T=mo .

Let 7(xo) = po. m1(M,po) then bijectively corresponds to 7~ 1(pg). More precisely,
x1 € 7 (po) corresponds to the homotopy class of (7., ), where 7., : [0,1] — M is
any path with v, (0) = xg, vz, (1) = 21. The deck transformations form a group that
acts simply transitively on 7! (pg), and associating to a deck transformation p(xq) €
7 1(pg) then yields an isomorphism between the group of deck transformations and
1 (Ma p())'

If M and N are manifolds with universal coverings M and N, resp., and if
f:M—N
is a continuous map, we consider the induced homomorphism

p:=fy:m(M,p) — m (N, f(p))

of fundamental groups. If 7 : M — M is the universal covering, we can lift f o7 :
M — N to a map o ~
f:M— N,

because the above lifting condition is trivially satisfied as m (M) = {1}. f is
equivariant w.r.t. the above homomorphism p in the sense that for every A € 7 (M, p),
acting as a deck transformation on M, we have

fOx) = p(\) f(z) for every z € M, (B.1)

where p(A) acts as a deck transformation on N. We say that f is a p-equivariant map
between the universal covers M and N.
Conversely, given any homomorphism

p:m(M,p) — m(N,q)
and any p-equivariant map
g:M— N (with g(p) = q),
not necessarily continuous, then g induces a map
g :M—N

whose lift to universal covers is g. ¢’ is continuous if g is.
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Finally, if M is the universal cover of a compact Riemannian manifold M, a
so-called fundamental domain F'(M) for M in M can be constructed as follows:

For simplicity of notation, we denote the group (M, o) operating by deck
transformations on M by I', and its trivial element by e.

Let d(.,.) be the Riemannian distance function on M. We select any zy € M.
We then put

F(M):={z€ M :d(z,20) < d(yz,20) forallyeTl,y#e}.
F(M) is open. Since I' operates by isometries, i.e.
d(Mz1,M2z9) = d(z1,22) forall N\ €T, z,25 € M,
we may also write
F(M)={z¢€ M :d(z,2) < d(z,\z) forall \eT,\+#e}.

By its definition, F'(M) cannot contain any two points that are equivalent under the
operation of I'. On the other hand, for any z € M, we may find some p € I" such that

uz € F(M).

Thus, the closure of F((M) contains at least one point from every orbit of I' in M.
If f: M — R is an integrable function, and if f : M — R is its lift to the
universal cover of M, then

/ £ () dVol (z) = / F(y) dvol (y).
M F(M)

Ezamples of fundamental groups.
1. m(R™) = {1} for all n.
2. m(SY) =7Z.
A generator is given by
c:[0,1] = S* = {(z,y) e R? : 2 + ¢* =1},
c(t) = (cos 2rt, sin 27t).
The universal covering of S! is R!, and the covering map is likewise given by
m(t) = (cos 2mt, sin 27t).
3. m(S™) = {1} for n > 2.

4. m1(SO(n)) = Zy for n > 3.

The preceding results can be found in any reasonable textbook on Algebraic
Topology, for example in [119] or [274].
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distance, 16

distance function, 16, 226, 512
divergence, 90, 92, 110

dual basis, 44

dual bundle, 137

dual space, 43

dualization, 363

eigenform, 108

eigenfunction, 94

eigenvalue, 94, 108

Einstein manifold, 165

Einstein summation convention, 6

elliptic, 123

ellipticity condition, 123

embedding, 10

energy, 18, 93, 421, 424, 429, 441, 486,
499, 502, 514, 532

energy density, 419

energy functional, 404, 438, 440

energy minimizing, 510, 511, 513, 515,
517, 518, 525, 526
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energy-momentum tensor, 567

Enneper’s surface, 201

equicontinuity, 525

equicontinuous, 517, 518, 520, 526

equivariant, 585

estimates of J. Schauder, 579

Euclidean type, 302

FEuler characteristic, 329, 331, 401

Euler class, 375

Fuler-Lagrange equation, 18, 114, 212,
421, 423, 547, 556

exact form, 113

exact sequence, 396

exponential map, 20, 30, 62, 142, 216,
217, 229, 304, 310, 319

extended index, 223

exterior p-form, 47

exterior derivative, 48, 50, 138, 139

exterior product, 43, 47

finite energy, 428
finiteness theorem, 267

mo-, 267
first Betti number theorem, 264
first Chern class, 280
first fundamental form, 193
first order differential equation, 51
flat, 165, 313, 317
flat connection, 143
flat Riemannian manifold, 165
flow, 53
flow line, 328, 336, 351
formally selfadjoint, 179
frame field, 47
Fredholm operator, 376, 377, 381-383,

