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PREFACE TO THE
FIRST EDITION

This book is an outgrowth and a considerable expansion of lectures given
at Brandeis University in 1967-1968 and at Rice University in 1968-1969.
The first four chapters are an attempt to survey in detail some recent
developments in four somewhat different areas of mathematics: geometry
(manifolds and vector bundles), algebraic topology, differential geometry,
and partial differential equations. In these chapters, I have developed vari-
ous tools that are useful in the study of compact complex manifolds. My
motivation for the choice of topics developed was governed mainly by
the applications anticipated in the last two chapters. Two principal top-
ics developed include Hodge’s theory of harmonic integrals and Kodaira’s
characterization of projective algebraic manifolds.

This book should be suitable for a graduate level course on the general
topic of complex manifolds. I have avoided developing any of the theory of
several complex variables relating to recent developments in Stein manifold
theory because there are several recent texts on the subject (Gunning and
Rossi, Hormander). The text is relatively self-contained and assumes famil-
iarity with the usual first year graduate courses (including some functional
analysis), but since geometry is one of the major themes of the book, it is
developed from first principles.

Each chapter is prefaced by a general survey of its content. Needless to
say, there are numerous topics whose inclusion in this book would have
been appropriate and useful. However, this book is not a treatise, but
an attempt to follow certain threads that interconnect various fields and
to culminate with certain key results in the theory of compact complex
manifolds. In almost every chapter I give formal statements of theorems
which are understandable in context, but whose proof oftentimes involves
additional machinery not developed here (e.g., the Hirzebruch Riemann-
Roch Theorem); hopefully, the interested reader will be sufficiently prepared
(and perhaps motivated) to do further reading in the directions indicated.
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vi Preface to the First Edition

Text references of the type (4.6) refer to the 6th equation (or theorem,
lemma, etc.) in Sec. 4 of the chapter in which the reference appears. If
the reference occurs in a different chapter, then it will be prefixed by the
Roman numeral of that chapter, e.g., (I1.4.6.).

I would like to express appreciation and gratitude to many of my colleagues
and friends with whom I have discussed various aspects of the book during
its development. In particular I would like to mention M. F. Atiyah, R. Bott,
S. S. Chern, P. A. Griffiths, R. Harvey, L. Hormander, R. Palais, J. Polking,
O. Riemenschneider, H. Rossi, and W. Schmid whose comments were all
very useful. The help and enthusiasm of my students at Brandeis and Rice
during the course of my first lectures, had a lot to do with my continuing
the project. M. Cowen and A. Dubson were very helpful with their careful
reading of the first draft. In addition, I would like to thank two of my
students for their considerable help. M. Windham wrote the first three
chapters from my lectures in 1968—69 and read the first draft. Without his
notes, the book almost surely would not have been started. J. Drouilhet read
the final manuscript and galley proofs with great care and helped eliminate
numerous errors from the text.

I would like to thank the Institute for Advanced Study for the opportunity
to spend the year 1970-71 at Princeton, during which time I worked on
the book and where a good deal of the typing was done by the excellent
Institute staff. Finally, the staff of the Mathematics Department at Rice
University was extremely helpful during the preparation and editing of the
manuscript for publication.

Houston Raymond O. Wells, Jr.
December 1972



PREFACE TO THE
SECOND EDITION

In this second edition I have added a new section on the classical finite-
dimensional representation theory for sl(2, C). This is then used to give
a natural proof of the Lefschetz decomposition theorem, an observation
first made by S. S. Chern. H. Hecht observed that the Hodge *-operator is
essentially a representation of the Weyl reflection operator acting on s((2, C)
and this fact leads to new proofs (due to Hecht) of some of the basic Kahler
identities which we incorporate into a completely revised Chapter V. The
remainder of the book is generally the same as the first edition, except
that numerous errors in the first edition have been corrected, and various
examples have been added throughout.

I would like to thank my many colleagues who have commented on the
first edition, which helped a great deal in getting rid of errors. Also, I would
like to thank the graduate students at Rice who went carefully through the
book with me in a seminar. Finally, I am very grateful to David Yingst
and David Johnson who both collated errors, made many suggestions, and
helped greatly with the editing of this second edition.

Houston Raymond O. Wells, Jr.
July 1979
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PREFACE TO THE
THIRD EDITION

In the almost four decades since the first edition of this book appeared,
many of the topics treated there have evolved in a variety of interesting
manners. In both the 1973 and 1980 editions of this book, one finds the first
four chapters (vector bundles, sheaf theory, differential geometry and elliptic
partial differential equations) being used as fundamental tools for solving
difficult problems in complex differential geometry in the final two chapters
(namely the development of Hodge theory, Kodaira’s embedding theorem,
and Griffiths’ theory of period matrix domains). In this new edition of
the book, I have not changed the contents of these six chapters at all, as
they have proved to be good building blocks for many other mathematical
developments during these past decades.

I have asked my younger colleague Oscar Garcia-Prada to add an
Appendix to this edition which highlights some aspects of mathematical
developments over the past thirty years which depend substantively on the
tools developed in the first six chapters. The title of the Appendix, “Moduli
spaces and geometric structures” and its introduction gives the reader a
good overview to what is covered in this appendix.

The object of this appendix is to report on some topics in complex geome-
try that have been developed since the book’s second edition appeared about
25 years ago. During this period there have been many important devel-
opments in complex geometry, which have arisen from the extremely rich
interaction between this subject and different areas of mathematics and
theoretical physics: differential geometry, algebraic geometry, global analy-
sis, topology, gauge theory, string theory, etc. The number of topics that
could be treated here is thus immense, including Calabi-Yau manifolds
and mirror symmetry, almost-complex geometry and symplectic mani-
folds, Gromov-Witten theory, Donaldson and Seiberg-Witten theory, to
mention just a few, providing material for several books (some already
written).

X



X Preface to the Third Edition

However, since already the original scope of the book was not to be a
treatise, “but an attempt to follow certain threads that interconnect various
fields and to culminate with certain key results in the theory of compact
complex manifolds...”, as I said in the Preface to the first edition, in the
Appendix we have chosen to focus on a particular set of topics in the theory
of moduli spaces and geometric structures on Riemann surfaces. This is
a subject which has played a central role in complex geometry in the last
25 years, and which, very much in the spirit of the book, reflects another
instance of the powerful interaction between differential analysis (differential
geometry and partial differential equations), algebraic topology and complex
geometry. In choosing the topic, we have also taken into account that the
book provides much of the background material needed (Chern classes,
theory of connections on Hermitian vector bundles, Sobolev spaces, index
theory, sheaf theory, etc.), making the appendix (in combination with the
book) essentially self-contained.

It is my hope that this book will continue to be useful for mathematicians
for some time to come, and I want to express my gratitude to Springer-
Verlag for undertaking this new edition and for their patience in waiting
for our revision and the new Appendix. One note to the reader: the Subject
Index and the Author Index of the book refer to the original six chapters of
this book and not to the new Appendix (which has its own bibliographical
references).

Finally, I want to thank Oscar Garcia-Prada so very much for the
painstaking care and elegance in which he has summarized some of the
most exciting results in the past years concerning the moduli spaces of
vector bundles and Higgs’ fields, their relation to representations of the
fundamental group of a compact Riemann surface (or more generally of a
compact Kéhler manifold) in Lie groups, and to the solutions of differen-
tial equations which have their roots in the classical Laplace and Einstein
equations, yielding a type of non-Abelian Hodge theory.

Bremen Raymond O. Wells, Jr.
June 2007
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CHAPTER 1

MANIFOLDS
AND
VECTOR BUNDLES

There are many classes of manifolds which are under rather intense
investigation in various fields of mathematics and from various points of
view. In this book we are primarily interested in differentiable manifolds
and complex manifolds. We want to study (a) the “geometry” of manifolds,
(b) the analysis of functions (or more general objects) which are defined on
manifolds, and (c) the interaction of (a) and (b). Our basic interest will be the
application of techniques of real analysis (such as differential geometry and
differential equations) to problems arising in the study of complex manifolds.
In this chapter we shall summarize some of the basic definitions and results
(including various examples) of the elementary theory of manifolds and
vector bundles. We shall mention some nontrivial embedding theorems
for differentiable and real-analytic manifolds as motivation for Kodaira’s
characterization of projective algebraic manifolds, one of the principal results
which will be proved in this book (see Chap. VI). The “geometry” of a
manifold is, from our point of view, represented by the behavior of the
tangent bundle of a given manifold. In Sec. 2 we shall develop the concept of
the tangent bundle (and derived bundles) from, more or less, first principles.
We shall also discuss the continuous and C* classification of vector bundles,
which we shall not use in any real sense but which we shall meet a version
of in Chap. III, when we study Chern classes. In Sec. 3 we shall introduce
almost complex structures and the calculus of differential forms of type
(p, q), including a discussion of integrability and the Newlander-Nirenberg
theorem.

General background references for the material in this chapter are Bishop
and Crittenden [1], Lang [1], Narasimhan [1], and Spivak [1], to name a few
relatively recent texts. More specific references are given in the individual
sections. The classical reference for calculus on manifolds is de Rham [1].
Such concepts as differential forms on differentiable manifolds, integration
on chains, orientation, Stokes’ theorem, and partition of unity are all covered
adequately in the above references, as well as elsewhere, and in this book
we shall assume familiarity with these concepts, although we may review
some specific concept in a given context.

1



2 Manifolds and Vector Bundles Chap. 1

1. Manifolds

We shall begin this section with some basic definitions in which we shall
use the following standard notations. Let R and C denote the fields of real
and complex numbers, respectively, with their usual topologies, and let K
denote either of these fields. If D is an open subset of K”, we shall be
concerned with the following function spaces on D:

(a) K =R:

(1) &(D) will denote the real-valued indefinitely differentiable func-
tions on D, which we shall simply call C* functions on D; i.e., f € E(D)
if and only if f is a real-valued function such that partial derivatives of all
orders exist and are continuous at all points of D [E(D) is often denoted
by C=(D)].

(2) A(D) will denote the real-valued real-analytic functions on D,
ie., A(D) C E(D), and f € A(D) if and only if the Taylor expansion of f
converges to f in a neighborhood of any point of D.

(b K=C:
(1) O(D) will denote the complex-valued holomorphic functions on
D, ie., if (zy,...,z,) are coordinates in C", then f € O(D) if and only if

near each point z° € D, f can be represented by a convergent power series
of the form

o0

f(Z) = f(Z], e Zp) = Z Gay..n (Z] . Z(l))otl o (Zn _ Zg)an )

ap,...,ap=0

(See, e.g., Gunning and Rossi [1], Chap. I, or Hérmander [2], Chap. II, for
the elementary properties of holomorphic functions on an open set in C").
These particular classes of functions will be used to define the particular
classes of manifolds that we shall be interested in.

A topological n-manifold is a Hausdorff topological space with a countable
basist which is locally homeomorphic to an open subset of R". The integer
n is called the topological dimension of the manifold. Suppose that § is one
of the three K-valued families of functions defined on the open subsets of
K" described above, where we let S(D) denote the functions of § defined
on D, an open set in K”. [That is, S(D) is either £(D), A(D), or O(D). We
shall only consider these three examples in this chapter. The concept of a
family of functions is formalized by the notion of a presheaf in Chap. 11.]

Definition 1.1: An S-structure, Sy, on a K-manifold M is a family of
K-valued continuous functions defined on the open sets of M such that

1The additional assumption of a countable basis (“countable at infinity”) is important
for doing analysis on manifolds, and we incorporate it into the definition, as we are less
interested in this book in the larger class of manifolds.



Sec. 1 Manifolds 3

(a) For every p € M, there exists an open neighborhood U of p and a
homeomorphism # : U — U’, where U’ is open in K", such that for any
open set V C U

f:V— K €8, if and only if foh™! e S(h(V)).

(b)y If f: U — K, where U =U; U; and U; is open in M, then f € 8y
if and only if f|y, € 8y for each i.

It follows clearly from (a) that if K = R, the dimension, k, of the
topological manifold is equal to n, and if K = C, then k = 2n. In either
case n will be called the K-dimension of M, denoted by dimg M = n (which
we shall call real-dimension and complex-dimension, respectively). A manifold
with an S-structure is called an S-manifold, denoted by (M, 8)), and the
elements of §), are called S-functions on M. An open subset U C M and a
homeomorphism 4 : U — U’ C K" as in (a) above is called an S-coordinate
system.

For our three classes of functions we have defined

(a) 8 = &: differentiable (or C*) manifold, and the functions in &,, are
called C* functions on open subsets of M.

(b) 8 = A: real-analytic manifold, and the functions in A, are called
real-analytic functions on open subsets of M.

(¢) 8 = 0O: complex-analytic (or simply complex) manifold, and the func-
tions in Oy, are called holomorphic (or complex-analytic functions) on open
subsets of M.

We shall refer to €y, Ay, and Oy, as differentiable, real-analytic, and complex
structures respectively.

Definition 1.2:

(a) An S-morphism F : (M, 8y) — (N, 8y) is a continuous map, F :
M — N, such that
f € 8y implies f o F € 8.

(b) An 8-isomorphism is an 8-morphism F : (M, 8,) — (N, Sy) such
that F: M — N is a homeomorphism, and

F~':(N,8y) = (M, 8y) is an S-morphism.

It follows from the above definitions that if on an S-manifold (M, Sy)
we have two coordinate systems h: U; — K" and hy: U, — K" such that
U, NU, # @, then

hyohi' i hy(Uy NUy) — hy(Uy N Us) is an S-isomorphism
on open subsets of (K", Sgn).

(1.1)



4 Manifolds and Vector Bundles Chap. 1

Conversely, if we have an open covering {U,},c4a of M, a topological man-
ifold, and a family of homeomorphisms {h,: U, — U, C K"},ca satisfying
(1.1), then this defines an S-structure on M by setting S, = {f: U — K}
such that U is open in M and foh,' € 8(h,(UNU,)) for all « € A; i.e., the
functions in 8, are pullbacks of functions in § by the homeomorphisms
{hy}aea. The collection {(Uy,, hy)}eca is called an atlas for (M, Sy).

In our three classes of functions, the concept of an S-morphism and
S-isomorphism have special names:

(a) 8 = &: differentiable mapping and diffeomorphism of M to N.

(b) 8 = A: real-analytic mapping and real-analytic isomorphism (or
bianalytic mapping) of M to N.

(¢) 8 = O: holomorphic mapping and biholomorphism (biholomorphic
mapping) of M to N.

It follows immediately from the definition above that a differentiable mapping
f:M — N,

where M and N are differentiable manifolds, is a continuous mapping of the
underlying topological space which has the property that in local coordinate
systems on M and N, f can be represented as a matrix of C* functions.
This could also be taken as the definition of a differentiable mapping. A
similar remark holds for the other two categories.

Let N be an arbitrary subset of an S-manifold M; then an S-function on
N is defined to be the restriction to N of an S-function defined in some
open set containing N, and S|y consists of all the functions defined on
relatively open subsets of N which are restrictions of 8-functions on the
open subsets of M.

Definition 1.3: Let N be a closed subset of an §-manifold M; then N is
called an S-submanifold of M if for each point x, € N, there is a coordinate
system h: U — U’ C K", where xy € U, with the property that U N N is
mapped onto U’ N K*, where 0 < k < n. Here K*¥ C K" is the standard
embedding of the linear subspace K* into K", and  is called the K -dimension
of N, and n — k is called the K-codimension of N.

It is easy to see that an S-submanifold of an S-manifold M is itself an
S-manifold with the S-structure given by 8,|y. Since the implicit function
theorem is valid in each of our three categories, it is easy to verify that the
above definition of submanifold coincides with the more common one that
an S-submanifold (of & dimensions) is a closed subset of an S-manifold
M which is locally the common set of zeros of n — k S-functions whose
Jacobian matrix has maximal rank.

It is clear that an n-dimensional complex structure on a manifold induces
a 2n-dimensional real-analytic structure, which, likewise, induces a 2n-
dimensional differentiable structure on the manifold. One of the questions
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we shall be concerned with is how many different (i.e., nonisomorphic)
complex-analytic structures induce the same differentiable structure on a
given manifold? The analogous question of how many different differentiable
structures exist on a given topological manifold is an important problem
in differential topology.

What we have actually defined is a category wherein the objects are
S-manifolds and the morphisms are S-morphisms. We leave to the reader
the proof that this actually is a category, since it follows directly from
the definitions. In the course of what follows, then, we shall use three
categories—the differentiable (S8 = &), the real-analytic (§ = A), and the
holomorphic (8 = O) categories—and the above remark states that each is
a subcategory of the former.

We now want to give some examples of various types of manifolds.

Example 1.4 (Euclidean space): K", (R", C"). For every p € K", U = K"
and & = identity. Then R” becomes a real-analytic (hence differentiable)
manifold and C" is a complex-analytic manifold.

Example 1.5: If (M, §),) is an §-manifold, then any open subset U of
M has an 8-structure, Sy = {fly : f € Sy}

Example 1.6 (Projective space): If V is a finite dimensional vector space
over K, thent P(V) := {the set of one-dimensional subspaces of V} is
called the projective space of V. We shall study certain special projective
spaces, namely

P,(R) := P(R"")
P,(C) := P(C"™).

We shall show how P,(R) can be made into a differentiable manifold.
There is a natural map n: R"*!' — {0} — P,(R) given by

7 (x) = w(xo, ..., x,) = {subspace spanned by x = (xo, ..., x,) € R""!}.

The mapping 7 is onto; in fact, 7|gm_;,cgn+1.,=1) 18 onto. Let P,(R) have
the quotient topology induced by the map =; i.e, U C P,(R) is open if
and only if #~'(U) is open in R**!' —{0}. Hence = is continuous and P, (R)
is a Hausdorff space with a countable basis. Also, since

7T|5n S — Pn(R)

is continuous and surjective, P,(R) is compact.
If x = (x0,...,x,) € R — {0}, then set

JT(X) = [Xo, v vxn]-
We say that (xo,...,x,) are homogeneous coordinates of [xg,...,x,]. If
(x(’), ...,x;l) is another set of homogencous coordinates of [x,...,x,],

f:= means that the object on the left is defined to be equal to the object on the right.
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then x; = rx] for some t+ € R — {0}, since [xo, ..., x,] is the one-dimen-

!

sional subspace spanned by (xo, ..., x,) or (x(), o, xn). Hence also 7 (x) =

m(tx) for t € R — {0}. Using homogeneous coordinates, we can define a
differentiable structure (in fact, real-analytic) on P,(R) as follows. Let

U,={SeP,R): S=[xp,...,x,] and x, #0}, fora=0,...,n.

Each U, is open and P,(R) = |J._, U, since (xo,...,x,) € R""' —{0}.
Also, define the map 4,: U, — R” by setting

Xo Xag—1 Xa+l Xn
hol([x09"'1xll])= (_1"'a_9_a"'7_) ERn'

xa xa 'xl)[ 'xO[

Note that both U, and h, are well defined by the relation between dif-
ferent choices of homogeneous coordinates. One shows easily that h, is
a homeomorphism and that A, o hlgl is a diffeomorphism; therefore, this
defines a differentiable structure on P,(R). In exactly this same fashion
we can define a differentiable structure on P(V) for any finite dimensional
R-vector space V and a complex-analytic structure on P(V) for any finite
dimensional C-vector space V.