385

Friedrichs mollification, 253
Fubini—Study metric, 274
fundamental class, 375
fundamental domain, 586

gauge group, 149, 150
gauge transformation, 149
Gauss curvature, 165, 194
Gauss equations, 194
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Gauss lemma, 217

Gauss—Bonnet Theorem, 261

Gauss—Kronecker curvature, 193, 195

generalized Morse-Smale—Floer condition,
372

generic homotopy, 370

geodesic, 19, 20, 54, 142, 161, 200, 207,
211, 216, 222, 224, 229, 242, 286,
287, 290, 317, 429, 432

geodesic of shortest length, 25, 30, 35

geodesic ray, 255, 256

geodesically complete, 35, 286

Ginzburg-Landau functional, 548, 558

gradient, 89, 92, 110, 328, 336

gradient flow, 335, 413

graph flow, 373

Green function, 578

group of diffeomorphisms, 53

Hadamard manifold, 258

Hadamard—-Cartan Theorem, 243

half spin bundle, 555

half spinor bundles, 85

half spinor representation, 81

Hamiltonian flow, 55

harmonic, 92, 93, 428, 429, 431, 433, 435,
485, 497-499, 501, 503, 507, 510,
513, 517, 518, 520, 521, 525-527

harmonic form, 106, 114, 185

harmonic function, 92, 93, 107, 421, 426

harmonic map, 200, 421, 426

harmonic spinor field, 180, 186

Harnack inequalitiy, 470, 473, 577

Hartman—Wintner-Lemma, 504, 535

Hartmann—Grobman-Theorem, 340

Hausdorff property, 1

heat flow, 31

helicoid, 201

Hermitian line bundle, 548

Hermitian metric, 273, 274, 497

Hessian, 172, 432

Hilbert space, 115

Hodge * operator, 82

Hodge decomposition, 119
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Hodge decomposition theorem for Kéhler
manifolds, 284

holomorphic, 270, 495-499, 521, 527

holomorphic quadratic differential, 499,
500, 503, 504, 521, 527, 566

holomorphic tangent space, 10

holomorphic vector bundle, 50

holomorphic vector field, 501

homeomorphism, 1

homoclinic orbit, 351

homogeneous, 287

homogeneous coordinates, 270

homology group, 121, 330, 363, 367, 393,
394

homology theory, 396

homotopic, 28, 485, 509, 510, 518, 522

homotopy, 29, 370, 372, 384

Hopf map, 272

Hopf-Rinow Theorem, 35, 226, 287

hyperbolic, 165

hyperbolic space, 228, 229, 286

hyperplane, 270

immersed minimal submanifold, 199

immersion, 10

index, 223

index form, 211

induced connection, 138

infinite dimensional Riemannian mani-
fold, 28, 403

infinitesimal isometry, 60

injectivity radius, 27, 511, 513, 522, 539

instanton, 152

integral curve, 52

invariant k-form, 153

invariant polynomial, 153

involution, 275, 286

isometric immersion, 199

isometry, 26

isometry group, 287

isospectral manifolds, 191

isotropy group, 323

Iwasawa decomposition, 319

Jacobi equation, 212, 216, 229
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Jacobi field, 211-214, 216, 229, 234, 236,
289, 290, 541
Jacobi identity, 56, 59, 298, 316

Kahler form, 273, 274, 277

Kahler identities, 281

Kaéahler metric, 274, 278

Karcher’s constructions, 249, 257
Killing field, 60, 174, 216, 290, 291, 302
Killing form, 147, 298, 304