Example 1.7 (Matrices of fixed rank): Let 9 ,(R) be the k x n matrices
with real coefficients. Let M, ,(R) be the k x n matrices of rank k(k < n).
Let M;",(R) be the elements of M ,(R) of rank m(m < k). First, M ,(R)
can be identified with R¥", and hence it is a differentiable manifold. We
know that M, ,(R) consists of those k x n matrices for which at least one
k x k minor is nonsingular; i.e.,

I

M, (R) = J{A € My, (R) : det A; 5 0},

i=1
where for each A € 9, (R) we let {A1, ..., A;} be a fixed ordering of the k xk
minors of A. Since the determinant function is continuous, we see that
M,.,(R) is an open subset of M, ,(R) and hence has a differentiable structure
induced on it by the differentiable structure on 9, ,(R) (see Example 1.5).
We can also define a differentiable structure on M;" (R). For convenience
we delete the R and refer to M}",. For X, € M}",, we define a coordinate
neighborhood at X, as follows. Since the rank of X is m, there exist
permutation matrices P, Q such that

P%Q=F0Bﬂ,

Co Dy

where A, is a nonsingular m x m matrix. Hence there exists an € > 0 such
that ||A — A¢l| < € implies A is nonsingular, where ||A| = max;; |a;;|, for
A = [a;;]. Therefore let

A B
C D

Then W is an open subset of 9 ,. Since this is true, U := WN M} is an

W:{Xeﬁﬁk,n:PXQz[ :| and ||A — Aol < €}
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open neighborhood of X, in M}’ and will be the necessary coordinate
neighborhood of X,. Note that

XeUifandonlyifD:CA’lB, where PXQ=|:2 g:|

This follows from the fact that

I, 0 A B] [A B
—-CcA' I_,||lC D|T|0 D—-CA'B

I, 0
—CA™" I,

is nonsingular (where I; is the j x j identity matrix). Therefore
A B d A B
c o] * |o p-ca's
have the same rank, but
A B
0 D-CA'B

has rank m if and only if D — CA~'B = 0.
We see that M;", actually becomes a manifold of dimension m(n +k —m)
by defining

and

h: U 5 Rm2+(n7m)m+(k7m)m — Rm(n+k7m)’

where
_ A B m(n+k—m) _ A B
h(X)—|:C O}GR for PXQ = pl-

as above. Note that we can define an inverse for & by

([ = Bude

Therefore h is, in fact, bijective and is easily shown to be a homeomorphism.
Moreover, if hy and h, are given as above,

S (TA BT\ _[A, B
sent (o)) -[e &)

1| AT By 1y _ |A2 B
PPy [cl C\A7'B, Q' &=\c, p,|
and these maps are clearly diffeomorphisms (in fact, real-analytic), and so
M, (R) is a differentiable submanifold of 9% ,(R). The same procedure

can be used to define complex-analytic structures on 9, ,(C), M, ,(C), and
M, (C), the corresponding sets of matrices over C.

where



8 Manifolds and Vector Bundles Chap. 1

Example 1.8 (Grassmannian manifolds): Let V be a finite dimensional
K-vector space and let G, (V) := {the set of k-dimensional subspaces of V},
for k < dimg V. Such a G;(V) is called a Grassmannian manifold. We shall
use two particular Grassmannian manifolds, namely

Gra(R) := Gx(R") and Gy, (C) := G (C").

The Grassmannian manifolds are clearly generalizations of the projective

spaces [in fact, P(V) = G(V); see Example 1.6] and can be given a manifold

structure in a fashion analogous to that used for projective spaces.
Consider, for example, G, ,(R). We can define the map

7 My, (R) — G, (R),

where

ay

m(A) =m| - | := {k-dimensional subspace of R" spanned by
the row vectors {a;} of A}.
Ay

We notice that for g € GL(k, R) (the k x k nonsingular matrices) we have
w(gA) = mw(A) (where gA is matrix multiplication), since the action of
g merely changes the basis of w(A). This is completely analogous to the
projection 7: R"*! — {0} — P,(R), and, using the same reasoning, we see
that G, ,(R) is a compact Hausdorff space with the quotient topology and
that 7 is a surjective, continuous open map.t

We can also make G, ,(R) into a differentiable manifold in a way similar
to that used for P,(R). Consider A € M,, and let {A,..., A;} be the
collection of k x k minors of A (see Example 1.7). Since A has rank k, A,
is nonsingular for some 1 < o </ and there is a permutation matrix P,
such that .

AP, = [AA.]

where A, is a k x (n — k) matrix. Note that if g € GL(k,R), then gA, is
a nonsingular minor of gA and gA, = (gA),. Let U, = {S € G;,(R): S =
w(A), where A, is nonsingular}. This is well defined by the remark above
concerning the action of GL(k,R) on M, ,(R). The set U, is defined by
the condition det A, # 0; hence it is an open set in Gy ,(R), and {UO(};=1
covers Gy, (R). We define a map

hy : Uy —> RKOP

by setting _
ho(w(A)) = A'A, € RH,

where AP, = [A, A,]. Again this is well defined and we leave it to the reader
to show that this does, indeed, define a differentiable structure on G, ,(R).

tNote that the compact set {A € My ,(R) : A’A = I} is analogous to the unit sphere in
the case k =1 and is mapped surjectively onto Gg ,(R).
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Example 1.9 (Algebraic submanifolds): Consider P, = P,(C), and let
H ={lzo,...,2.] € P,: apzo + -+ + a,z, = 0},
where (ao, ..., a,) € C**' —{0}. Then H is called a projective hyperplane. We
shall see that H is a submanifold of P, of dimension n — 1. Let U, be the
coordinate systems for P, as defined in Example 1.6. Let us consider UyNH,
and let (¢, ..., ¢,) be coordinates in C". Suppose that [z, ..., z,] € HNUy;

then, since zy # 0, we have

<1 Zn

ay—+--+a,— = —ay,

20 20
which implies that if ¢ = (¢, ..., &) = ho([20, ..., 2.]), then ¢ satisfies
(12) al;l +"'+an§n = —do,
which is an affine linear subspace of C”, provided that at least one of
ai,...,a, is not zero. If, however, ay # 0 and a; = --- = @, = 0, then it
is clear that there is no point (¢y,...,¢,) € C" which satisfies (1.2), and
hence in this case UyN H = @ (however, H will then necessarily intersect
all the other coordinate systems Uy, ..., U,). It now follows easily that H
is a submanifold of dimension n — 1 of P, (using equations similar to (1.2)
in the other coordinate systems as a representation for H). More generally,
one can consider

V= {[Z()a cee 7Zn] € Pn(C) pl(z()s .o 7Zn) == pr(ZO’ .. '1le) = 0}1
where p, ..., p, are homogeneous polynomials of varying degrees. In local
coordinates, one can find equations of the form (for instances, in Uy)

pl(l,ﬁ,...,ﬁ)zo

20 20

pr(laz_l’-“az_n):o»
20 20

and V will be a submanifold of P, if the Jacobian matrix of these equations
in the various coordinate systems has maximal rank. More generally, V is
called a projective algebraic variety, and points where the Jacobian has less
than maximal rank are called singular points of the variety.

(1.3)

We say that an §-morphism
fr (M, 8y) — (N, 8y)

of two 8-manifolds is an 8-embedding if f is an S-isomorphism onto an
S-submanifold of (N, Sy). Thus, in particular, we have the concept of differ-
entiable, real-analytic, and holomorphic embeddings. Embeddings are most
often used (or conceived of as) embeddings of an “abstract” manifold as a
submanifold of some more concrete (or more elementary) manifold. Most
common is the concept of embedding in Euclidean space and in projective
space, which are the simplest geometric models (noncompact and compact,
respectively). We shall state some results along this line to give the reader
some feeling for the differences among the three categories we have been
dealing with. Until now they have behaved very similarly.
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Theorem 1.10 (Whitney [1]): Let M be a differentiable n-manifold. Then
there exists a differentiable embedding f of M into R**!'. Moreover, the
image of M, f(M) can be realized as a real-analytic submanifold of R+,

This theorem tells us that all differentiable manifolds (compact and non-
compact) can be considered as submanifolds of Euclidean space, such
submanifolds having been the motivation for the definition and concept
of manifold in general. The second assertion, which is a more difficult
result, tells us that on any differentiable manifold M one can find a sub-
family of the family ¢ of differentiable functions on M so that this subfamily
gives a real-analytic structure to the manifold M; i.e., every differentiable
manifold admits a real-analytic structure. It is strictly false that differen-
tiable manifolds admit complex structures in general, since, in particular,
complex manifolds must have even topological dimension. We shall dis-
cuss this question somewhat more in Sec. 3. We shall not prove Whitney’s
theorem since we do not need it later (see, e.g., de Rham [1], Sternberg [1],
or Whitney’s original paper for a proof of Whitney’s theorems).

A deeper result is the theorem of Grauert and Morrey (see Grauert [1]
and Morrey [1]) that any real-analytic manifold can be embedded, by a
real-analytic embedding, into R", for some N (again either compact or
non-compact). However, when we turn to complex manifolds, things are
completely different. First, we have the relatively elementary result.

Theorem 1.11: Let X be a connnected compact complex manifold and
let f € O(X). Then f is constant; i.e., global holomorphic functions are
necessarily constant.

Proof: Suppose that f € O(X). Then, since f is a continuous function
on a compact space, | f| assumes its maximum at some point xo € X and S =
{x: f(x) = f(xp)}isclosed. Let z = (zy, ..., z,) be local coordinates at x € S,
with z = 0 corresponding to the point x. Consider a small ball B about z =0
and let z € B. Then the function g(A) = f(Az) is a function of one complex
variable (1) which assumes its maximum absolute value at A = 0 and is
hence constant by the maximum principle. Therefore, g(1) = g(0) and hence
f(@) = f(0), for all z € B. By connectedness, S = X, and f is constant.

Q.E.D.

Remark: The maximum principle for holomorphic functions in domains
in C" is also valid and could have been applied (see Gunning and Rossi [1]).

Corollary 1.12: There are no compact complex submanifolds of C" of
positive dimension.

Proof: Otherwise at least one of the coordinate functions zi,...,z,
would be a nonconstant function when restricted to such a submanifold.
Q.E.D.
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Therefore, we see that not all complex manifolds admit an embedding
into Euclidean space in contrast to the differentiable and real-analytic situ-
ations, and of course, there are many examples of such complex manifolds
[e.g., P,(C)]. One can characterize the (necessarily noncompact) complex
manifolds which admit embeddings into C", and these are called Stein
manifolds, which have an abstract definition and have been the subject of
much study during the past 20 years or so (see Gunning and Rossi [1]
and Hormander [2] for an exposition of the theory of Stein manifolds). In
this book we want to develop the material necessary to provide a charac-
terization of the compact complex manifolds which admit an embedding
into projective space. This was first accomplished by Kodaira in 1954 (see
Kodaira [2]) and the material in the next several chapters is developed partly
with this characterization in mind. We give a formal definition.

Definition 1.13: A compact complex manifold X which admits an
embedding into P,(C) (for some n) is called a projective algebraic manifold.

Remark: By a theorem of Chow (see, e.g., Gunning and Rossi [1]), every
complex submanifold V of P, (C) is actually an algebraic submanifold (hence
the name projective algebraic manifold), which means in this context that V
can be expressed as the zeros of homogeneous polynomials in homogeneous
coordinates. Thus, such manifolds can be studied from the point of view of
algebra (and hence algebraic geometry). We will not need this result since
the methods we shall be developing in this book will be analytical and not
algebraic. As an example, we have the following proposition.

Proposition 1.14: The Grassmannian manifolds G, ,(C) are projective
algebraic manifolds.
Proof: Consider the following map:
F: M,,(C) — A°C"
defined by
a)

FA=F| - |l=aAr - ra.

Ay
The image of this map is actually contained in A*C" — {0} since {a;} is an
independent set. We can obtain the desired embedding by completing the
following diagram by F:
F
My, (C)——=AFC" — {0}
G Tp

F
Grn(€)> P(AC),
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where 7, wp are the previously defined projections. We must show that F
is well defined; i.e.,

76(A) = ng(B) = wp o F(A) = 7p o F(B).
But 75(A) = g (B) implies that A = gB for g € GL(k, C), and so
ap N\ -+ AN dag = det g(bl /\"-/\bk),

where
a by

A=1] - and B=]| -1,
[25% bk
but
wplar A - ANag) =mp(det gby A= Abp)) =mp(by A--- Aby),
and so the map F is well defined. We leave it to the reader to show that

F is also an embedding.
Q.E.D.

2. Vector Bundles

The study of vector bundles on manifolds has been motivated primarily
by the desire to linearize nonlinear problems in geometry, and their use
has had a profound effect on various modern fields of mathematics. In
this section we want to introduce the concept of a vector bundle and give
various examples. We shall also discuss some of the now classical results
in differential topology (the classification of vector bundles, for instance)
which form a motivation for some of our constructions later in the context
of holomorphic vector bundles.

We shall use the same notation as in Sec. 1. In particular 8§ will denote one
of the three structures on manifolds (€, A, O) studied there, and K = R or C.

Definition 2.1: A continuous map 7w: E — X of one Hausdorff space, E,
onto another, X, is called a K-vector bundle of rank r if the following
conditions are satisfied:

(@) E,:=n""(p), for p € X, is a K-vector space of dimension r (E, is
called the fibre over p).

(b) For every p € X there is a neighborhood U of p and a homeo-
morphism

h: 77" (U) — U x K" such that h(E,) C {p} x K',
and h”, defined by the composition
h E, - (p) x K" 25 k7

is a K-vector space isomorphism [the pair (U,h) is called a local
trivialization).

For a K-vector bundle w: E — X, E is called the total space and X is called
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the base space, and we often say that E is a vector bundle over X. Notice
that for two local trivializations (U, h,) and (Ug, hg) the map
hoohy': (UyNUp) x K" —> (UyNUp) X K"
induces a map
2.1 8up: Uy NUg — GL(r, K),
where B
gus(p) =hbo ()™ 1 K" — K.

The functions g,z are called the transition functions of the K-vector bundle
m: E — X (with respect to the two local trivializations above).t

The transition functions g satisfy the following compatibility conditions:

(2.2a) 8up* 88y *8a=1 onU,NUsNU,,
and
(2.2b) 8w =1, on U,

where the product is a matrix product and I, is the identity matrix of rank r.
This follows immediately from the definition of the transition functions.

Definition 2.2: A K-vector bundle of rank r, w: E — X, is said to be an
S-bundle if E and X are S-manifolds, 7 is an 8§-morphism, and the local
trivializations are S-isomorphisms.

Note that the fact that the local trivializations are S-isomorphisms is
equivalent to the fact that the transition functions are S-morphisms. In
particular, then, we have differentiable vector bundles, real-analytic vector
bundles, and holomorphic vector bundles (K must equal C).

Remark: Suppose that on an S-manifold we are given an open covering
2 = {U,} and that to each ordered nonempty intersection U, N Uy we have
assigned an 8-function

8ap: Uoc N Uﬁ — GL(V, K)

satisfying the compatibility conditions (2.2). Then one can construct a vec-
tor bundle E—>X having these transition functions. An outline of the
construction is as follows: Let

E= U U, x K" (disjoint union)

o

equipped with the natural product topology and S-structure. Define an
equivalence relation in E by setting

(x,v) ~ (y,w), for (x,v) e Ug x K", (y,w) € U, x K"

if and only if
y=x and w = gu(x)v.

tNote that the transition function gug(p) is a linear mapping from the Uy trivialization
to the U, trivialization. The order is significant.



14 Manifolds and Vector Bundles Chap. 1

The fact that this is a well-defined equivalence relation is a consequence
of the compatibility conditions (2.2). Let E = E/~ (the set of equivalence
classes), equipped with the quotient topology, and let #: E — X be the
mapping which sends a representative (x, v) of a point p € E into the first
coordinate. One then shows that an E so constructed carries on S-structure
and is an S-vector bundle. In the examples discussed below we shall see
more details of such a construction.

Example 2.3 (Trivial bundle): Let M be an S-manifold. Then
T MxK'— M,

where 7 is the natural projection, is an S-bundle called a trivial bundle.

Example 2.4 (Tangent bundle): Let M be a differentiable manifold. Then
we want to construct a vector bundle over M whose fibre at each point is
the linearization of the manifold M, to be called the tangent bundle to M.
Let p € M. Then we let

E'M.p = 1@) EM(U)
peUCM
open
be the algebra (over R) of germs of differentiable functions at the point p € M,
where the inductive limitt is taken with respect to the partial ordering on
open neighborhoods of p given by inclusion. Expressed differently, we can
say that if f and g are defined and C* near p and they coincide on
some neighborhood of p, then they are equivalent. The set of equivalence
classes is easily seen to form an algebra over R and is the same as the
inductive limit algebra above; an equivalence class (element of &, ,) is
called a germ of a C* function at p. A derivation of the algebra €y,
is a vector space homomorphism D: £y, — R with the property that
D(fg) = D(f)*g(p)+ f(p)* D(g), where g(p) and f(p) denote evaluation
of a germ at a point p (which clearly makes sense). The tangent space to
M at p is the vector space of all derivations of the algebra &, ,, which
we denote by T,(M). Since M is a differentiable manifold, we can find a
diffeomorphism % defined in a neighborhood U of p where
h:U— U CR"

open
and where, letting h* f (x) = f o h(x), h has the property that, for V C U’,
h*: Egn (V) —> Ey (R~ (V)

is an algebra isomorphism. It follows that #* induces an algebra isomorphism
on germs, i.e., (using the same notation),

h*: 8R",h(p);)8M.p’

TWe denote by lim the inductive (or direct) limit and by lim the projective (or inverse)
— <«

limit of a partially ordered system.
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and hence induces an isomorphism on derivations:
]’l*l TP(M)i)Th(p)(Rn).
It is easy to verify that

(a) 0/0x; are derivations of Ern (. j =1,...,n, and that
(b) {9/0x1,...,0/0x,} is a basis for T, (R"),

and thus that T,(M) is an n-dimensional vector space over R, for each
point p € M [the derivations are, of course, simply the classical directional
derivatives evaluated at the point h(p)]. Suppose that f: M — N is a
differentiable mapping of differentiable manifolds. Then there is a natural

map
dfp: Ty(M) — T (N)

defined by the following diagram:

*

Emp= — &N

D,\ / D, o f*=df,(D,).

R

for D, € T,(M). The mapping df, is a linear mapping and can be expressed
as a matrix of first derivatives with respect to local coordinates. The coef-
ficients of such a matrix representation will be C* functions of the local
coordinates. Classically, the mapping df, (the derivative mapping, differential
mapping, or tangent mapping) is called the Jacobian of the differentiable
map f. The tangent map represents a first-order linear approximation (at p)
to the differentiable map f. We are now in a position to construct the tangent
bundle to M. Let
T(M) = U T,(M) (disjoint union)
peM

and define

by w)=p if veT,M).
We can now make T (M) into a vector bundle. Let {(U,, h,)} be an atlas
for M, and let T(U,) = =" (U,) and

Yy TU,) — Uy x R”
be defined as follows: Suppose that v € T,(M) C T(U,). Then dh, ,(v) €
Thoc(p) (Rn) Thus

n: TM) — M

n a
dhe,() =Y E(p)—|
j=1

_ dx; ha(p)
where &; € €y(U,) (the fact that the coefficients are C* follows easily from
the proof that {d/dx;,...,d/dx,} is a basis for the tangent vectors at a
point in R"). Now let

Va(v) = (p. &1(p), ... §:(p)) € Uy x R".
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It is easy to verify that ¥, is bijective and fibre-preserving and moreover
that Yo proj.
vl T,(M)—{p} x R"—R"
is an R-linear isomorphism. We can define transition functions
8ap: Uﬂ nU, — GL(I’l, R)
by setting
gp(P) =Vl o (W)™ :R" — R".
Moreover, it is easy to check that the coefficients of the matrices {g.s}
are C* functions in U, N Ug, since g is a matrix representation for
the composition dh, o dh/g1 with respect to the basis {3/9xy,...,d/9x,}
at Thﬁ(p)(R”) and T,,,(R"), and that the tangent maps are differentiable
functions of local coordinates. Thus the {(U,, ¥,)} become the desired
trivializations. We have only to put the right topology on T(M) so that
T (M) becomes a differentiable manifold. We simply require that U C T(M)
be open if and only if ,(U N T (U,)) is open in U, x R" for every «. This
is well defined since

YooYyt (Uy NUp) x R —> (Uy N Up) x R"

is a diffeomorphism for any & and 8 such that U,NUs # @ (since Y, 0 =
id x gup, where id is the identity mapping). Because the transition functions
are diffeomorphisms, this defines a differentiable structure on 7 (M) so that
the projection 7 and the local trivializations v, are differentiable maps.

Example 2.5 (Tangent bundle to a complex manifold): Let X = (X, O,)
be a complex manifold of complex dimension n, let
Ox, = lim O(U)

xeUcCX
open

be the C-algebra of germs of holomorphic functions at x € X, and let T, (X)
be the derivations of this C-algebra (defined exactly as in Example 2.4). Then
T.(X) is the holomorphic (or complex) tangent space to X at x. In local
coordinates, we see that 7,(X) = 7T,(C") (abusing notation) and that the
complex partial derivatives {d/9zy, ..., d/dz,} form a basis over C for the
vector space 7, (C") (see also Sec. 3). In the same manner as in Example 2.4
we can make the union of these tangent spaces into a holomorphic vector
bundle over X, i.e,. T(X) — X, where the fibres are all isomorphic to C".

Remark: The same technique used to construct the tangent bundles in
the above examples can be used to construct other vector bundles. For
instance, suppose that we have 7: £ — X, where X is an S-manifold and
7 is a surjective map, so that

(a) E, is a K-vector space,
(b) For each p € X there is a neighborhood U of p and a bijective map:

h: 7' (U) — U x K"such that h(E,) C {p} x K".
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() h,t E, > {p}x K’ P K" is a K-vector space isomorphism.

Then, if for every (Uy, hy), (Ug, hg) asin (b) hy o h;l is an S-isomorphism,
we can make E into an 8-bundle over X by giving it the topology that
makes h, a homeomorphism for every «.

Example 2.6 (Universal bundle): Let U,, be the disjoint union of the
r-planes (r-dimensional K-linear subspaces) in K”". Then there is a natural
projection

w: Uy = Gry,
where G,, = G,,(K), given by w(v) = S, if v is a vector in the r-plane S,
and S is considered as a point in the Grassmannian manifold G, ,. Thus the
inverse image under 7 of a point p in the Grassmannian is the subspace of
K" which is the point p, and we may regard U, , as a subset of G,, x K”".
We can make U,, into an S-bundle by using the coordinate systems of
G, , to define transition functions, as was done with the tangent bundle in
Example 2.4, and by then applying the remark following Example2.5. To
simplify things somewhat consider U, — G, = P,_;(R). First we note that
any point v € U, can be represented (not in a unique manner) in the form

v=(txg,...,tx,_1) =1t(xp,...,Xx,_1) € R",

where (xg,...,x,_1) € R" — {0}, and ¢+ € R. Moreover, the projection
7: Uy, — P,y is given by

W(f(xo, e xnfl)) = jT(an cee a-xnfl) = [.X(), e xnfl] S Pnfl-
Letting U, = {[xo, ..., x,—1] € P,_1: x, # 0}, (cf. Example 1.6), we see that
7 'U,) ={v="1t(x,...,x,_1) € R": t € R, x, # 0}.

Now if v = t(xo, ..., X,_1) € 7' (U,), then we can write v in the form

X0 Xn—1
v=ty|—,.... 1,..., s
(xa (@) Xo

and 7, = tx, € R is uniquely determined by v. Then we can define the
mapping

he: 17Y(U,) — U, xR
by setting
ha(v) - ha(t(-x07 MR | xnfl)) - ([-x07 ey -xnfl]v tol)'

The mapping A, is bijective and is R-linear from the fibres of #~!(U,) to
the fibres of U, x R. Suppose now that v = #(xo, ..., X,_1) € 7 (U, N Up),
then we have two different representations for v and we want to compute
the relationship. Namely,

ha(v) = ([)CO, RN xn—l]9 tc()

hg(v) = ([x0, ..., X,—1], 1p)
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and then ¢, = tx,, tg = txz, Therefore

_ta_tﬂ

X Xg

’

which implies that
Xa
t, = —tg.
.Xlg A

Thus if we let g5 = x,/xg, then it follows that g4 * g5, * g, = 1, and thus by
the remark following Example 2.5, we see that U, can be given the structure
of a vector bundle by means of the functions {A,}, (the trivializations), and
the transition functions of U, ,

Xo

ap (X0, s Xpa]) = —,

Xp
are mappings of U, NUs — GL(1,R) = R — {0}. These are the standard
transition functions for the universal bundle over P,_;. Exactly the same
relation holds for U, ,(C) — P,_;(C), which we meet again in later chapters.
Namely, for complex homogeneous coordinates [z, ..., z,-1] we have the
transition functions for the universal bundle over P,_;(C):

Za

gaﬂ([ZO7 ey Zn—l]) = .

g
The more general case of U,, — G,, can be treated in a similar manner,
using the coordinate systems developed in Sec. 1. We note that U, ,(R) —
G,.,(R) is a real-analytic (and hence also differentiable) R-vector bundle and
that U, ,(C) — G,,(C) is a holomorphic vector bundle. The reason for the
name “universal bundle” will be made more apparent later in this section.

Definition 2.7: Let n: E — X be an 8-bundle and U an open subset of
X. Then the restriction of E to U, denoted by E|y is the S-bundle

7|1y »'(U) — U.

Definition 2.8: Let £ and F be S-bundles over X; i.e., wz: E — X and
wr: F — X. Then a homomorphism of S-bundles,

f: E— F,

is an 8-morphism of the total spaces which preserves fibres and is K -linear on
each fibre; i.e., f commutes with the projections and is a K-linear mapping
when restricted to fibres. An S-bundle isomorphism is an 8-bundle homomor-
phism which is an S-isomorphism on the total spaces and a K-vector space
isomorphism on the fibres. Two 8-bundles are equivalent if there is some
S-bundle isomorphism between them. This clearly defines an equivalence
relation on the S-bundles over an 8-manifold, X.

The statement that a bundle is locally trivial now becomes the following:
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For every p € X there is an open neighborhood U of p and a bundle
isomorphism
h: Ely — U x K".
Suppose that we are given two K-vector spaces A and B. Then from
them we can form new K-vector spaces, for example,

(a) A ® B, the direct sum.

(b) A ® B, the tensor product.

(c) Hom(A, B), the linear maps from A to B.

(d) A*, the linear maps from A to K.

(€) AFA, the antisymmetric tensor products of degree k (exterior algebra
of A).

(f) S*(A), the symmetric tensor products of degree k (symmetric algebra
of A).

Using the remark following Example 2.5, we can extend all the above alge-
braic constructions to vector bundles. For example, suppose that we have
two vector bundles

ng: E— X and 7mp: F — X.

Then define
EoF=|]JE,@F,

peX
We then have the natural projection
n: EQF — X
given by
' (p)=E,®F,.
Now for any p € X we can find a neighborhood U of p and local
trivializations
he: Ely—U x K"
hp: Fly—U x K™,
and we define
I’ZE@F: EGBF|U —> U x (Kn@Km)
by hger(v+w) = (p, ki (v)+hh(w)) for v € E, and w € F,. Then this map
is bijective and K -linear on fibres, and for intersections of local trivializations
we obtain the transition functions
E
E®F _ | 8ep (p) O
gaﬂ (P) |:O g(fﬁ(p) .
So by the remark and the fact that gfﬂ and gaFﬁ are bundle transition func-

tions, 7: E @ F — X is a vector bundle. Note that if E and F were S-bundles
over an 8-manifold X, then gf; and g/, would be 8-isomorphisms, and so
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E @ F would then be an 8-bundle over X. The same is true for all the
other possible constructions induced by the vector space constructions listed
above. Transition functions for the algebraically derived bundles are easily
determined by knowing the transition functions for the given bundle.

The above examples lead naturally to the following definition.

Definition 2.9: Let E—> X be an $-bundle. An S-submanifold F C E is
said to be an 8-subbundle of E if

(a) FNE, is a vector subspace of E,.

(b) m|p: F —> X has the structure of an S-bundle induced by the
S8-bundle structure of E, i.e., there exist local trivializations for E and F
which are compatible as in the following diagram:

Ely — U x K"

i T id x j
Fly — U x K°, s<r
where the map j is the natural inclusion mapping of K* as a subspace of
K" and i is the inclusion of F in E.

We shall frequently use the language of linear algebra in discussing homo-

morphisms of vector bundles. As an example, suppose that E-LFisa
vector bundle homomorphism of K-vector bundles over a space X. We define
Ker f = U Ker f,
xeX

Im f=|JImf,

xeX
where f, = f|g, . Moreover, we say that f has constant rank on X if rank
f+ (as a K-linear mapping) is constant for x € X.

Proposition 2.10: Let E L Fbean S-homomorphism of §-bundles over X.
If f has constant rank on X, then Ker f and Im f are S-subbundles of
E and F, respectively. In particular, f has constant rank if f is injective
or surjective.

We leave the proof of this simple proposition to the reader.
Suppose now that we have a sequence of vector bundle homomorphisms
over a space X,
s E-L P56 —
then the sequence is said to be exact at F if Ker g = Im f. A short exact
sequence of vector bundles is a sequence of vector bundles (and vector
bundle homomorphisms) of the following form,

0— E-LESE 50,

which is exact at E’, E, and E”. In particular, f is injective and g is surjective,
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and Im f = Ker g is a subbundle of E. We shall see examples of short
exact sequences and their utility in the next two chapters.

As we have stated before, vector bundles represent the geometry of the
underlying base space. However, to get some understanding via analysis of
vector bundles, it is necessary to introduce a generalized notion of function
(reflecting the geometry of the vector bundle) to which we can apply the
tools of analysis.

Definition 2.11: An S-section of an S-bundle E—>X is an $-morphism
s: X — E such that
Tos=ly,

where 1y is the identity on X; i.e., s maps a point in the base space into the
fibre over that point. (X, E) will denote the S-sections of E over X. S(U, E)
will denote the S-sections of E|y over U C X; i.e., S(U, E) = 8(U, E|y)
[we shall also occasionally use the common notation I'(X, E) for sections,
provided that there is no confusion as to which category we are dealing with].

Example 2.12: Consider the trivial bundle M x R over a differentiable
manifold M. Then E(M, M x R) can be identified in a natural way with
E(M), the global real-valued functions on M. Similarly, E(M, M x R") can
be identified with global differentiable mappings of M into R” (i.e., vector-
valued functions). Since vector bundles are locally of the form U x R”,
we see that sections of a vector bundle can be viewed as vector-valued
functions (locally), where two different local representations are related by
the transition functions for the bundle. Therefore sections can be thought
of as “twisted” vector-valued functions.

Remarks: (a) A section s is often identified with its image s(X) C E;
for example, the term zero section is used to refer to the section 0: X — F
given by 0(x) = 0 € E, and is often identified with its image, which is, in
fact, S-isomorphic with the base space X.

(b) For S$-bundles E—>X and E'—>X we can identify the set of
8-bundle homomorphisms of E into E’, with (X, Hom(E, E’)). A section
s € 8(X, Hom(E, E")) picks out for each point x € X a K-linear map s(x):
E, — E!, and s is identified with f;: E — E’ which is defined by

fslEn@ = s@(e)) for e € E.
(¢c) If E — X is an 8-bundle of rank r with transition functions

{g.p} associated with a trivializing cover {U,}, then let f,: U, — K" be
S-morphisms satisfying the compatibility conditions

fa:gaﬁfﬁ on UamUﬁ#@'

Here we are using matrix multiplication, considering f, and fz as column
vectors. Then the collection {f,} defines an S-section f of E, since each
f. gives a section of U, x K", and this pulls back by the trivialization to a
section of E|,. These sections of E|y, agree on the overlap regions U, NUg
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by the compatibility conditions imposed on {f,}, and thus define a global
section. Conversely, any S-section of E has this type of representation. We
call each f, a trivialization of the section f.

Example 2.13: We use remark (c) above to compute the global sections
of the holomorphic line bundles E¥ — P;(C), which we define as follows,
using the transition function gg; for the universal bundle U, ,(C) — P,(C)
of Example 2.6. Let the P, (C) coordinate maps (Example 1.6) ¢ : U, — C
be denoted by ¢y([zo, z1]) = z1/20 = z and ¢([20, 21]) = z0/21 = w so that
z=goog ' (w) = 1/w for w # 0. For a fixed integer k define the line
bundle E¥ — P;(C) by the transition function gk, : UyNnU; — GL(1, C)
where g ([z0, z1]) = (z0/z1)*. E* is the kth tensor power of U;,(C) for
k > 0, the kth tensor power of the dual bundle U,,(C)* for k < 0, and
trivial for k = 0. If f € OP;(C), E¥), then each trivialization of f, f,
is in O(U,, U, x C) = O(U,) and the f, o ¢;' are entire functions, say
foopy'(2) = Y0 a,z" and fiog(w) = Y o0 bw". If z = gy(p) and
w = ¢(p), then by remark (c), fo(p) = g5,(p) f1(p), for p € UyN U, in the
w-coordinate plane, and this becomes

Zan(l/w)” =f0 0§0(;1((P0 0(p;1(w)) = ggl ((p;l(W))fl Ogﬂfl(w) — wkanw".
n=0 —
Hence,
0 for k > 0,
for k =0 (Th 1.11
O(P(C), E = ¢ or 0 (Theorem ),

homogeneous polynomials  for k < 0.
in C? of degree —k

When dealing with certain categories of S-manifolds, it is possible to
define algebraic structures on 8(X, E). First, 8(X, E) can be made into a
K-vector space under the following operations:

(a) For s, teS(X,E),

(s +1)(x):=sx)+1r(x) forall x € X.

(b) For s € 8(X,E) and a € K, (as)(x) := a(s(x)) for all s € X.
Moreover, 8(X, E) can be given the structure of an Sx(X) module [where
the Sx(X) are the globally defined K-valued S-functions on X] by defining

(c) For s € 8(X,E) and f € 8x(X),

fs(x) = f(x)s(x) for all x € X.

To ensure that the above maps actually are S-morphisms and thus S-sections,
it is necessary that the vector space operations on K” be 8-morphisms in
the S-structure on K”. But this is clearly the case for the three categories
with which we are dealing.

Let M be a differentiable manifold and let T(M) — M be its tangent
bundle. Using the techniques outlined above, we would like to consider new
differentiable vector bundles over M, derived from 7 (M). We have
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(a) The cotangent bundle, T*(M), whose fibre at x € M, T}(M), is the
R-linear dual to T,(M).

(b) The exterior algebra bundles, N*'T (M), A°T*(M), whose fibre at
x € M is the antisymmetric tensor product (of degree p) of the vector
spaces T,(M) and T}(M), respectively, and

AT (M) = @ APT (M)
p=0
AT*(M) = ED APT*(M).
p=0
(c) The symmetric algebra bundles, S*(T (M)), S¥(T*(M)), whose fibres
are the symmetric tensor products (of degree k) of T.(M) and T*(M),
respectively.

We define
EP(U) = EU, NPT (M),

the C* differential forms of degree p on the open set U C M. As usual,
we can define the exterior derivative
d: EP(U) — EP*L(U).

‘We recall how this is done. First, consider U C R" and recall that the deriva-
tions {3/0xy, ..., d/0x,} form a basis for T, (R") at x € U. Let {dx,, ..., dx,}
be a dual basis for T (R"). Then the maps

dx;: U — T*(R")|y
given by

dxj(x) =dx;l,

form a basis for the E(U)(= Eg/(U))-module EU, T*(R")) = E'(U). More-
over, {dx; = dx; A--- Adx;,}, where I = (i1,...,i,) and 1 < i} <
i < --- <i, <n, form a basis for the £(U)-module £”(U). We defined
d: EP(U) — EPYI(U) as follows:

Case 1 (p = 0): Suppose that f € %(U) = &(U). Then let
n af 1
df = ——dx; € £ (U).
f ; o, 4 € E'O)
Case 2 (p > 0): Suppose that f € EP(U). Then
f=Y fidxi,

l=p

where f; € EU),I = (i1,...,i,),|I| = the number of indices, and )’
signifies that the sum is taken over strictly increasing indices. Then

df =Y dfi ndx, = Z’ig—fdxj Adx;.

l=p H=p j=1 7/
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Suppose now that (U, k) is a coordinate system on a differentiable manifold
M. Then we have that T (M)|y —> T (R")|,w); hence €7(U) < &7 (h(U)), and

h .
the mapping d: &P (h(U)) — EPY (h(U))

defined above induces a mapping (also denoted by d)

d: €"(U) — &P*(U).
This defines the exterior derivative d locally on M, and it is not difficult to
show, using the chain rule, that the definition is independent of the choice
of local coordinates. It follows that the exterior derivative is well defined
globally on the manifold M.

We have previously defined a bundle homomorphism of two bundles over
the same base space (Definition 2.8). We now would like to define a mapping
between bundles over different base spaces.

Definition 2.14:  An S-bundle morphism between two $-bundles np: E — X
and np: F — Y is an 8-morphism f: E —> F which takes fibres of E
isomorphically (as vector spaces) onto fibres in F. An 8-bundle morphism
f: E — F induces an 8-morphism f(rz(e)) = mr(f(e)); in other words,
the following diagram commutes:
;
E — F
TE J/ ; J/ TF

X — Y.

If X is identified with 0(X), the zero section, then f may be identified with
f=fl X —Y=001)

since f is a homomorphism on fibres and maps the zero section of X into
the zero section of Y, which can likewise be identified with Y. If E and
F are bundles over the same space X and f is the identity, then E and
F are said to be equivalent (which implies that the two vector bundles are
S-isomorphic and hence equivalent in the sense of Definition 2.8).

Proposition 2.15: Given an S-morphism f: X — Y and an S-bundle
m: E — Y, then there exists an S-bundle 7’: E’ — X and an 8-bundle
morphism g such that the following diagram commutes:

g
E' — E

’ i
X — Y.
Moreover, E’ is unique up to equivalence. We call E’ the pullback of E by f
and denote it by f*E.

Proof: Let
(2.3) E ={(x,e) e X x E: f(x) =m(e)}.
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We have the natural projections
g E—E and 7" E — X
(x,e) — e (x,e) — x.

Giving E, = {x} x E;q, the structure of a K-vector space induced by
E /), E’ becomes a fibered family of vector spaces over X.

If (U, h) 1s a local trivialization for E, i.e.,
h
Ely—U x K",
then it is easy to show that

E'ljiy— f7'(U) x K"

is a local trivialization of E’; hence E’ is the necessary bundle.
Suppose that we have another bundle 7: £ — X and a bundle morphism
g such that :
E—E
Al
X —Y
commutes. Then define the bundle homomorphism h: E —> E’ by

h(e) = (7 (e), g(e)) € {m(&)} x E.
Note that h(¢) € E’ since the commutativity of the above diagram yields
f(m(e)) = m(g(e)); hence this is a bundle homomorphism. Moreover, it is
a vector space isomorphism on fibres and hence an S-bundle morphism
inducing the identity 1x: X — X, i.e., an equivalence.
Q.E.D.

Remark: 1In the diagram in Proposition 2.15, the vector bundle E’ and
the maps n’ and g depend on f and 7, and we shall sometimes denote

this relation by
e
ffE —

Ty l T
Vo
X —Y
to indicate the dependence on the map f of the pullback. For convenience,

we assume from now on that f*E is given by (2.3) and that the maps =,
and f, are the natural projections.

The concepts of S-bundle homomorphism and S-bundle morphism are
related by the following proposition.

Proposition 2.16: Let E— X and E'">Y be $-bundles. If fiE— E'is
an $-morphism of the total spaces which maps fibres to fibres and which is
a vector space homomorphism on each fibre, then f can be expressed as the
composition of an S§-bundle homomorphism and an S-bundle morphism.
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Proof:  Let f be the map on base spaces f: X — Y induced by f.
Let f*E’ be the pullback of E’ by f, and consider the following diagram,

h _ S
E —> f*E —> E'

xin}f i”/

X — Y7,

where & is defined by h(e) = (r(e), f(e)) [see (2.3)]. It is clear that [ = fioh.
Moreover, f, is an 8-bundle morphism, and % is an S-bundle homomorphism.
Q.E.D.