Korn’s inequality, 175

Lagrangian, 547

Laplace operator, 90, 122

Laplace—Beltrami operator, 92, 106, 110,
171, 279, 425, 433, 470, 475, 497

left invariant Riemannian metric, 65

left translation, 64

length, 15

length minimizing, 221

lens space, 288

level hypersurface, 351

Levi-Civita connection, 160, 171, 192,
286, 420, 427

Li—Yau theorem, 189

Lichnerowicz estimate, 184, 188

Lichnerowicz Theorem, 186

Lie algebra, 57, 60, 65, 68, 297, 303

Lie bracket, 56, 57, 64, 138, 303

Lie derivative, 58, 59, 167, 173

Lie group, 61, 297, 303

linear elliptic equation, 576

linear parabolic equation, 580

linear subspace, 270

local 1-parameter group, 60

local 1-parameter group of diffeomorphisms,
53

local conformal parameter, 496

local coordinates, 2, 45, 142, 406, 419,
424, 499, 507

local flow, 52

local information, 394

local isometry, 26

local minimum, 411

local product structure, 359
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local stable manifold, 341

local triviality, 41

local unstable manifold, 341

local variation, 197

locally symmetric, 288

locally symmetric space, 290

lower semicontinuity of the energy, 444

manifold, 2

maximum principle, 580

maximum principle, 501, 522, 554

Mayer—Vietoris sequence, 271

mean curvature, 193, 198, 199

metric bundle chart, 46

metric connection, 144, 145, 147

metric tensor, 167

minimal 2-sphere, 520, 527

minimal submanifold, 199, 426

minimal submanifolds of Euclidean space,
200

minimal surface, 201, 535

minimal surfaces in R3, 201

minimizers of convex functionals, 463

minimizing, 209

minimizing sequence, 95, 514

minimum, 332

model space, 229

modulus of continuity, 450, 513, 518

mollification, 253-255

monotonicity formula, 534, 542

Moreau—Yosida approximation, 462

Morse function, 328, 334, 370

Morse index, 335, 394

Morse index theorem, 224

Morse inequalities, 401

Morse—Floer cohomology, 363

Morse—Floer theory, 358

Morse—Palais-Lemma, 337

Morse—Smale—Floer condition, 358-360,
365, 394, 395

Morse—Smale—Floer flow, 367

Morse—-Smale-Floer function, 386, 401

Moser’s Harnack inequality, 577

Myers and Steenrod Theorem, 296

negative basis, 103
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negative gradient flow, 328, 335, 339, 345,

350, 352, 409
negative sectional curvature, 209, 227,
431, 487

noncompact type, 302

nondegenerate, 120, 334, 341, 353

nonnegative Ricci curvature, 185

nonpositive curvature, 485

nonpositive sectional curvature, 242, 243,
429, 431, 482, 486

normal bundle, 49

normal coordinates, 21

nullity, 223

one-form, 44

one-parameter subgroup, 287, 291, 310
open set, 1

orbit, 336, 351

orientable, 3

orientable flow, 367

orientation, 103, 365, 366, 382
orthonormal basis, 46

Palais—Smale condition, 332, 353, 358,
407, 409, 411, 502

Palais—Smale sequence, 413

parabolic differential equation, 31, 580

parabolic estimates, 32, 580

parabolic maximum principle, 33, 580

paracompact, 1

parallel form, 185

parallel sections, 135

parallel transport, 135, 145, 233

parametric minimal surface, 202, 497, 501

partition of unity, 5, 408

perturbed functional, 558

Poincaré duality, 375

Poincaré inequality, 95, 449, 467, 469,
471, 574

polar coordinates, 23

positive basis, 103

positive gradient flow, 363

positive Ricci curvature, 185, 186

positive root, 319

positive sectional curvature, 210
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potential, 547
Preissmann’s theorem, 487
principal G-bundle, 65
principal bundle, 65
principal curvatures, 193
probability measure, 249
projection, 41, 65

proper, 332

pulled back bundle, 43
Pythagoras inequality, 249

quadrilateral comparison theorem, 246
quaternion algebra, 72

rank, 41
rank of a symmetric space, 313
Rauch comparison theorem, 229, 512, 514

real on the boundary (holomorphic quadratic

differential), 503, 504

real projective space, 289

regular, 317

regular geodesic, 317

regular homotopy, 370

regularity, 450, 452, 466, 521, 576, 580

relative homology group, 392

relative index, 358

relative Morse index, 335

Rellich compactness theorem, 95, 97, 116,
223, 225

Rellich-Kondrachov compactness theorem,
575

removable singularity, 527, 531

representation formula, 240

Reshetnyak’s quadrilateral comparison the-
orem, 246

Riccati equation, 238

Ricci curvature, 164, 165, 226, 431, 482,
486

Ricci form, 279

Ricci tensor, 164, 279

Riemann surface, 202, 495, 497, 499, 502,
507, 510, 516, 518, 520, 521, 533,
539, 548