There are two basic problems concerning vector bundles on a given space:
first, to determine, up to equivalence, how many different vector bundles
there are on a given space, and second, to decide how “twisted” or how
far from being trivial a given vector bundle is. The second question is the
motivation for the theory of characteristic classes, which will be studied
in Chap. III. The first question has different “answers,” depending on the
category. A special important case is the following theorem. Let U = U,
denote the universal bundle over G,, (see Example 2.6).

Theorem 2.17: Let X be a differentiable manifold and let £ — X be
a differentiable vector bundle of rank r. Then there exists an N > 0
(depending only on X) and a differentiable mapping f: X — G, n(R)),
so that f*U = E. Moreover, any mapping f which is homotopic to f has
the property that f*U = E.

We recall that f and f are homotopic if there is a one-parameter family
of mappings F: [0, 1] x X —> G,y so that F|gx = f and F|yxx = f
The content of the theorem is that the different isomorphism classes of dif-
ferentiable vector bundles over X are classified by homotopy classes of maps
into the Grassmannian G, y. For certain spaces, these are computable (e.g., if
X is a sphere, see Steenrod [1]). If one assumes that X is compact, one can
actually require that the mapping f in Theorem 2.17 be an embedding of X
into G, y (by letting N be somewhat larger). One could have phrased the above
result in another way: Theorem 2.17 is valid in the category of continuous
vector bundles, and there is a one-to-one correspondence between isomor-
phism classes of continuous and differentiable (and also real-analytic) vector
bundles. However, such a result is not true in the case of holomorphic vec-
tor bundles over a compact complex manifold unless additional assumptions
(positivity) are made. This is studied in Chap. VI. In fact, the problem of find-
ing a projective algebraic embedding of a given compact complex manifold
(mentioned in Sec. 1) is reduced to finding a class of holomorphic bundles
over X so that Theorem2.17 holds for these bundles and the mapping f
gives an embedding into G, ,(C), which by Proposition 1.14 is itself projective
algebraic. We shall not need the classification given by Theorem 2.17 in our
later chapters and we refer the reader to the classical reference Steenrod
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[1] (also see Proposition I11.4.2). A thorough and very accessible discussion
of the topics in this section can be found in Milnor [2].

The set of all vector bundles on a space X (in a given category) can
be made into a ring by considering the free abelian group generated by
the set of all vector bundles and introducing the equivalence relation that
E — (E’' 4+ E") is equivalent to zero if there is a short exact sequence of
the form 0 — E' — E —> E” — 0. The set of equivalence classes
form a ring K (X) (using tensor product as multiplication), which was first
introduced by Grothendieck in the context of algebraic geometry (Borel and
Serre [2]) and generalized by Atiyah and Hirzebruch [1]. For an introduction
to this area, as well as a good introduction to vector bundles which is more
extensive than our brief summary, see the text by Atiyah [1]. The subject of
K -theory plays an important role in the Atiyah-Singer theorem (Atiyah and
Singer [1]) and in modern differential topology. We shall not develop this in
our book, as we shall concentrate more on the analytical side of the subject.

3. Almost Complex Manifolds and the 3-Operator

In this section we want to introduce certain first-order differential oper-
ators which act on differential forms on a complex manifold and which
intrinsically reflect the complex structure. The most natural context in which
to discuss these operators is from the viewpoint of almost complex man-
ifolds, a generalization of a complex manifold which has the first-order
structure of a complex manifold (i.e., at the tangent space level). We shall
first discuss the concept of a C-linear structure on an R-linear vector space
and will apply the (linear algebra) results obtained to the real tangent bundle
of a differentiable manifold.

Let V be a real vector space and suppose that J is an R-linear isomorphism
J: V—V such that J> = —J (where I = identity). Then J is called a
complex structure on V. Suppose that V and a complex structure J are
given. Then we can equip V with the structure of a complex vector space
in the following manner:

(@+ifv:=av+BJv, a,feR, i=+—1

Thus scalar multiplication on V by complex numbers is defined, and it is
easy to check that V becomes a complex vector space. Conversely, if V is a
complex vector space, then it can also be considered as a vector space over
R, and the operation of multiplication by i is an R-linear endomorphism of
V onto itself, which we can call J, and is a complex structure. Moreover,
if {vy,...,v,} is a basis for V over C, then {v,...,v,, Jvui, ..., Jv,} will
be a basis for V over R.

Example 3.1: Let C" be the usual Euclidean space of n-tuples of complex
numbers, {zi,...,z,}, and let z; = x; +iy;, j = 1,...,n, be the real and
imaginary parts. Then C" can be identified with R? = {x|, y1, ..., X, Yu}
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x;, y; € R. Scalar multiplication by i in C" induces a mapping J: R —> R*"
given by
J(xlv Yis ooy Xn, yn) = (—)’1, X1y ooy = Vn» xn)’

and, moreover, J> = —1. This is the standard complex structure on R,
The coset space GL(2n, R)/GL(n, C) determines all complex structures on
R? by the mapping [A] —> A~!'J A, where [A] is the equivalence class of
A € GL(22n,R).

Example 3.2: Let X be a complex manifold and let 7, (X) be the (com-
plex) tangent space to X at x. Let X, be the underlying differentiable
manifold of X (i.e., X induces a differentiable structure on the underlying
topological manifold of X) and let 7, (X,) be the (real) tangent space to X,
at x. Then we claim that 7, (X) is canonically isomorphic with the underlying
real vector space of 7T, (X) and that, in particular, 7, (X) induces a complex
structure J, on the real tangent space 7, (X,). To see this, we let (k, U) be a
holomorphic coordinate system near x. Then h: U — U’ C C", and hence,
by taking real and imaginary parts of the vector-valued function &, we obtain

h:U — R*™
given by
h(x) = (Re hy(x),Tm hy(x),...,Re h,(x), Im h,(x)),
which is a real-analytic (and, in particular, differentiable) coordinate sys-
tem for X, near x. Then it suffices to consider the claim above for the
vector spaces T,(C") and Ty(R*") at 0 € C", where R* has the standard

complex structure. Let {3/dz;,...,3/0z,} be a basis for T,(C") and let
{0/0x1,3/0y1,...,0/dx,,3/dy,} be a basis for Ty(R?"). Then we have the
diagram

Th(C") = cC"
ol @R e
To(R™) = xR,
where « is the R-linear isomorphism between T,(R*") and T,(C") induced
by the other maps, and thus the complex structure of 7,(C") induces a
complex structure on Ty(R?"), just as in Example3.1. We claim that the
complex structure J, induced on 7,(X,) in this manner is independent of
the choice of local holomorphic coordinates. To check that this is the case,
consider a biholomorphism f defined on a neighborhood N of the origin
in C", f: N — N, where f(0) = 0. Then, letting ¢ = f(z) and writing
in terms of real and imaginary coordinates, we have the corresponding
diffeomorphism expressed in real coordinates:
§=ulx,y)

(3.1)
n=uv(x,Yy),

where &,n,x,y € R" and £ +in = ¢ € C",x +iy = z € C". The map
f(z) corresponds to a holomorphic change of coordinates on the complex
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manifold X; the pair of mappings u, v corresponds to the change of coor-
dinates for the underlying differentiable manifold. The Jacobian matrix
(differential) of these mappings corresponds to the transition functions for
the corresponding trivializations for T(X) and T (X,), respectively. Let J
denote the standard complex structure in C", and we shall show that J
commutes with the Jacobian of the real mapping. The real Jacobian of (3.1)
has the form of an n x n matrix of 2 x 2 blocks,

du, Oug,
0 0
M = x‘B yﬂ ) o, ﬁ = 11 , 1,
0v, 0V,
dxp  9yp

which, by the Cauchy-Riemann equations (since f is a holomorphic
mapping), is the same as

0V, o,

G a, =1 n
aua 8”(}[ ) 9 ) )
dys  dyp

Thus the Jacobian is an n x n matrix consisting of 2 x 2 blocks of the form

B!

Moreover, J can be expressed in matrix form as an n x n matrix of 2 x 2
blocks with matrices of the form

)

along the diagonal and zero elsewhere. It is now easy to check that MJ =
JM. 1t follows then that J induces the same complex structure on 7, (X,)
for each choice of local holomorphic coordinates at x.

Let V be a real vector space with a complex structure J, and consider
V ®r C, the complexification of V. The R-linear mapping J extends to a C-
linear mapping on V ®g C by setting J(0Qa) = J(v) Q« forv e V,a € C.
Moreover, the extension still has the property that J2 = —1, and it follows
that J has two eigenvalues {i, —i}. Let V!'* be the eigenspace corresponding
to the eigenvalue i and let V*! be the eigenspace corresponding to —i. Then
we have

VerC=V"q V"
Moreover, conjugation on V ®g C is defined by v®@a =v®a for v e V
and a € C. Thus V!'* = V! (conjugation is a conjugate-linear mapping).
It is easy to see that the complex vector space obtained from V by means
of the complex structure J, denoted by V;, is C-linearly isomorphic to V-,
and we shall identify V; with V!* from now on.
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We now want to consider the exterior algebras of these complex vector
spaces. Namely, denote V ®g C by V., and consider the exterior algebras

AV, AV and A VOL

Then we have natural injections
AVLO
SAVe,
AVO1

and we let A”7V be the subspace of AV, generated by elements of the form
u A w, where u € APV and w € A?7V%!. Thus we have the direct sum

(letting n = dim, V%)
2n
AV, = Z Z APV,

r=0 p+q=r

We now want to carry out the above algebraic construction on the tangent
bundle to a manifold. First, we have a definition.

Definition 3.3: Let X be a differentiable manifold of dimension 2xn. Suppose
that J is a differentiable vector bundle isomorphism

J: T(X) — T(X)

such that J,: T, (X) — T.(X) is a complex structure for 7, (X); i.e., J> = —1I,
where [ is the identity vector bundle isomorphism acting on 7(X). Then
J is called an almost complex structure for the differentiable manifold X.
If X is equipped with an almost complex structure J, then (X, J) is called
an almost complex manifold.

We see that a differentiable manifold having an almost complex structure
is equivalent to prescribing a C-vector bundle structure on the R-linear
tangent bundle.

Proposition 3.4: A complex manifold X induces an almost complex
structure on its underlying differentiable manifold.

Proof: As we saw in Example 3.2, for each point x € X there is a com-
plex structure induced on T,(X,), where X, is the underlying differentiable
manifold. What remains to check is that the mapping

Jx: TX(XO) — TX(XO)v X € XO»

is, in fact, a C* mapping with respect to the parameter x. To see that J is
a C* vector bundle mapping, choose local holomorphic coordinates (k, U)
and obtain a trivialization for T(X,) over U, i.e.,

T(Xo)ly = h(U) x R,
where we let z; = x; +iy; be the coordinates in 2(U) and (&1, 11, ..., &, 1)
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be the coordinates in R?". Then the mapping J |y is defined by (with respect
to this trivialization)

id x J: h(U) x R — h(U) x R*",

where
J(gl, N, .- vgnv 77n) = (_771’517 L) _nnvgn)a

as before, That is, in this trivialization J is a constant mapping, and hence
C. Since differentiability is a local property, it follows that J is a differ-
entiable bundle mapping.

Q.E.D.

Remark: There are various examples of almost complex structures which
do not arise from complex structures. The 2-sphere S? carries a complex
structure [= P, (C)], and the 6-sphere S° carries an almost complex structure
induced on it by the unit Cayley numbers in S’ (see Steenrod [1]). However,
this almost complex structure does not come from a complex structure (it is
not integrable; see the discussion below). Moreover, it is unknown whether S°
carries a complex structure. A theorem of Borel and Serre [1] asserts that only
S? and S admit almost complex structures among the even dimensional
real spheres. For more information about almost complex structures on
manifolds, consult, e.g., Kobayashi and Nomizu [1] or Helgason [1].

Let X be a differentiable m-manifold, let T(X). = T(X) ®r C be the
complexification of the tangent bundle, and let 7*(X). be the complexifi-
cation of the cotangent bundle. We can form the exterior algebra bundle
AT*(X)., and we let

& (X), = &(X, N'T*(X),).
These are the complex-valued differential forms of total degree r on X. We
shall usually drop the subscript ¢ and denote them simply by £"(X) when
there is no chance of confusion with the real-valued forms discussed in
Sec. 2. In local coordinates we have ¢ € £"(X) if and only if ¢ can be
expressed in a coordinate neighborhood by

e(x) =Y gr(x)dx;,
||=r
where we use the multiindex notation of Sec. 2. and ¢, (x) is a C* complex-
valued function on the neighborhood. The exterior derivative d is extended
by complex linearity to act on complex-valued differential forms, and we
have the sequence
Ox)-Le'x) -5 Lemx) — 0,

where d*> = 0.

Suppose now that (X, J) is an almost complex manifold. Then we can
apply the linear algebra above to T (X).. Namely, J extends to a C-linear bun-
dle isomorphism on T (X). and has (fibrewise) eigenvalues +i. Let T (X)"?
be the bundle of (+i)-eigenspaces for J and let T(X)"! be the bundle of
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(—i)-eigenspaces for J [note that these are differentiable subbundles of
T (X).]- We can define a conjugation on 7(X),,
0: T(X)e — T(X)e,
by fibrewise conjugation, and, as before,
0: T(X)" — T(X)"!
is a conjugate-linear isomorphism. Moreover, there is a C-linear isomorphism
T(X), =T(X)",
where T(X), is the C-linear bundle constructed from 7 (X) by means of J.
Let T*(X)'0, T*(X)%! denote the C-dual bundles of T(X)'° and T (X)%!,
respectively. Consider the exterior algebra bundles AT*(X)., AT*(X)"?, and
AT*(X)*!, and, as in the case of vector spaces, we have
T*(X)C — T*(X)LO @ T*(x)o,l
and natural bundle injections
AT*(X)0
AT,
AT*(X)"!
and we let A?YT*(X) be the bundle whose fibre is A”¢T(X). This bundle
is the one we are interested in, since its sections are the complex-valued
differential forms of type (p,q) on X, which we denote by
EPI(X) = E(X, APIT*(X)).
Moreover, we have that
EX)= Y eriXx).
prq=r
Note that the differential forms of degree r do not reflect the almost complex
structure J, whereas its decomposition into subspaces of type (p, g) does.
We want to obtain local representations for differential forms of type
(p, q). To do this, we make the following general definition.

Definition 3.5: Let £ —> X be an S-bundle of rank r and let U be
an open subset of X. A frame for E over U is a set of r S-sections
{s1,...,8},8; € 8(U, E), such that {s;(x),...,s,(x)} is a basis for E, for
any x € U.

Any 8-bundle E admits a frame in some neighborhood of any given point
in the base space. Namely, let U be a trivializing neighborhood for E so

that ~ .
h: Elp—U x K",

and thus we have an isomorphism
he: S(U, Ely)—8(U, U x K").
Consider the vector-valued functions
e =(1,0,...,0),e,=(0,1,...,0),...,e. =(0,...,0, 1),
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which clearly form a (constant) frame for U x K", and thus {(h,)"!(e)),
..., (hy)"(e,)} forms a frame for E|y, since the bundle mapping 4 is an
isomorphism on fibres, carrying a basis to a basis. Therefore we see that
having a frame is equivalent to having a trivialization and that the existence
of a global frame (defined over X) is equivalent to the bundle being trivial.

Let now (X,J) be an almost complex manifold as before and let
{wi, ..., w,} be a local frame (defined over some open set U) for T*(X)".
It follows that {wi, ..., w,}T is a local frame for T*(X)%!. Then a local
frame for A?9T*(X) is given by (using the multiindex notation of Sec. 2)

{(w' Aw’}, |Il=p, |J|=gq, ,J strictly increasing).
Therefore any section s € £7(X) can be written (in U) as
s = Za”wl/\ﬁ)J, aIJGEO(U).

I|=p
=
Note that ,
ds = E dajy Aw! AW 4 a;dw!’ A w?),

|I|=p
I=q

where the second term is not necessarily zero, since w;(x) is not necessarily
a constant function of the local coordinates in the base space (which will,
however, be the case for a complex manifold and certain canonical frames
defined with respect to local holomorphic coordinates, as will be seen below).

We now have, based on the almost complex structure, a direct sum
decomposition of £"(X) into subspaces {£7¢(X)}. Let r,, , denote the natural
projection operators

Tpet €(X) — EPUX), p+g=r
We have in general
d: EP9(X) — EPYITI(X) = >

.. r+s=p+q+1
by restricting d to £79. We define

3: EPI(X) — EPTH(X)
3: EPI(X) — EPTTH(X)
by setting
Jd = T p+l1,q © d
5 =Tpg+10° d.
We then extend 9 and 9 to all dim X
EX)= Y €&X)
=0

by complex linearity.
Recalling that Q denotes complex conjugation, we have the following
elementary results.

Proposition 3.6: Q3(Qf) = df, for f e £(X).

TWe shall use both Q and overbars to denote the conjugation, depending on the context.
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Proof:  One has to verify that if f € £€(X) and p+¢g =r, then Qn, ,f =
m,,,Qf and Q(df) = dQf, which are simple, and we shall omit the details.
Q.E.D.

_ In general, we know that d*> = 0, but it is not necessarily the case that
82 = 0. However, it follows from Proposition 3.6 that 3> = 0 if and only if
3% =0.

In general
s d: EP9(X) —> EPTIHI(X)

can be decomposed as
d= Y miod=09+0+-.
r+s=p+q+l

If, however, d = d + 3, then

d* =9 +09 + 99 + 97,
and since each operator projects to a different summand of £779+2(X) (in
which case the operators are said to be of different type), we obtain

3 =00+030=09"=0.
If d =3+ 0 then we say that the almost complex structure is integrable.

Theorem 3.7: The induced almost complex structure on a complex manifold
is integrable.

Proof: Let X be a complex manifold and let (X,, J) be the underlying
differentiable manifold with the induced almost complex structure J. Since
T (X) is C-linear isomorphic to T(X,) equipped with the C-bundle structure
induced by J, it follows that, as C-bundles,

T(X) = T(Xo)",
and similarly for the dual bundles,

T*(X) = T*(Xo)"".
But {dzi,...,dz,} is a local frame for T*(X) if (zi,...,z,) are local
coordinates (recall that {dzy, ..., dz,} are dual to {9/0z;, ..., 3/3z,}). We set

d 1<8 ,8) .
—_— == —i—, J:l,...,l’l
8Zj 2 8.Xj ay,

d 1 ad .0 1

2z, 2 (ax, J”ay,)’ JE R
where {0/0xy,...,d/0x,,03/dy,,...,3/dy,} is a local frame for T (X,). and
{0/0z1,...,0/9z,} is a local frame for 7(X) (cf. Examples2.4 and 2.5).
We observe that 9/0z; so defined is the complex (partial) derivative of a
holomorphic function, and thus the assertion that these derivatives form a
local frame for 7'(X) is valid. From the above relationships, it follows that

dz; =dx; +idy;
dz; =dx; —idy;, j=1,...,n,
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which gives 1
dxj = E(de +dZ,)
1 , :

This in turn implies that for s € £77(X)
s = Za”dzl Ad7’.

1.J
We have
8a” day; _
ds = ( —dy») Adz' Ad7’
121:121: 0x; ay; /
rdayy
= Z Z dz; Adz' A dZ’
j=1 1,J Zj

+ZZ aa”dz AdZ Ad7.

j=1 1,J

The first term is of type (p + 1, 9, and so

1 Zj
.. J=
and similarly "y
d=Y —dz;,
Z 9z “
j=1

and hence d = 8 + 8. Thus the almost complex structure induced by the
complex structure of X is integrable.
Q.E.D.

The converse of this theorem is a deep result due to Newlander and
Nirenberg [1], whose proof has been simplified in recent years (see, e.g.,
Kohn [1], Hérmander [2]).

Theorem 3.8 (Newlander-Nirenberg): Let (X, J) be an integrable almost
complex manifold. Then there exists a unique complex structure Oy on X
which induces the almost complex structure J.

We shall not prove this theorem, and instead refer the reader to
Hormander [2]. We shall mention, however, that it can easily be reduced
to a local problem—and, indeed, to solving particular partial differential
equations (namely the inhomogeneous Cauchy-Riemann equations) with
estimates. In the case where (X, J) is a real-analytic almost complex mani-
fold, there are simpler proofs (see e.g., Kobayashi-Nomizu, Vol. II [1]). We
shall not need this theorem, but we shall mention that it plays an impor-
tant role in the study of deformations of complex structures on a fixed
differentiable manifold, a topic we shall discuss in Chap. V.



CHAPTER 1I

SHEAF THEORY

Sheaves were introduced some 20 years ago by Jean Leray and have had a
profound effect on several mathematical disciplines. Their major virtue is that
they unify and give a mechanism for dealing with many problems concerned
with passage from local information to global information. This is very useful
when dealing with, say, differentiable manifolds, since locally these look like
Euclidean space, and hence localized problems can be dealt with by means
of all the tools of classical analysis. Piecing together “solutions” of such
local problems in a coherent manner to describe, e.g., global invariants, is
most easily accomplished via sheaf theory and its associated cohomology
theory. The major virtue of sheaf theory is information-theoretic in nature.
Most problems could be phrased and perhaps solved without sheaf theory,
but the notation would be enormously more complicated and difficult to
comprehend.

In Sec. 1 we shall give the basic definition of presheaves and sheaves,
including a variety of examples. In Sec. 2 we shall develop one of the
basic computational tools associated with a sheaf, namely a resolution,
and again there are more examples. Section 3 contains an introduction to
cohomology theory via abstract (canonical) soft (or flabby) resolutions, and
we shall prove some basic isomorphism theorems which give us an explicit
version of de Rham’s theorem, for instance. In Sec. 4 we give a brief
summary of Cech cohomology theory, an alternative and equally useful
method for computing cohomology. General references for this chapter
include Bredon [1], Godement [1], and selected chapters in Gunning and
Rossi [1] and Hirzebruch [1].

1. Presheaves and Sheaves

In this section we shall introduce the basic concepts of presheaves and
sheaves, giving various examples to illustrate the main ideas. We shall start
with some formal definitions.

Definition 1.1: A presheaf F over a topological space X is

36
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(a) An assignment to each nonempty open set U C X of a set F(U).
(b) A collection of mappings (called restriction homomorphisms)
rl cF(U) — F(V)
for each pair of open sets U and V such that V C U, satisfying
(1) rf =identity on U(= ly).
(2) ForUDVOW,rf=ryorf.

If F and G are presheaves over X, then a morphism (of presheaves)
h:F—§
is a collection of maps
hy : F(U) — SU)
for each open set U in X such that the following diagram commutes:

FU) — SW)

e
FV) — G(V), VcUCcCKX.

F is said to be a subpresheaf of G if the maps hy above are inclusions.

Remark: We shall be dealing primarily with presheaves, &, where F(U)
has some algebraic structure (e.g., abelian groups). In this case we also
require that the subpresheaves have the induced substructure (e.g., sub-
groups) and that restriction homomorphisms and morphisms preserve the
algebraic structure (e.g., rJ and hy are group homomorphisms). Moreover,
we shall call the elements of F(U) sections of F over U for reasons which
will become apparent later.

Definition 1.2: A presheaf F is called a sheaf if for every collection U; of
open subsets of X with U = U U, then F satisfies

Axiom S;: If s,z € FU) and rgi(s) = "z[/],- (t) for all i, then s =¢.
Axiom S;: If s; € F(U;) and if for U; NU; # @ we have

U; Uj
rynu,; (81 = Tv;nu, (s;)

for all i, then there exists an s € F(U) such that r,’ji (s) =s; for all i.

Morphisms of sheaves (or sheaf mappings) are simply morphisms of the
underlying presheaf. Moreover, when a subpresheaf of a sheaf F is also a
sheaf, then it will be called a subsheaf of F. An isomorphism of sheaves (or
presheaves) is defined in the obvious way, namely 4y is an isomorphism in
the category under consideration for each open set U. Note that Axiom S;
for a sheaf says that data defined on large open sets U can be determined
uniquely by looking at it locally, and Axiom S, asserts that local data of a
given kind (in a given presheaf) can be pieced together to give global data
of the same kind (in the same presheaf).

We would now like to give some examples of presheaves and sheaves.
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Example 1.3: Let X and Y be topological spaces and let Cxy be the
presheaf over X defined by

(@) Cxy(WU):={f:U—Y:f is continuous}.

(b) For f € Cxy(U), r{(f) = flv, the natural restriction as a function.
It is easy to see that this presheaf satisfies Axioms S; and S, and hence is
a sheaf.

Example 1.4: Let X be a topological space and let K be R or C. Let
Cx = Cxk, as in the above example. This is a sheaf of K-algebras; i.e.,
Cx(U) is a K-algebra under pointwise addition, multiplication, and scalar
multiplication of functions.

Example 1.5: Let X be an 8-manifold (as in Definition 1.1 in Chap. I).
Then we see that the assignment Sy given by

8x(U) := 8(U) = the S-functions on U

defines a subsheaf of Cy. This sheaf is called the structure sheaf of the mani-
fold X. In particular, we shall be dealing with £y, Ay, and Oy, the sheaves
of differentiable, real-analytic, and holomorphic functions on a manifold X.

Example 1.6: Let X be a topological space and let G be an abelian
group. The assignment U — G, for U connected, determines a sheaf, called
the constant sheaf (with coefficients in G). This sheaf will often be denoted
simply by the same symbol G when there is no chance of confusion.

We want to give at least one example of a presheaf which is not a sheaf,
although our primary interest later on will be sheaves of the type mentioned
above.

Example 1.7: Let X be the complex plane, and define the presheaf B
by letting B(U) be the algebra of bounded holomorphic functions in the
open set U. Let U; = {z : |z| < i}, and then C = U U,. Let f; € B(U;) be
defined by setting f;(z) = z. Then it is quite clear that there is no f € B(C)
with the property that f|y, = f;. In fact, by Liouville’s theorem, B(C) = C.
Consequently, B is not a sheaf, since it violates Axiom S,.

We see in the above example that the basic reason B was not a sheaf
was that it was not defined by a local property (such as holomorphicity,
differentiability, or continuity).

Remark: A presheaf that violates Axiom S; can be obtained by taking
the sections of Cy x with X a two point discrete space but letting all proper
restrictions be zero.

A natural structure on presheaves which occurs quite often is that of a
module.
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Definition 1.8: Let R be a presheaf of commutative rings and let 9t be
a presheaf of abelian groups, both over a topological space X. Suppose
that for any open set U C X,9(U) can be given the structure of an
R(U)-module such that if @ € R(U) and f € M), then

ri(af) = pY@)rl (f)

for V.C U, where r is the 9M-restriction homomorphism and p{ is the
R-restriction homomorphism. Then 9 is called a presheaf of R-modules.
Moreover, if 901 is a sheaf, then 9t will be a sheaf of R-modules.

Example 1.9: Let £ — X be an S-bundle. Then define a presheaf
S(E) (= 8x(E))T by setting S(E)(U) = 8(U, E), for U open in X, together
with the natural restrictions. Then 8(E) is, in fact, a subsheaf of Cx r and
is called the sheaf of S-sections of the vector bundle E. As special cases, we
have the sheaves of differential forms €% on a differentiable manifold, or the
sheaf of differential forms of type (p, q), E%?, on a complex manifold X.
These sheaves are examples of sheaves of €x-modules, and, more generally,
8(E) is a sheaf of Sxy-modules for an 8-bundle £ — X.

Example 1.10: Let Oc denote the sheaf of holomorphic functions in the
complex plane C and let J denote the sheaf defined by the presheaf

U — OU), if0¢U
U—{feOW): f(0)=0}, if 0eU.

Then, clearly, this presheaf is a sheaf, and it is also a sheaf of modules
over the sheaf of commutative rings Oc¢ (in fact, it is a sheaf of ideals in
the sheaf of rings, going one step further).

The most commonly occurring sheaves of modules in complex analysis
have names.

Definition 1.11: Let X be a complex manifold. Then a sheaf of modules
over the structure sheaf Oy of X is called an analytic sheaf.

As one knows from algebra, the simplest type of modules are the free
modules. We have a corresponding definition for sheaves. First, we note
that there is a natural (and obvious) notion of restriction of a sheaf (or
presheaf) ¥ on X to a sheaf (or presheaf) on an open subset U of X, to
be denoted by F|y.

Definition 1.12: Let R be a sheaf of commutative rings over a topological
space X.

T8x(E) is not to be confused with Sg(E), which are the global S-functions defined on
the manifold E. In context it will be clear which is meant.
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(a) Define R?, for p > 0, by the presheaf
U— RPWU) =RWU)D---®RU).

p terms

R?, so defined, is clearly a sheaf of R-modules and is called the direct sum
of R (p times; p = 0 corresponds to the 0-module).

(b) If 90t is a sheaf of R-modules such that 9t = R? for some p > 0,
then 90 is said to be a free sheaf of modules.

() If 91 is a sheaf of R-modules such that each x € X has a
neighborhood U such that 9|, is free, then 9 is said to be locally free.

The following theorem demonstrates the relationship between vector
bundles and locally free sheaves.

Theorem 1.13: Let X = (X, 8) be a connected 8-manifold. Then there is a
one-to-one correspondence between (isomorphism classes of) S-bundles over
X and (isomorphism classes of) locally free sheaves of S-modules over X.

Proof: The correspondence is provided by
E — 8(E)

and it is easy to see that S(E) is a locally free sheaf of S-modules. Namely,
by local triviality, for some neighborhood U of a point x € X, we have
E|y = U x K", where r is the rank of the vector bundle E. It follows that
S(E)|y = 8(U x K"). We claim that

SUXK)=S8ly®-- ®3|v.

From the definition of a section, it follows that f € S(U x K")(V) (for V
open in U) if and only if f(x) = (x, g(x)), where g : V — K" and g is
an S-morphism (cf. Example1.2.12). Therefore g = (g1, ..., &), 8; € 8(V),
and the correspondence above is given by

f— @ ....8) €Su(V)D - ®Sy(V),

which is clearly an isomorphism of sheaves. Therefore S(E) is a locally free
Sx-module.

We shall now show how to construct a vector bundle from a locally free
sheaf, which inverts the above construction. Suppose that L is a locally free
sheaf of 8-modules. Then we can find an open covering {U,} of X such
that

8o - L|Ua — Sr|U0(
for some r > 0 (excluding the trivial case); note that » does not depend on
o, since X is connected. Then define

8ap * 8"|UaﬂUﬁ — SranﬂUﬁ

by setting g, = gq© g;l. Now g 18 a sheaf mapping, so in particular (when
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acting on the open set U, N Up) it determines an invertible mapping of
vector-valued functions (8ap)Uarigs which we write as

8up - S(Uy NUp) —> S(Uy NUj)',

which is then a nonsingular » x r matrix of functions in S(U, N Up), i.e.,
8w : Uy NUg — GL(r, K), and hence determines transition functions for
a vector bundle E, since the compatibility conditions g.s - g5, = ga, are
trivially satisfied. Thus a vector bundle E can be defined by letting

E=UU, x K’ (disjoint union)
and making the identification

(X, &) ~ (x, gup()E), f x €eU,NUs # 2.

(Cf. the remark after Definition 1.2.2.)
We leave it to the reader to verify that isomorphism classes are preserved
under this correspondence.
Q.E.D.

Remark: Most of the sheaves we shall be dealing with will be locally free
sheaves arising from vector bundles; however, there is a generalization which
is of great importance for the study of function theory on complex manifolds
and, more generally, complex manifolds with singularities—complex spaces.
An analytic sheaf ¥ on a complex manifold X is said to be coherent if for
each x € X there is a neighborhood U of x such that there is an exact
sequence of sheaves over U,

O’y — Oy — Fly — 0,

for some p and ¢g. For a complete discussion of coherent analytic sheaves
on complex spaces, see Gunning and Rossi [1]. For instance, let V be a
subvariety of C"; i.e., V is defined as a closed subset in C", which is locally
given as the set of zeros of a finite number of holomorphic functions. Let Jy
be the subsheaf of O defined by sections that vanish on V. Therefore Jy is an
ideal sheaf in the sheaf of rings O. Then Jy is a coherent analytic sheaf (by
results of Oka and Cartan; see Gunning and Rossi [1]) but not necessarily
locally free. A simple example of this situation is the case where V is simply
the origin in C?; then we see that Jy = Jy, is similar to Example 1.10.
Moreover, Jy, is coherent because of the following exact sequence,

0— 050579, —0 (Koszul complex),
where
r(fi, ) =z1fi —22/>
v(f) = (2 f 21 f)-

One can easily check that this is exact (by expanding the functions in power
series at the origin and determining the relations between the coefficients).
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2. Resolutions of Sheaves

A sheaf JF on a space X is a carrier of localized information about the
space X. To get global information about X from &, we want to apply the
techniques of homological algebra to sheaves. For this we want to consider
exact sequences, quotients, etc. To do this, however, we have to look at
another, more localized, model of a sheaf. In fact, we shall make a sheaf
into a topological space of a particular type.

Definition 2.1: (a) An étalé space over a topological space X is a topo-
logical space Y together with a continuous surjective mapping 7 : ¥ — X
such that 7 is a local homeomorphism.

(b) A section of an étalé space ¥ —>X over an open set U C X is a
continuous map f : U — Y such that m o f = 1. The set of sections
over U is denoted by I'(U, Y).

It is clear that the sections of an étalé space form a subsheaf of Cx y. We
are going to associate to any presheaf I over X an étalé space F —> X such
that the sheaf of sections of F gives another model for F if F happens to be
a sheaf. The reasons for this construction will become clear as we go along.

Consider a presheaf F over X, and let

Fe = 1lmFU)
xelU
be the direct limit of the sets F(U) with respect to the restriction maps {rg }
of F. If F has an algebraic structure which is preserved under direct limits,
then F,, called the stalk of F at x, will inherit that structure. For instance,
this is the case if F is a presheaf of abelian groups or commutative rings.
There is a natural map

Y FU) — T, xeU,
given by taking an element in F(U) into its equivalence class in the direct

limit. If s € F(U), then s, := rU(s) is called the germ of s at x, and s is
called a representative for the germ s,. Let

F=U 7,

xeX

and let 7 : F —> X be the natural projection taking points in J, to x. We
want to make F into an étalé space, and all that remains is to give F a
topology. For each s € F(U) define the set function

5:U —F
by letting §(x) = s, for each x € U. Note that m o § = 1. Let
{§(U)} where U is open in X,s € FU)

be a basis for the topology of F. Then all the functions § are continuous.
Moreover, it is easy to check that 7 is continuous and indeed a local home-
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omorphism (5§ provides a local inverse at s, for 7 for a given representative
s of s, € ).

Thus we have associated to each presheaf F over X an étalé space.
Moreover, if the presheaf has algebraic properties preserved by direct limits,
then the étalé space J inherits these properties. For example, suppose that
F is a presheaf of abelian groups. Then F has the following properties:

(a) Each stalk is an abelian group.
(b)) IfFoF:={(s,1) e F xTF:a(s) =mn(t)}, then the map
w:FoF—7F
given by (sy, t,) —> s, — t, is continuous. This is true since if (s —¢)~(U)
is a basic open set of s, — 7, for U open in X and s,t € F(U), then the
inverse image of (s —¢)”(U) by the above map is just 5(U) o f(U), which
is a basic open set in Fo J.

(c) For U open in X, the set of sections of F over U, T, f;r) 1S an
abelian group under pointwise addition, i.e., for s,z € T'(U, F)

(s—1)(x)=skx)—t(x) forall xeU.

We see that s —t is continuous since it is given by the following composition
of continuous maps:
U 5o 7

In associating an étalé space Ftoa presheaf F, we have also associated
a sheaf to &, namely the sheaf of sections of F. We call this sheaf the sheaf
generated by F. We would now like to look more closely at the relationship
between the presheaf, F, and the sheaf of sections of F which we shall call
F for the time being. We have already used the fact that there is a presheaf
morphism, which we now denote by

r:ff—)é‘,

namely tpy : F(U) — FWU)[:=T WU, F)] is given by ty(s) = 5. Recall that
5(x) = rY(s) for all x € U. In the case that F is a sheaf, we have the
following basic result. Its proof will illustrate the use of the sheaf axioms
in an abstract setting.

Theorem 2.2: If F is a sheaf, then
1:F—F
is a sheaf isomorphism.
Proof: 1t suffices to show that t; is bijective for each U.
(a) 1ty is injective: Suppose that s',s” € FU) and ty(s') = Ty (s”).

Then
[tu (s)1(x) = [ty (s)](x) for all x € U;
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ie, rV(s") = rV(s") for all x € U. But when rV(s") = rY(s”) for some x € U,
the definition of direct limit implies that there is a neighborhood V of x
such that r(s’) = r/(s”). Since this is true for each x € U, we can cover
U with open sets U; such that

ry. (s = rg,(s")
for all i. So since J is a sheaf, we have, by Axiom S;, 5" =s".

(b) 1y is surjective: Suppose o € T'(U,F). Then for x € U there is a
neighborhood V of x and s € F(V) such that

o(x) =8 = [tv(H]x).
Since sections of an étalé space are local inverses for &, any two sections

which agree at a point agree in some neighborhood of that point. Hence
we have for some V* a neighborhood of x:

olyx =ty (s)|yx = rv*(r“,/*(s)).

Since this is true for any x € U, we can cover U with neighborhoods U;
such that there exists s; € F(U;) and

Ty; (si) = U|U,--
Moreover, we have
Ty, (8:) = T, (s;) on U;NUj,
so by part (a) v v,
Tuinw; (i) = ”U,-jmuj(sj)-
Since F is a sheaf and U = U; U;, there exists s € F(U) such that
r[l]j[ () =s;.
Thus U
Ty )|y, = Ty, (ry, (8)) = 1, (8) = oy,
and finally ty(s) = o.

Q.E.D.

The content of this theorem is that to each sheaf F one can associate
an étalé space F whose sheaf of sections is the original F; i.e., F contains
the same amount of information as F, and for this reason, a sheaf is very
often defined to be an étalé space with algebraic structure along its fibres, as
discussed above (see, e.g., Bredon [1] and Gunning and Rossi [1]). For doing
analysis, however, the principal object is the presheaf, with its axioms (since
most sheaves occur naturally in this form), and the associated étalé space
is an auxiliary construction which is useful in constructing the homological
machinery which makes sheaves useful objects. One way, in particular, that
the étalé space is useful is to pass from a presheaf to a sheaf.

Definition 2.3: Let & be a presheaf over a_topological space X and let F
be the sheaf of sections of the étalé space F associated with F. Then ¥ is
the sheaf generated by F.
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By Theorem 2.2 above, we see that a presheaf, which is a sheaf, generates
itself; i.e., F = F. Moreover, we shall use both notations F(U) and ' (U, )
to denote the set (or group or module) of sections of F over U, depending
on the context (the word section, of course, coming from the étalé space
picture of a sheaf).

We now want to study the elementary homological algebra of sheaves of
abelian groups; all the concepts we shall encounter generalize in a natural

manner to sheaves of modules.

Definition 2.4: Suppose that F and G are sheaves of abelian groups over
a space X with G a subsheaf of &, and let Q be the sheaf generated by the
presheaf U — F(U)/S(U). Then Q is called the quotient sheaf of F by G
and is denoted by F/G.

The quotient mapping on presheaves above induces a natural sheaf surjec-
tion ¥ — F/§ by going to the direct limit, inducing a continuous mapping
of étalé spaces, and then considering the induced map on continuous sections.
This is then the desired sheaf mapping onto the quotient sheaf.

One of the fundamental concepts of homological algebra is that of
exactness.

Definition 2.5: If A, B, and C are sheaves of abelian groups over X and
AL B e

is a sequence of sheaf morphisms, then this sequence is exact at B if the

induced sequence on stalks

8x hy
A, — B, — G,

is exact for all x € X. A short exact sequence is a sequence
00— A—B—C—0,
which is exact at A, B, and €, where 0 denotes the (constant) zero sheaf.