Riemannian metric, 13, 45, 46, 328, 336,
496
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Riemannian normal coordinates, 21
Riemannian polar coordinates, 23, 24
right translation, 64

root, 315, 317

saddle point, 332

scalar curvature, 164, 279

scalar product, 147

Schauder estimates, 580

Schur, 165

second covariant derivative, 171

second fundamental form, 193, 194, 236

second fundamental tensor, 192, 193

second variation, 207

second variation of energy, 426, 428, 429

section, 42

sectional curvature, 164, 165, 296, 482,

511, 513, 539

Seiberg—Witten equations, 558, 560

Seiberg-Witten functional, 555, 558

selfdual, 152

selfdual form, 558

selfduality, 553, 558

selfduality equations, 553

semisimple, 301, 302, 304

short time existence, 581

shortest curve, 29

shortest geodesic, 460

singular, 317

singular geodesic, 317

singular hyperplanes, 318

smoothing, 253

smoothness of critical points, 422

Sobolev curve, 403

Sobolev embedding theorem, 405, 406,
458, 574

Sobolev norm, 115

Sobolev space, 105, 115, 116, 122, 223,
403, 441, 510, 573

space form, 165

spectrum of Laplacian, 94

sphere, 12, 25-27, 166, 192, 195, 214, 216,
217, 222, 226, 229, 230, 271, 285,
500

sphere at infinity, 255
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sphere theorem, 262

spherical, 165

spin group, 69

spin manifold, 84, 180, 186

spin structure, 84, 85

spin® manifold, 85, 182, 555

spin® structure, 85

spinor bundle, 85, 176, 562

spinor field, 85, 180

spinor representation, 81, 83

spinor space, 79, 81

splitting off of minimal 2-sphere, 519

splitting theorem, 265

stable foliation, 346, 359

stable manifold, 336, 345, 352, 358

star operator, 103, 104

stratification, 358

strictly convex, 173

strictly convex function, 434

structural conditions, 448, 450, 456, 458

structure group, 42, 45, 46, 65

subbundle, 43

subharmonic, 433, 435

submanifold, 11, 49, 194

symmetric, 275

symmetric space, 275, 286, 287, 289, 302,
310

Synge Theorem, 210

system of differential equations, 51

system of first order ODE, 135

tangent bundle, 10, 42, 45

tangent space, 7, 9

tangent vector, 7

tension field, 423, 432

tensor, 44

tensor field, 44

tensor product, 43

theorem of Lyusternik and Fet, 413
theorem of Picard—Lindelof, 336, 338
theorem of Reeb, 416

theorema egregium, 194

Tits building, 319

topological invariant, 559

topology of Riemannian manifolds, 186
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torsion, 142

torsion free, 142

torus, 3, 26, 27, 122

total space, 41

totally geodesic, 194, 195, 313, 431, 432,
435, 486

transformation behavior, 44, 46, 137, 140

transformation formula for p-forms, 48

transition map, 42

translation, 287

transversal intersection, 358

transversality, 369

twistor spinor, 180

unitary group, 272

universal covering, 585

unstable foliation, 347

unstable manifold, 328, 336, 345, 352,
358, 394-396

variation of volume, 197
vector bundle, 41

vector field, 42, 51
vector representation, 70
volume factor, 14
volume form, 105, 277

weak convergence, 575

weak derivative, 572, 576

weak minimal surface, 532, 533, 535, 536,
539

weak solution, 577

weakly harmonic, 424, 448, 458, 532, 539

Weitzenbdck formula, 171, 180

Weyl chamber, 318, 319, 321

Yang—Mills connection, 148, 150
Yang-Mills equation, 152
Yang—Mills functional, 148, 150, 156
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