Remark: Note that exactness is a local property. The sheaves are not
defined to be exact at the presheaf level [i.e., exactness of
AU) — BU) — CU)
for each U open in X], which, of course, was possible since homomorphism
of sheaves were so defined. The usefulness of sheaf theory is precisely in
finding and categorizing obstructions to the “global exactness” of sheaves.

We shall now give some examples of short exact sequences of sheaves.

Example 2.6: Let X be a connected complex manifold. Let O be the sheaf
of holomorphic functions on X and let O* be the sheaf of nonvanishing
holomorphic functions on X which is a sheaf of abelian groups under
multiplication. Then we have the following sequence:

2.1) 0—Z-50250"—0



46 Sheaf" Theory Chap. 11

where Z is the constant sheaf of integers, i is the inclusion map, and
exp : O —> O* is defined by

expy (f)(z) =exp 2rif(2)).

Moreover, for some (sufficiently small) simply-connected neighborhood U
of x € X and for some representative g € O*(U) of a germ g, at x, we can
choose f, = ((1/2wi)logg), for some branch of the logarithm function,
and we have exp, (f,) = g.. Also, exp,(f.) = 0 implies thatf

exp 2mif(z) =1, zeU,

for any f € O(U) which is a representative of the germ f, on a connected
neighborhood U of x. Therefore f is constant on U and is, in fact, an
integer, so that

Ker(exp,) = Z,

and the sequence (2.1) is exact.
Example 2.7: Let A be a subsheaf of B. Then
0—A-S5B-LB/A—0

is an exact sequence of sheaves, where i is the natural inclusion and ¢ is
the natural quotient mapping.

Example 2.8: As a special case of Example 2.7, we let X = C and let O
be the holomorphic functions on C. Let J be the subsheaf of O consisting
of those holomorphic functions which vanish at z = 0 € C (Example 1.10).
Then we have the following exact sequence of sheaves:

0—J— 00— 0/J—0.

We note that
C, if x=0

©/9), = {0, if x #0.

Example 2.9: Let X be a connected Hausdorff space and let a, b be
two distinct points in X. Let Z denote the constant sheaf of integers on X
and J denote the subsheaf of Z which vanishes at ¢ and b. Then

0—IJ—Z—>272/]—0

is exact and
Z, fx=aorx=5»

2/ = {0, if x#a and x #b.

ftNote that “0” here is the identity element in an abelian group.
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Remark: Example 2.9 shows the necessity of using the generated sheaf
for the quotient sheaf in Definition 2.4, since the presheaf of quotients of
sections of Z by sections of J violates Axiom S,.

Following the terminology of homological algebra for modules, we make
the following definitions where sheaf means sheaf of abelian groups or
sheaf of modules. A graded sheaf is a family of sheaves indexed by integers,
F* = {Fqez. A sequence of sheaves (or sheaf sequence) is a graded sheaf
connected by sheaf mappings:

(2.2) e FO gt T g2 g3

A differential sheaf is a sequence of sheaves where the composite of any
pair of mappings is zero; i.e., o oa;_; = 0 in (2.2). A resolution of a sheaf
F is an exact sequence of sheaves of the form

0—-F—F" 53 — ... 5F" — ...
which we also denote symbolically by
00— F — T,

the maps being understood.

We shall see later that various types of information for a given sheaf
F can be obtained from knowledge of a given resolution. We shall close
this section with various examples of resolutions of sheaves. Their utility
in computing cohomology will be demonstrated in the next section.

Example 2.10: Let X be a differentiable manifold of real dimension m
and let &} be the sheaf of real-valued differential forms of degree p. Then
there is a resolution of the constant sheaf R given by

(2.3) 0—R-e-Hek -5 e 0,

where i is the natural inclusion and d is the exterior differentiation operator.
Since d* = 0, it is clear that the above is a differential sheaf. However, the
classical Poincaré lemma (see, e.g., Spivak [1], p. 94) asserts that on a
star-shaped domain U in R”, if f € E7(U) is given such that df = 0,
then there exists a u € &~ (U) (p > 0) so that du = f. Therefore the
induced mapping d, on the stalks at x € X is exact, since we can find
representatives in local coordinates in star-shaped domains. At the term
&%, exactness is an elementary result from calculus [i.e., df = 0 implies that
f 1s a constant (locally)]. We shall denote this resolution by 0 — R — &%
(or 0 — C — &% if we are using complex coefficients).

Example 2.11: Let X be a topological manifold. We want to derive a re-
solution for the constant sheaf G over X, where G is an abelian group (which
will hold also for more general spaces). Let S?(U, G) be the group of singular
cochains in U with coefficients in G; i.e., S?(U, G) = Homz(S,(U, Z), G),
where S,(U, Z) is the abelian group of integral singular chains of degree
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p in U with the usual boundary map (see, e.g., MacLane [1] or any standard
algebraic topology text). Let § denote the coboundary operator, § : S?(U, G)
— §P*1(U, G), and let §7(G) be the sheaf over X generated by the presheaf
U — S?(U, G), with the induced differential mapping 87 (G) LN $PL(G).
Consider the unit ball U in Euclidean space. Then the sequence

(2.4) i SPNU, G) =2 SP(U, G) = SPHI(U, G) —> - -

is exact, since Ker §/Im § is the classical singular cohomology for the
unit ball, which is well known to be zero for p > 0 (see MacLane [1],
pp. 54-61, for an elementary proof of this fact, using barycentric subdivi-
sion). Therefore the sequence

0— G —> 8°(G) > 8(G) =5 8*(G) —> --- —> 8"(G) —> ---
is a resolution of the constant sheaf G, noting that
Ker(8 : S°(U, G) — S'(U, G)) = G.

We remark that we could also have considered C* chains if X is a differ-
entiable manifold, i.e. (linear combinations of) maps f : A” — U, where f
is a C* mapping defined in a neighborhood of the standard p-simplex A”.
The corresponding results above still hold [in particular, the elementary
proof of the exactness of (2.4) still works in the C* case], and we have a
resolution by differentiable cochains with coefficients in G:

0— G— 8. (G) — 8L.(G) — -+ — 8" (G) —> ---,
which we abbreviate by
(2.5) 0— G — 8(G).

Example 2.12: Let X be a complex manifold of complex dimension n,
let £79 be the sheaf of (p,q) forms on X, and consider the sequence of
sheaves, for p > 0, fixed,

0 @r gt Lgrl e g
where 7 is defined as the kernel sheaf of the mapping £7° 2, &r!, which
is the sheaf of holomorphic differential forms of type (p,0) (and we usually
say holomorphic forms of degree p); i.e., in local coordinates, ¢ € 7(U) if

and only if
o= 'pidz, ¢ €0U),

|11=p
and we note that ° = O(= Oy). Then for each p we have a differential
sheaf

(2.6) 0—> QF — &r*,

since 8% = 0, which is, in fact, a resolution of the sheaf @7, by virtue of the
Grothendieck version of the Poincaré lemma for the d-operator. Namely,
if wis a (p, g)-form defined in a polydisc A in C", A ={z:|z| <ri=1,
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...,n}, and dw = 0 in A, then there exists a (p, g — 1)-form u defined in
a slightly smaller polydisc A’ CC A, so that du = w in A’. See Gunning
and Rossi [1], p. 27, for an elementary proof of this result using induction
(as in one of the classical proofs of the Poincaré lemma) and the general
Cauchy integral formula in the complex plane.f

Example 2.13: Let X be a complex manifold and consider the differential
sheaf over X,
0—C— Lo —... Lo — 0,

where the 27 are defined in Example 2.12. Then we claim that this is a
resolution of the constant sheaf C. First we note that 9 = d, when acting
on holomorphic forms of degree p, since d = 9 + 9, and 9(”) = 0 for
p =0, ..., u; then exactness at Q° is immediate. Moreover, one can locally
solve the equation du = w for u if dw = 0 by the same type of proof as
for the operator 3 indicated in Example 2.12.

Suppose that L* and 91* are differential sheaves. Then a homomorphism
f:L* - M* is a sequence of homomorphism f; : L/ — 9V which
commutes with the differentials of £L* and 9t*. Similarly, a homomorphism
of resolutions of sheaves

00— A — A
oo
0 — B — B*

is a homomorphism of the underlying differential sheaves.

Example 2.14: Let X be a differentiable manifold and let
00— R— &
0 — R —> 8" (R)

be the resolutions of R given by Examples 2.10 and 2.11, respectively. Then
there is a natural homomorphism of differential sheaves
I1:& — 8 (R)

which induces a homomorphism of resolutions in the following manner:

i

O*>R< L i

i 8% (R).

The homomorphism 7 is given by integration over chains; i.e.,

Iy : €*(U) — 8* (U, R)

+The same result holds for 8 : €74 —s &P*14 as one can easily see by conjugation.
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is given by

Iy(p)(c) = /w,
where ¢ is a C* chain (with real coefficients, in this case), and then Iy (¢) €
8t (U, R). Moreover, by Stokes’ theorem it follows that the mapping I
commutes with the differentials.

We shall see in the next section how resolutions can be used to represent the
cohomology groups of a space. In particular, we shall see that every sheaf
admits a canonical abstract resolution with certain nice (cohomological)
properties, and we shall then compare this abstract resolution with our
more concrete examples of this section.

At this point we mention an analogue of the classical Poincaré lemma
mentioned above, for which we shall have an application later on.

Lemma 2.15: Let ¢ € £E79(U) for U open in C" and suppose that dg = 0.
Then for any point p € U there is a neighborhood N of p and a differential
form ¢ e E7~1971(N) such that

90y =¢ in N.
Proof:  The proof consists of an application of the Poincaré lemmas
for the operators d, 9, and 9 (see Examples 2.10 and 2.12). Namely, since
dg = 0, we have that there is a u € &' (using germs at x), so that du = ¢,

where r = p + ¢ is the total degree of ¢. Thus we see that if we write
u=u""1"4 ... +u%=1 we have

du = quP? " 4 qur1
quP~1 = guri~l = 0,

and then there exists (by the 8 and 8 Poincaré lemmas, Example 2.12) forms
Yy € &1l and v, € €711 50 that

By = ure!
By = e
which implies that
0 =du =33y, + 99y

= 03(y> — Y1).
2 — Y1) QED.

Remark: Let H = Ker 99 : £%° — &' on a complex manifold X.
Then there is a fine resolution (see Definition 3.3)

0— H—> e gt Lg2igel2
where H is the sheaf of pluriharmonic functions, Lemma 2.15 showing

exactness at the &"! term (see Bigolin [1]). This is analogous to the resolution
of @ by €%* and has a similar usefulness.
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3. Cohomology Theory

In this section we want to present a brief development of sheaf coho-
mology theory. We first consider the problem of “lifting” global sections
of sheaves. Consider a short exact sequence of sheaves:

(3.1 0—A—B—C—0.
Then it is easy to verify that the induced sequence
(3.2) 0— AX) — B(X) — C(X) — 0

is exact at A(X) and B(X) but not necessarily at C(X). For instance, in
Example 2.6, if we let X = C — {0}, the punctured plane, then we see that
the mapping O(X) — O*(X) is not surjective. Similarly, in Example 2.9, a
section of Z over X has the same value at both points a and b, whereas a
section of Z/J over X may have different values at points @ and b and must
be zero elsewhere, and thus the map I'(X, Z) — I'(X, Z/J) is not surjective.

Cohomology gives a measure to the amount of inexactness of the sequence
(3.2) at C(X). We need to introduce a class of sheaves for which this lifting
problem is always solvable, and cohomology will be defined in terms of
such sheaves by means of resolutions. Let F be a sheaf over a space X and
let S be a closed subset of X. Let

F(S) := lim FU),
UDS
where the direct limit runs over all open sets U containing S. From the point
of view of étalé spaces F(S) can be identified with the set of (continuous) sec-
tions of F|g, where F|g := 7 1(S), and 7 : F — X is the étalé map. We
call F(S) the set (or abelian group) of sections of F over S, and we shall often
denote F(S) by I' (S, F). Moreover, we shall assume from now on for simplicity
that we are dealing with sheaves of abelian groups over a paracompact Haus-
dorff space X, this being perfectly adequate for the applications in this book.

Definition 3.1: A sheaf F over a space X is soft if for any closed subset
S C X the restriction mapping

F(X) — F(S)

is surjective; i.e., any section of F over S can be extended to a section of
F over X.

There are no obstructions to lifting global sections for soft sheaves, as
we see in the following theorem.

Theorem 3.2: If A is a soft sheaf and

0— AS5B e —50
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is a short exact sequence of sheaves, then the induced sequence

(3.3) 0— AX) 5 BX) 25 e(X) — 0

1S exact.

Proof: Let ¢ € C(X). Then we want to show that there exists a section
b € B(X) such that hy(b) = c. Since the sequence of sheaves is exact, it
follows that for each x € X there exists a neighborhood U of x and a
b € B(U) such that hy(b) = c|y, where c|y denotes the presheaf restriction
from X to U. Thus we can cover X with a family U; of open sets such
that there exists b; € B(U;) satisfying h(b;) = c|y, (dropping the subscript
notation for g and k). The object now is to show that the b; can be pieced
together to form a global section.

Since X is paracompact, there exists a locally finite refinement {S;} of
{U;} which is still a covering of X and such that the elements S; of the
cover are closed sets. Consider the set of all pairs (b, S), where S is a union
of sets in {S;} and b € B(S) satisfies h(b) = c|s. The set of all such pairs is
partially ordered by (b, S) < (', §') if S C §’ and b'|s = b. It follows easily
from Axiom S, in Definition 1.2 that every linearly ordered chain has a
maximal element. Thus, by Zorn’s lemma there exists a maximal set S and
a section b € B(S) such that 4(b) = c|s. It suffices now to show that § = X.

Suppose the contrary. Then there is a set S; € {S;} such that §; ¢ S.
Moreover, h(b —b;) = ¢ —c = 0 on SN ;. Therefore, by exactness of
(3.3) at B(X) we see that there exists a section a € A(S N §;) such that
g(a) = b —b;. Since A is soft, we can extend a to all of X, and using the
same notation for the extension, we now define b € B(S U S;) by setting

; b on S
b;+g(a) on §;.
If follows that A (b) = c| SUS; » and hence S is not maximal. This contradiction
then proves the theorem.
Q.E.D.

Before continuing with the consequences of Theorem 3.2, we would like
to introduce another class of sheaves, which will give us many examples of
soft sheaves.

Definition 3.3: A sheaf of abelian groups F over a paracompact Hausdorff
space X is fine if for any locally finite open cover {U;} of X there exists a
family of sheaf morphisms
{n,: 5 — F}

such that

(@) Xy =1

(®) n;(F,) =0 for all x in some neighborhood of the complement of
U,'.
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The family {»;} is called a partition of unity of F subordinate to the covering
{U:}.

Example 3.4: The following sheaves are fine sheaves:

(a) Cy, for X a paracompact Hausdorff space.

(b) &y, for X a paracompact differentiable manifold.

(c) &%4, for X a paracompact almost-complex manifold.

(d) A locally free sheaf of &x-modules, where X is a differentiable
manifold.

(e) If R is a fine sheaf of rings with unit, then any module over R is a
fine sheaf.

The first four examples are fine sheaves because multiplication by a continu-
ous or differentiable globally defined function defines a sheaf homomorphism
in a natural way. Hence the usual topological and C* partitions of unity
define the required sheaf partitions of unity.

Proposition 3.5: Fine sheaves are soft.

Proof: Let F be a fine sheaf over X and let S be a closed subset of X.
Suppose that s € F(S). Then there is a covering of S by open sets {U;} in
X, and there are sections s; € F(U;) such that

Si|SnU,~ = S|SnU,-~
Let Uy = X — S and sy = 0, so that {U;} extends to an open covering of
all of X. Since X is paracompact, we may assume that {U;} is locally finite
and hence that there is a sheaf partition of unity {»,;} subordinate to {U;}.
Now 7,(s;) is a section on U; which is identically zero in a neighborhood
of the boundary of U;, so it may be extended to a section on all of X.
Thus we can define
5= Z n;(s;)

in order to obtain the required extension of s.
Q.E.D.

Example 3.6: Let X be the complex plane and let O = Oy be the sheaf
of holomorphic functions on X. It is easy to see that O is not soft and hence
cannot be fine (which is also easy to see directly). Namely, let S = {|z]| < %},
and consider a holomorphic function f defined in the unit disc with the unit
circle as natural boundary [e.g., f(z) = £z"]. Then f defines an element
of O(S) which cannot be extended to all of X, and hence O is not soft.

Example 3.7: Constant sheaves are neither fine nor soft. Namely, if G
is a constant sheaf over X and a and b are two distinct points, then let
s € G({a} U {b}) be defined by setting s(a) = 0 and s(b) # 0. Then it is
clear that s cannot be extended to a global section of G over X.
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Now that we have some familiar examples of soft sheaves, we return to
some consequences of Theorem 3.2.
Corollary 3.8: If A and B are soft and
0—mA—>B—>C—0

is exact, then € is soft.

Proof: Let S be a closed subset of X and restrict the sequence above
to the set S. Then Theorem 3.2 applies, and the given section of € over §
to be extended to all of X comes from a section of B over S, which by
softness then extends to all of X. Its image in C(X) is a suitable extension.

Q.E.D.

Corollary 3.9: If
0—8 —8 —>8 — ---
is an exact sequence of soft sheaves, then the induced section sequence
0 —> 8p(X) — S1(X) —> 8a2(X) —> -+

is also exact.

Proof: Let X; = Ker(8; — 8;;1). Then we have short exact sequences
00— XK, — 8§ — Kiyy — 0.

For i =0,X; = 8y, and 8, is soft. Thus we have the induced short exact

sequence
00— XKiX) — 81 (X) — K (X) — 0

by Theorem 3.2. An induction using Corollary 3.8 shows that X; is soft
for all i, and so we obtain short exact sequences:

00— XKi(X) — 8(X) — K, y(X) — 0.

Splicing these sequences gives the desired result.
QE.D.

We are now in a position to construct a canonical soft resolution for any
sheaf over a topological space X. Let $ be the given sheaf and let 85X
be the étalé space associated to S. Let C°(8) be the presheaf defined by

COSYU)={f:U—8:mof=1y}

This presheaf is a sheaf and is called the sheaf of discontinuous sections of
S over X.T There is clearly a natural injection

0— 8§ — C%S8).

fRecall that sections were defined to be continuous in Definition 2.1, so discontinuous
section is a generalization of the concept of section.
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Now let F1(8) = €°(8)/8 and define C'(8) = C*(F'(8)). By induction we
define ‘ ‘ A
F'(8) = €'(8)/F(8)
and ‘ .
€'(8) = €"(F(8)).
We then have the following short exact sequences of sheaves:
0—8— €' — F'(®) —0
0 — F(8) — C'(§) — F*'(S) — 0.

By splicing these two short exact sequences together, we obtain the long
exact sequence

0— 8 — C%8) — C'(8) — C*(8) — ---,
which we call the canonical resolution of S. We abbreviate this by writing
(3.4) 0— 8§ — C*(S).

The sheaf of discontinuous sections C°(8) is a soft sheaf, for any sheaf S,
and for this reason we call the resolution (3.4) the canonical soft resolution
of 8.

Remark: A sheaf § is called flabby if S(X) — S(U) is surjective for
all open sets U in X. It can be shown that a flabby sheaf is soft (see
Godement [1]). To avoid the restriction of paracompactness in the above
arguments, one must deal with flabby sheaves rather than soft sheaves.
However, we note that most of our examples of soft sheaves are not flabby.

We are now in a position to give a definition of the cohomology groups
of a space with coefficients in a given sheaf. Suppose that S is a sheaf over
a space X and consider the canonical soft resolution given by (3.4). By
taking global sections, (3.4) induces a sequence of the form

0 — I'(X,8) — I'(X,C%8)) — I'(X,CL(S8))

(3.5) e T(X, C(8)) —>,

and this sequence of abelian groups forms a cochain complex.t This sequence
is exact at T (X, C°(8)), and if § is soft, it is exact everywhere by Corollary 3.9.
Let

C*(X,8) =T (X, C*(3)),

and we rewrite (3.5) in the form
0—TIX,8 — C*X,9).
TA cochain complex means that the composition of successive maps in the sequence is

zero, but the sequence is not necessarily exact. We shall assume some elementary homological
algebra, and we refer to, e.g., MacLane [1], Chap. 1.
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Definition 3.10: Let S be a sheaf over a space X and let

HY(X,8) := HI(C*(X, 8)),
where HY(C*(X,8)) is the gth derived group of the cochain complex
C*(X, 8); i.e.,

Ker(C? — Cth)

,  where C"' = 0.
Im(Cs ' — C9)

HI(C*) =

The abelian groups H?(X, 8) are defined for ¢ > 0 and are called the sheaf
cohomology groups of the space X of degree q and with coefficients in 8.

As we shall see later, there are various ways of representing more explic-
itly such cohomology groups in a given geometric situation. This abstract
definition is a convenient way to derive the general functorial properties of
cohomology groups, as we shall see in the next theorem.

Theorem 3.11: Let X be a paracompact Hausdorff space. Then

(a) For any sheaf 8§ over X,
() H°%X,8) =T(X,8) (=8(X)).
(2) If S is soft, then HY(X,8) =0 for ¢ > 0.
(b) For any sheaf morphism
h:A— B
there is, for each ¢ > 0, a group homomorphism
h,: H'(X,A) — H(X,B)
such that
(1) ho=hyx: AX) = B(X).
(2) h, is the identity map if & is the identity map, g > 0.
(3) ggoh,=1(goh), forallg >0, if g: B — ¢ is a second sheaf
morphism.
(c) For each short exact sequence of sheaves
0—A—B—C—0
there is a group homomorphism
87: HI(X,C — HT' (X, A)
for all ¢ > 0 such that
(1) The induced sequence

0
0— H'(X, A — H°(X,B) — H(X,C) - H' (X, A) —> - ..

— HY(X,A) — HY(X,B) — HY(X, ©) N H™ (X, A) —
is exact.
(2) A commutative diagram

0 — A —B —=¢—0

Vool

0—>A —>=B —= € —0
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induces a commutative diagram

0 — H'%X,A) — H°(X,B) — H'X,C¢) — HY(X,A) — ---

| ’ | J

0 — H'X,A) — H'X,B) — HX,€) — H'(X,A) — -

Proof:
(a), (1) We have that the resolution
0— I'X,8) — C'X,8) — CY(X,8) —> ---
is exact at C°(X, 8), and so
I'(X,8) = Ker(C*(X, 8) — C'(X, 8)) = H'(X, 8).

(a), (2) This follows easily from Corollary 3.9.
For the proof of (b) and (c) we shall show first that

h:A— B
induces naturally a cochain complex mapt
(3.6) h o C*(A) — C*(B).

First we define
h°: ' (A) — C%B)

by letting h°(s,) = (h o 5),, where s is a discontinuous section of A. Now
h° induces a quotient map

h: C°(A)JA — CUB)/B

I I
FHA) F'(B),

and, as above, 7° induces
' @F (W) — CUF(B))
[ I
Cl(A) C'(B).
Repeating the above procedure, we obtain, for each ¢ > 0,
hY ;@A) —> CI(B).

The induced section maps give the required complex map (3.6). It is clear
that h* is functorial [i.e., satisfies compatibility conditions similar to those
in (b), (1)-(3)]. Moreover, if

00— A—B—>C—0
is exact, then this implies that
0— CA — C(B) — CC) —0

tLetting C*(A) = C*(X, A), etc.
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is an exact sequence of complexes of sheaves. However, the sheaves in these
complexes are all soft, and hence it follows that

00— C"A) — C*(B) — C"() — 0
is an exact sequence of cochain complexes of abelian groups. It now follows
from elementary homological algebra that there is a long exact sequence
for the derived cohomology groups

— HY(C"(A)) — HI(C*(B)) — H(C*(©))
2 T (O (A) —,

where the mapping 87 is defined in the following manner. Consider the
following commutative diagram of exact sequences:

(3.7)

w v
0 — Cr*'(A) — CITY(B) — C*(@) — 0

T VR
0 — CiI(A) —— CI1(B) —— CI1(C) —= 0.

Suppose that ¢ € Ker y. Then by exactness, ¢ = v(b). Consider the element
B(b). Then v'(B(b)) = y(v(b)), by commutativity, and hence B(b) = u'(a)
for some a € C?*'(A). It is easy to check that (1) a is a closed element
of C9*1(A), (2) the cohomology class of a in H9*!(A) is independent of
the various choices made, and (3) the induced mapping 87 : H*(X, ) —
H*'(X, A) makes the sequence (3.7) exact (the operator 87 is often called
the Bockstein operator). From these constructions it is not difficult to verify
the assertions in (b) and (c).

Q.E.D.

Remark: The assertions (a), (b), and (¢) in the above theorem can be
used as axioms for cohomology theory, and one can prove existence and
uniqueness for such an axiomatic theory. What we have in the theorem
is the existence proof; see, e.g., Gunning and Rossi [1] for the additional
uniqueness. There are other existence proofs; e.g., Cech theory is a popular
one (cf. Hirzebruch [1]). In Sec. 4 we shall give a short summary of Cech
theory.

We now want to give the proof of an important theorem which will give
us a means of computing the abstract sheaf cohomology in given geometric
situations. First we have the following definition.

Definition 3.12: A resolution of a sheaf S over a space X
0—8— A"
is called acyclic if H1(X, A?) =0 for all ¢ > 0 and p > 0.

Note that a fine or soft resolution of a sheaf is necessarily acyclic (Theorem
3.11). Acyclic resolutions of sheaves give us one way of computing the coho-
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mology groups of a sheaf, because of the following theorem (sometimes
called the abstract de Rham theorem).

Theorem 3.13: Let $ be a sheaf over a space X and let
0— 8§ — A*
be a resolution of 8. Then there is a natural homomorphism
y?: H'(T(X, A")) — H’(X,8),

where H?(I'(X, A*)) is the pth derived group of the cochain complex
I'(X, A*). Moreover, if
0— 8 — A*

is acyclic, y” is an isomorphism.
Proof: Let X7 = Ker(A? — A”*!") = Im(A?~! — AP) so that K° = §.
We have short exact sequences
0 —> K — AP 5 kP — 0,
and this induces, by Theorem 3.11,
0— X, X"") — I'(X, A" ") — I'(X,X") — H'(X, K"
— H'(X, A" — ...
We also notice that
Ker(T'(X, A?) — T(X, A?*")) = T (X, K"),
so that
HP(T(X, A) = T(X, X")/Im(T'(X, AP~ — (X, XP)).
Therefore, using the exact sequence above, we have defined
v HY(T(X,A%) — H'(X, X",
and y/ is injective. Moreover, if the resolution is acyclic,
H' (X, A" =0

and y{ is an isomorphism.
We now consider the exact sequences of the form

0— KP" — AP — K 5 0
for 2 <r < p, and we obtain from the induced long exact sequences
yr o H TN X, Ky — HO(X, KPP,

and again y? is an isomorphism if the resolution is acyclic. Therefore we
define

Vo =Yy oYy i o
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1e.,
P P 4
HP(T(X, AN HY (X, kP22 HA(X, K2 s

Yp P

<> HP(X,X%) = H"(X, §),
and y? is an isomorphism if the resolution is acyclic.
The assertion that y” is natural in Theorem 3.13 means that if

00— 8§ — A*

b
0— 3 — B

is a homomorphism of resolutions, then

124

H(T(X,A")) — H”(X,3)

b
HY(T(X.B%) —> H’(X.9)

is also commutative, where g, is the induced map on the cohomology of
the complexes. This is not difficult to check and follows from the naturality
assertions in Theorem 3.11.

Q.E.D.

Remark: Note that in the proof of the previous theorem we did not use
the definition of sheaf cohomology, but only the formal properties of coho-
mology as given in Theorem 3.11 (i.e., the same result holds for any other
definition of cohomology which satisfies the properties of Theorem 3.11).

Corollary 3.14: Suppose that

00— 8§ — A*

bl
0—J — B
is a homomorphism of resolutions of sheaves. Then there is an induced

homomorphism <
H"(T(X, A")— H"(I' (X, BY),

which is, moreover, an isomorphism if f is an isomorphism of sheaves and
the resolutions are both acyclic.

As a consequence of this corollary, we easily obtain de Rham’s theorem
(see Example 2.14 for the notation).

Theorem 3.15 (de Rham): Let X be a differentiable manifold. Then the
natural mapping
I: HP(E*(X)) — H’(S%,(X.R))
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induced by integration of differential forms over C* singular chains with
real coefficients is an isomorphism.

Proof: As in Example 2.14, consider the resolutions of R given by

i e
/’

0—R
\S;(R) = 8.

1

Then the sheaves £* and 8§ are both soft. Since £* is fine, it remains only
to show that the sheaves 82 are soft. First we note that the sheaf 82 is
an 8 -module (given by cup product on open sets). Then we claim that
8 is soft. This follows from the observation that 8%, = §° = €°(X, R); i.e.,
for each point of X (a singular 0O-cochain), we assign a value of R. We
now need the following simple lemma, which asserts that S? is soft, which
concludes the proof, in view of Corollary 3.14.

Q.E.D.

Lemma 3.16: If 9t is a sheaf of modules over a soft sheaf of rings R,
then 90t is a soft sheaf.

Proof: Lets e I'(K,9) for K a closed subset of X. Then s extends to
some open neighborhood U of K. Let p € T(KU (X —U), R) be defined by

1 on K
=10 on X —U.

Then, since R is soft, p extends to a section over X, and p -s is the desired
extension of s.

Q.E.D.

We now have an analogue of de Rham’s theorem for complex manifolds,
due to Dolbeault [1].

Theorem 3.17 (Dolbeault): Let X be a complex manifold. Then

H!(X, Q") = Ker(gp,q(X)_é)gp,qH(X))

Im(Era-1(X)—2> £r(X))

Proof: The resolution given in Example 2.12 is a fine resolution, and
we can apply Theorem 3.13.
QE.D.

We want to consider a generalization of Theorem 3.17, and for this we
need to introduce the tensor product of sheaves of modules.
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Definition 3.18: Let 91 and 91 be sheaves of modules over a sheaf of
commutative rings, R. Then I ®x N, the tensor product of M and N is
the sheaf generated by the presheaf

U— MU) Qxrw) NW).

Remark: The necessity of using the generated sheaf is demonstrated by
considering the presheaf

U— O(EYU) ®ow) EWU),
where £ — X is a holomorphic vector bundle with no non-trivial global
holomorphic sections (see Example 2.13). The presheaf does not satisfy
Axiom Sz, since O(E)(X) ®O(X) (Q,(X) = 0, but O(E)(Uj) ®O(Uj) (C,(Uj) =
E(E)(U;) # 0 for the sets of any trivializing cover {U,} of X.

It follows from Definition 3.18 that

(E)J,t ®x m)x = mtx ®32X mx-

This easily implies the following lemma.

Lemma 3.19: If J is a locally free sheaf of R-modules and
0—A —A—>A —0
is a short exact sequence of R-modules, then
0 — ARrRI— AR — A"®3 T — 0

is also exact.

Recalling Example 2.12, we have a resolution of sheaves of O-modules
over a complex manifold X:
0— @ — 8”'0—5>81”1—5> s — EPT— 0.

Moreover, if E is a holomorphic vector bundle, then O(E) is a locally free
sheaf, and so, using Lemma 3.19, we have the following resolution:

0— R Qo O(E) — EP° ®y O(E)
(3.8) il il
— - —> EP" Ry O(E) — 0.
We also notice that
R’ Q9 O(E) = OANT*(X) Qc E)
and that
EPIT Q9 O(E) = EPI Qe E(E)
ZENIT(X) ®c E),

where E(E) is the sheaf of differentiable sections of the differentiable bundle
E. This follows from the fact that

O(E) ®9 &€ = E(E),
since £P+4 is also an &-module.
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We call O(X, APT*(X) ®c E) the (global) holomorphic p-forms on X with
coefficients in E, which we shall denote for simplicity by 2”(X, E), and we
shall denote the sheaf of holomorphic p-forms with coefficients in E by
QP(E). Analogously, we let
(3.9) EPI(X,E) = E(X,APIT*(X) QcE)

be the differentiable (p, g)-forms on X with coefficients in E. Therefore the
resolution (3.8) can be written in the form (letting 9 = 9 ® 1)

(3.10) 0 —> QP(E) —> £M°(E) 2 erV(E) — ... 5 ern(E) — 0,
and since it is a fine resolution, we have the following generalization of

Dolbeault’s theorem.

Theorem 3.20: Let X be a complex manifold and let E — X be a
holomorphic vector bundle. Then

i
Ker(Er4(X, E) —> Er4t\(X, E
HI(X, @ (E)) = RerE XL EB) = EMT (XL )

Im(Er4-1(X, E) e, era(X, E))

4. Cech Cohomology with Coefficients in a Sheaf

Suppose that X is a topological space and that .% is a sheaf of abelian
groups on X. Let 4 = {U,} be a covering of X by open sets. A g-simplex,
o, is an ordered collection of g + 1 sets of the covering 4l with nonempty

intersection; i.e.,
o=U,,...,Up)

and N!_, U; # @. The set Ny;eo Ui is called the support of the simplex o,
denoted |o|. A g-cochain of 4 with coefficients in . is a mapping f which
associates to each g-simplex, o,

f (o) € Z(lo).
The set of g-cochains will be denoted by C?(4, %) and is an abelian group
(by pointwise addition).
We define a coboundary operator
§:CIU, ) — CTHI(YU,.P)
as follows. If f e C4(Y,J) and o = (U, ..., U,y1), define

q+1

5f(@) =Y (1 i fo).
i=0

loi |

where o; = (Uo, ..., Ui-1, Uit1, ... Uyy1) and ry0 is the sheaf restriction
mapping. It is clear that § is a group homomorphism and that §2 = 0. Thus
we have a cochain complex:

C* 4, 8) :=C (4, 8) —> --- —> CI(L, 8) = CI+ (L, 8)

— CT2(YU, ) —> -
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The cohomology of this cochain complex is the Cech cohomology of ik with
coefficients in §; i.e., letting

Z9(4U, 8) = Ker § : C1(4, 8) —> CTT (4L, 8),
BY(U,8) =Im & : C7 (Y, 8) — CI(44, 8)
we define
HY(YU, 8) := HI(C*(4, 8)) = Z9 (4, 8)/BI (4L, 8).

We shall now summarize the properties of the Cech cohomology. For
proofs, see the references listed below.

(a) If 20 is a refinement of &I, there is a natural group homomorphism
Moy HI(W, 8) — H(20, 8)

and
l'ln) HIQ, 8) = H1(X, S),
m

where H?(X, 8) is the cohomology defined in Definition 3.10.
(b) If U is a covering such that

H(lo|,8) =0
for ¢ > 1 and all simplices o in 4, then
HY(X,8) = H1(U,8)

for all ¢ > 0 (U is called a Leray cover).
(¢) If X is paracompact and 4l is a locally finite covering of X, then

HYU,8) =0

for ¢ > 0 and § a fine sheaf over X.

We shall most often use resolutions of particular sheaves in order to
represent cohomology, principally because the techniques we develop are
derived from the theory of partial differential equations and are applied
to differential forms and their generalizations. Cech theory, on the other
hand, is very important in complex analysis and arises very naturally in such
problems as Cousin I and II and their generalizations, being the general
theory of Stein manifolds. See, e.g., Gunning and Rossi [1] and Gunning
[1]. More generally, see Bredon [1], Godement [1], or Hirzebruch [1].



CHAPTER III

DIFFERENTIAL
GEOMETRY

This chapter is an exposition of some of the basic ideas of Hermitian
differential geometry, with applications to Chern classes and holomorphic
line bundles. In Sec. 1 we shall give the basic definitions of the Hermitian
analogues of the classical concepts of (Riemannian) metric, connection, and
curvature. This is carried out in the context of differentiable C-vector bundles
over a differentiable manifold X. More specific formulas are obtained in the
case of holomorphic vector bundles (in Sec. 2) and holomorphic line bundles
(in Sec. 4). In Sec. 3 is presented a development of Chern classes from the
differential-geometric viewpoint. In Sec. 4 this approach to characteristic
class theory is compared with the classifying space approach and with the
sheaf-theoretic approach (in the case of line bundles). We prove that the
Chern classes are primary obstructions to finding trivial subbundles of a
given vector bundle, and, in particular, to the given vector bundle being
itself trivial. In the case of line bundles, we give a useful characterization
of which cohomology classes in H?(X, Z) are the first Chern class of a line
bundle. Additional references for the material covered here are Chern [2],
Griffiths [2], and Kobayashi and Nomizu [1].

1. Hermitian Differential Geometry

In this section we want to develop some of the basic differential-geometric
concepts in the context of holomorphic vector bundles and, more generally,
differentiable C-vector bundles. The basic purpose is to develop certain
concepts such as metrics, connections, and curvatures which will have various
applications in later sections. We do not relate these concepts in detail to
their more classical counterparts in real differential geometry, as there are
recent texts which do this quite well (e.g., Helgason [1] and Kobayashi and
Nomizu [1]). We shall give more specific references as we go along.

In this section we shall denote by the term vector bundle a differentiable
C-vector bundle over a differentiable manifold, E — X. An analogous treat-
ment can be given for R-vector bundles, but our applications are primarily

65



66 Differential Geometry Chap. III

to Chern class theory and holomorphic vector bundles, both of which
require complex-linear fibres.

Suppose that E — X is a vector bundle of rank r and that f = (ey, ..., e,)
is a frame at x € X; i.e., there is a neighborhood U of x and sections
{er,...,e},e; € EU, E), which are linearly independent at each point
of U. If we want to indicate the dependence of the frame f on the domain
of definition U, we write fy, although normally this will be understood to
be some local neighborhood of a given point. Suppose that f = fy is a
given frame and that g : U — GL(r, C) is a differentiable mapping. Then
there is an action of g on the set of all frames on the open set U defined by

f— fg.

where

(fe)x) = (ngl(x)ep(X), ..-,ngr(X)ep(X)> xeU,

p=I1 p=1

is a new frame, i.e., fg(x) = f(x)g(x), and we have the usual matrix product.
Clearly, fg is a new frame defined on U, and we call such a mapping g a
change of frame. Moreover, given any two frames f and f’ over U, we see
that there exists a change of frame g defined over U such that f' = fg.}

Using frames, we shall find local representations for all the differential
geometric objects that we are going to define. We start by giving a local
representation for sections of a vector bundle. Let E — X be a vector bundle,
and suppose that & € E(U, E) for U open in X. Let f = (ef,...,e.) be
a frame over U for E (which does not always exist, but will if U is a
sufficiently small neighborhood of a given point). Then

(1.1) =) &(fe,

p=1

where £°(f) € E(U) are uniquely determined smooth functions on U. This
induces a mapping

(12) EWU. By~ Uy = WU, U x C),
which we write as
£'(f)
§—&(f)= . ,
()

ftThe set of all frames over open sets in X is the sheaf of sections of the principal
bundle P(E) associated with E, often called the frame bundle of E, a concept we shall not
need; see, e.g., Kobayashi and Nomizu [1], or Steenrod [1]. Namely, the principal bundle
P(E) has fibres isomorphic to GL(r, C), with the same transition functions as the vector
bundle £ — X.
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where £°(f) are defined by (1.1). Suppose that g is a change of frame
over U. Then we compute that

E(f8) =) g€ (f),
o=1

which implies that
£(fe) =g '6(/)

or

(1.3) g&(fe) =&(f),

all products being matrix multiplication at a given point x € U. Therefore
(1.1) gives a vector representation for sections & € (U, E), and (1.3) shows
how the vector is transformed under a change of frame for the vector bundle
E. Moreover, if E is a holomorphic vector bundle, then we shall also have
holomorphic frames, i.e., f = (ei,...,¢.),e; € O(U, E), and e; A---Ae, (x) #
0, for x € U; and holomorphic changes of frame, i.e., holomorphic mappings
g:U — GL(r, C). Then with respect to a holomorphic frame we have the
vector representation

(1.4) oW, By~ 0wy,

given by € — £(f) as before, and the transformation rule for a holomorphic
change of frame is still given by (1.3).

Our object now is to give definitions of three fundamental differential-
geometric concepts: metric, connection, and curvature. We shall then give
some examples in the next section to illustrate the definitions.

Definition 1.1: Let E — X be a vector bundle. A Hermitian metric h on
E is an assignment of a Hermitian inner product (,), to each fibre E, of
E such that for any open set U C X and &,y € E(U, E) the function

& n:U—C

given by
(&, m)(x) = (E(x), n(x))x
is C*.
A vector bundle E equipped with a Hermitian metric & is called a

Hermitian vector bundle. Suppose that E is a Hermitian vector bundle and
that f = (ey,...,e,) is a frame for E over some open set U. Then define

(1.5) h(f)po = (€5, €,),

and let A(f) = [A(f),o] be the r x r matrix of the C* functions {A(f),.},
where r = rank E. Thus h(f) is a positive definite Hermitian symmetric
matrix and is a (local) representative for the Hermitian metric 4 with respect
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to the frame f. For any &, 9 € E(U, E), we write

& ) = Zs (f)ep,Zn (fles)

=Y 0 (Dhap(HE(f)

p.o

(1.6) E ) ="n(HrEL,

where the last product is matrix multiplication and ‘A denotes the transpose
of the matrix A. Moreover, if g is a change of frame over U, it is easy to
check that

(1.7) h(fg) ='gh(f)sg,
which is the transformation law for local representations of the Hermitian
metric.

Theorem 1.2: Every vector bundle E — X admits a Hermitian metric.

Proof: There exists a locally finite covering {U,} of X and frames f,
defined on U,. Define a Hermitian metric &, on E|y, by setting, for &, 5 €

E..xeU,, -
& s ="n(fu)(x) - E(fo)(x).

Now let {p,} be a C*> partition of unity subordinate to the covering {U,}

and let, for &, 9 € E,,
M= pa(x)(E 1)

We can now verify that (, ) so defined gives a Hermitian metric for £ — X.
First, it is clear that if &,y € E(U, E), then the function

— (E@), (), Zpa(x) (), ()}

=Y ) (L) () - E(f) ()

is a C* function on U. It is easy to verify that 4 is indeed a Hermitian inner
product on each fibre of E, and we leave this verification to the reader.
Q.E.D.

We now want to consider differential forms with vector bundle coefficients.
Suppose that E — X is a vector bundle. Then we let
EV(X, E) = EX, AN"T*(X) ®c E)
be the differential forms of degree p on X with coefficients in E (cf. the
discussion following Lemma I1.3.19). We want to relate this definition to
one involving tensor products over the structure sheaf.

Lemma 1.3: Let £ and E’ be vector bundles over X. Then there is an

isomorphism N
1:8(E)®: E(E) — E(EQE).
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Proof:  We shall define the mapping t on presheaves generating the above

sheaves , ,
€U, E) Qe E(U, E) — E(EQ E')(U)

by setting ,
wE@NK) =E(x) @) € E:®E,.
If f=1(e,...,e;) and f' = (e},...,e]) are frames for E and E’ over an
open set U, then we see that for any y € E(U, E ® E’) we can write
y() = Yup(X)ea(x) ® (x),  yap € EWU).

op
But this shows that

y € E&WU, E) ®cw) EWU, E),
and this implies easily that {ty} defines a sheaf isomorphism when we pass

to the sheaves generated by these presheaves.
Q.E.D.

Corollary 1.4: Let E be a vector bundle over X. Then
&P’ ®e E(E) = EP(E).
We denote the image of ¢ ® § under the isomorphism in Corollary 1.4
by ¢-& € EP(X, E), where ¢ € EP(X) and & € E(X, E). Suppose that f is a

frame for E over U. Then we have a local representation for & € E7(U, E)
similar to (1.2) given by

eP (U, B)—> [P (U))

£
(1.8) §— :
S’(.f)
defined by the relation
(1.17) E=) E(f) e
Namely, let x € U and let (v, . .p.:,lws) be a frame for A?T*(X) ® C at x.

Then we can write
EX) =) gro()r(x) ® e, (x),
p.k
where the ¢, are uniquely determined C* functions defined near x. Let

gﬁ = Z DPrp Wi

k
and it is easy to check that the differential form & so determined is indepen-
dent of the choice of frame (wy, ..., w). Since x was an arbitrary point of
U, the differential forms {£°} are defined in all of U, and thus the mapping
(1.8) (local representation of vector-valued differential forms) is well defined
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and, indeed, is an isomorphism. Moreover, we have the transformation law
for a change of frame

(1.3) £(fg) =g '€(f), &€& (X,E)

exactly as in (1.3) for sections. We now make the following definition.

Definition 1.5: Let E — X be a vector bundle. Then a connection D on
E — X is a C-linear mapping

D:&X,E) — &YX, E),
which satisfies

(1.9) D(p§) =dg -§ + ¢DE§,
where ¢ € £(X) and & € E(X, E).

Remarks: (a) Relation (1.9) implies that D is a first-order differential
operator (cf. Sec. 2 in Chap. IV) mapping (X, E) to (X, T*(X) ® E), as
we shall see below.

(b) In the case where E = X x C, the trivial line bundle, we see that
we may take ordinary exterior differentiation

d:&X) — &'(X)
as a connection on E. Thus a connection is a generalization of exterior
differentiation to vector-valued differential forms, and we shall later extend
the definition of D to higher-order forms.

We now want to give a local description of a connection. Let f be a frame
over U for a vector bundle E — X, equipped with a connection D. Then
we define the connection matrix 6(D, f) associated with the connection D
and the frame f by setting

(D, ) =10,(D, /)], 0,(D, f) € elw,
where

(1.10) Deo =Y 0,0(D, f)-e,.
p=1

We shall denote the matrix 6(D, f) by 6(f) (for a fixed connection) or
often simply by 6 (for a fixed frame in a given computation). We can use
the connection matrix to explicitly represent the action of D on sections of
E. Namely, if € € E(U, E), then, for a given frame f,

D = D() & (fey)
=Y dET(f) - eq + Y £ (f)De,
=Y () + D & (op()] - €

(1.11) D& =Y [dE(f) +0(NES)] - e,

o
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where we have set

d&'(f)
dé(f) = : ,
dg’(f)

and the wedge product inside the brackets in (1.11) is ordinary matrix
multiplication of matrices with differential form coefficients. Thus we see that

DE(f) =d&(f) +0(NHHECS)
=[d +0(HIs(f)

thinking of d+6(f) as being an operator acting on vector-valued functions.

Remark: 1f we let E = T(X), then the real analogue of a connection in
the differential operator sense as defined above defines an affine connection
in the usual sense (cf. Helgason [1], Nomizu [1], Sternberg [1], and Kobayashi
and Nomizu [1]). If @ = (wy, ..., ®,) is a frame for T*(X) over U, then

Ope =Y Thn, ToeE).
k=1

In the classical case these are the Schwarz-Christoffel symbols associated
with (or defining) a given connection.

Suppose that E — X is a vector bundle equipped with a connection D
(as we shall see below, every vector bundle admits a connection). Let Hom
(E, E) be the vector bundle whose fibres are Hom(E,, E,). We want to
show that the connection D on E induces in a natural manner an element

O (D) € (X, Hom(E, E)),

to be called the curvature tensor.

First we want to give a local description of an arbitrary element x €
EP(X,Hom(E, E)). Let f be a frame for E over U in X. Then f =
(ey, ..., e.) becomes a basis for the free E”(U)-module

EP(U,Hom(E, E)) = E"(U) @ew) E(U, Hom(E, E)).
Since E|y = U x C', by using f to effect a trivialization, we see that
(U, Hom(E, E)) =M, (U) =M, @ E(U),
where 90, is the vector space of r x r matrices, and thus 9,.(U) is the

E(U)-module of r x r matrices with coefficients in E(U). Therefore there is
associated with x under the above isomorphisms, an r x r matrix

(1.12) X)) =X (Npels x (e € EPU).

Moreover, we see easily that x determines a global homomorphism of vector

bundles
x:E&X,E) — &7 (X, E),
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defined fibrewise in the natural manner. The frame f gives local representa-
tions for elements in £(X, E) and E£7(X, E) and the matrix (1.12) is chosen
so that the following diagram commutes,

&WU,E)-L (U, E)
| el
ey XL erany

E(f) — x(HE) =n(f),
() =Y x(Fook (f)

is matrix multiplication and the vertical isomorphisms are given by (1.2)
and (1.8), respectively. Under this convention it is easy to compute how the
local representation for y behaves under a change of frame; namely, if

n1(fg) = x(f9E(fg),
g () = x(ferg 'E(f),

where

then we see that

which implies that

(1.13) x(fe) =g 'x(Ng
i.e., x transforms by a similarity transformation. Conversely, any assignment
of a matrix of p-forms x(f) to a given frame f which is defined for all
frames and satisfies (1.13) defines an element x € £7(X, Hom(E, E)), as is
easy to verify.

Returning to the problem of defining the curvature, let E — X be a
vector bundle with a connection D and let 0(f) = 6(D, f) be the associated
connection matrix. We define

(1.14) O, f) =do(f)+6(f) A6(f),
which is an r x r matrix of 2-forms; i.c.,
O =dbps + Y Opi Ao

We call ©(D, f) the curvature matrix associated with the connection matrix
0(f). We have the following two simple propositions, the first showing how
0(f) and O(f) transform, and the second relating ®(f) to the operator
d+0(f).

Lemma 1.6: Let g be a change of frame and define 6( f) and @(f) as above.
Then

(@) dg+0(f)g=g0o(fg),

(b) O(fg) =¢g'O(f)g.

Proof:

(a) If

fg = (nglep,...,Zg,,,ep) =(e},...,¢€),
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then
D(e,) =Y 6, (f2)e,

= E gva(fg)gpvepv
v,p
and, on the other hand,

D(Zgﬂ”e/)) = ngprrep + Zg,m@,pet.
p 14 0,7

By comparing coefficients, we obtain

(1.15) 80(fg) =dg+0(f)g.
(b) Take the exterior derivative of the matrix equation (1.15), obtaining
(1.16) do(f) -8 —=0(f) -dg=dg-0(fg)+g-do(fg).
Also,
(1.17) 0(fg) =g 'dg+57'0(f)g,

and thus we obtain by substituting (1.17) into (1.16) an algebraic expression
for gdf(fg) in terms of the quantities d6(f),8(f),dg, g, and g~'. Then
we can write
(1.18) gldo(fg) +0(f8) N O(f8)]
in terms of these same quantities. Writing this out and simplifying, we find
that (1.18) is the same as
[do(f) +6(f) AnO(f)lg,
which proves part (b).
Q.E.D.

Lemma 1.7:  [d +60()]ld +6()IECS) = ONHES).

Proof: By straightforward computation we have (deleting the notational
dependence on f)

d+0)d+0)E=d6+6-ds+dO -E)+0N0-&
=0-dE+dO-E—0-dE+ONO-E
=df-E+ONO-E
=0.&.
Q.E.D.

The proof of the above lemma illustrates why we have taken care to see
that the abstract operations and equations at the section level correspond,
with respect to a local frame, to matrix operations and equations.

We now make the following definition.

Definition 1.8: Let D be a connection in a vector bundle E — X. Then the
curvature ® (D) is defined to be that element ® € £*(X, Hom(E, E)) such
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that the C-linear mapping
®:&X,E)— &X(X,E)
has the representation with respect to a frame

O(f) =0, f)=do(f)+0(f) AO(f).

We see by Lemma 1.6(b) that ® (D) is well defined, since @ (D, f) satisfies
the transformation property (1.13), which ensures that @(D, f) determines
a global element in &*(X, Hom(E, E)).

Remark: 1t follows from the local definition of @5 (D) that the curvature

is an E(X)-linear mapping
®:&X,E)— & (X, E),

and it is this linearity property that makes ® into a tensor in the classical
sense. Note that the transformation formula for 6(f) involves derivatives
of the change of frames and that of course the connection D is not &(X)-
linear. If we denote by D.& the natural contraction of Z® D& for Z € T(X)
and & € £(X, E), then the classical curvature tensor R(Z, W) = D;Dy —
Dy Dz — Dz w; defined from this affine connection agrees with @(Z, W) €
E(X,Hom(E, E)). This follows by an exterior algebra computation and
(1.14), since for a frame f over U, D&(f) =d&(f) +6(f) A E(Sf) implies

Dz&E(f) = ZE(f) +0(f)(Z)E(S).

We can now define the action of D on higher-order differential forms by
setting

DE(f) =dE(f)+0(f) NECS),
where &€ € EP(X, E). Thus

D:&"(X,E) — &YX, E)

if it is well defined. But we only have to check whether the image satisfies
the transformation law (1.3') in order to see that the image of D is a
well-defined E-valued (p + 1)-form. To check this, we see that

gld&(fg) +0(f8)5(fg)] = d(g5(fg)) —dg-£(fg)

+dg +6(f)gl A g 'E(S)
from (1.3) and Lemma 1.6(a), which reduces to

d&(f) +0(f) NECS).

Thus we have the extension of D to differential forms (E-valued) of higher
order. This extension is known as covariant differentiation, and we have
proved the following.

Proposition 1.9: D? = @, as an operator mapping

&P(X,E) — &"**(X, E), where D> = Do D.
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The only unproved part is for p > 0, but we observe that Lemma 1.7 is
still valid in this case. Then the curvature is the obstruction to D? = 0 and
is therefore the obstruction that the sequence

(X, E)-2 (X, E)-25 XX, E) —> - —>
be a complex (cf. Sec. 5 in Chap. IV).
The differential forms £7(X, Hom(E, E)) are locally matrices of p-forms.
We want to use this fact to define a Lie product on the algebra
&*(X, Hom(E, E)) = Z &7(X, Hom(E, E)).
P
We proceed as follows. If x € £7(X, Hom(E, E)) and f is a frame for E
over the open set U, then we have seen before that
x(f) € M, ®c EX(U),
and thus if ¢ € £9(X, Hom(E, E)), we define
(1.19) X () v (D= x(H AV = DX ) A x (),
where the right-hand side is matrix multiplication. If g is a change of frame,
then by (1.13) we have

x(fe) =g 'x(fg
v(fge) =g 'v(fg,

x(f&), v (f)l =g 'x(N), ¥(N)lg

by a straightforward substitution. Therefore the Lie bracket is well
defined on &*(x, Hom(E, E)) and satisfies the Jacobi identity, making
&*(X,Hom(E, E)) into a Lie algebra (cf., e.g., Helgason [1]).

Suppose that E is equipped with a connection D and that we let
0(f), ®(f) be the local connection and curvature forms with respect to
some frame f. Then we can prove a version of the Bianchi identity in this
context, for which we shall have use later.

and thus

Proposition 1.10: d4dO(f) = [O(f), 0(f)].
Proof: Letting 6 = 0(f) and ©® = O(f), we have

O=do+6n0,
and thus
d® =d*0+do A6 —0 Adb
=doOANO —0 ANdO.
But

[©,0]=1[d6 +6 A6,6]
=dONO+OANONE
—(=D*Y O AdO+6 AOAO)

=dOAO —0AdD.
Q.E.D.
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We now want to show that any differentiable vector bundle admits a
connection. In the next section we shall see some examples when we look
at the special case of holomorphic vector bundles. Assume that E is a
Hermitian vector bundle over X. Then we can extend the metric 2 on E
in a natural manner to act on E-valued covectors. Namely, set
(1.20) (@R 0 ®E) =wAd(EE).
for o € APTH(X),w € ANTF(X), and &,&" € E, for x € X. Thus the
extension of the inner product to differential forms induces a mapping

h:E&(X,E)® &1(X, E) — EPT1(X).
A connection D on E is said to be compatible with a Hermitian metric &
on E if

(1.21) d(&,n) = (D&, n) + (§, D).

Suppose that f = (e, ...,e.) is any frame and that D is a connection
compatible with a Hermitian metric on E. Then we see that [letting 4(f) = h,
0(f) =10]

dh,, =d{e,,e,) = (De,, e,) + (e,, De,)

= <29roe-{7 ep) + (ea, Zgﬂpeu)
T w
- Zewhm + Zéﬂphw
T w

= (h6)ps + (OR) 5o,
and thus
(1.22) dh =ho +'6h
is a necessary condition that 4 and the connection D be compatible. More-

over, it is sufficient. Namely, suppose that (1.22) is satisfied for all frames.
Then one obtains immediately

d(&,m) = d('nh§) ="(dn)hé + 'n(dh)é + "fhd§
in terms of a local frame. Substituting (1.22) into the above equation, we
get four terms which group together as

"(diy + OmhE + 'Th(dE + 05) = (€, D) + (D&, n).

Proposition 1.11: Let £ — X be a Hermitian vector bundle. Then there
exists a connection D on E compatible with the Hermitian metric on E.

Proof: A unitary frame f has the property that A(f) = I. Such frames
always exist near a given point x, since the Gram-Schmidt orthogonalization
process allows one to find r local sections which form an orthonormal basis
for E, at all points x near x,. In particular, we can find a locally finite
covering U, and unitary frames f, defined in U,. The condition (1.21)

reduces to -
0=0+"'0
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for a unitary frame; i.e., 6 is to be skew-Hermitian. In each U, we can
choose the trivial skew-Hermitian matrix of the form 6, = 0; i.e., 6(f,) = 0.
If we make a change of frame in U,, then we see that we require that
(1.23) 0(fug) =g 'dg+0
by Lemma 1.6(a). Therefore, define 6(f,g) by (1.23), and noting that
h(feg) ='gh(f)g ='gg, we obtain
dh(f.g) =d('g-g)

=d'g-g+'g-dg

=d'g(®)"''g-g+'g-g-g7"-dg

= té(fag)h(fag) + h(fag)e(fag)v

which verifies the compatibility. Let {¢,} be a partition of unity subordinate
to {U,} and let D, be the connection in E|,, defined by

(Do§)(fo) = d&(fo)-
D,, is defined with respect to other frames over U, by formula (1.23) and is
compatible with the Hermitian metric on E|y,, by construction. Then we
let D =) @,D,, which is a well-defined (first-order partial-differential)

operator |
D:&X,E) — E'(X, E).

Moreover, D is compatible with the metric & on E since

(DE, 1) + (&, D) = Z%Dén (€. Don)]

= pud(&, m) =d( n).

Q.E.D.

Remark: 1Tt is clear by the construction in the proof of Proposition 1.11
that a connection compatible with a metric is by no means unique because
of the various choices made along the way. In the holomorphic category,
we shall obtain a unique connection satisfying an additional restriction on
the type of 6.

2. The Canonical Connection and Curvature of a Hermitian Holomorphic
Vector Bundle

Suppose now that E — X is a holomorphic vector bundle over a
complex manifold X. If E, as a differentiable bundle, is equipped with
a differentiable Hermitian metric, i, we shall refer to it as a Hermitian
holomorphic vector bundle.

Recall that since X is a complex manifold,

EN(E) =) &(E)=Y) &M(E),

where EPI(E) = ERT Qe E(E).
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Suppose then that we have a connection on E
D:&X,E)— &'X,E)=8"X,E)® " (X, E).
Then D splits naturally into D = D’ + D", where
D :&X,E) — &YX, E)
D":&X,E) — &"(X, E).
Theorem 2.1: If 4 is a Hermitian metric on a holomorphic vector bundle

E — X, then h induces canonically a connection, D(h), on E which
satisfies, for W an open set in X,

(a) For &,ne (W, E)
d(&,m) = (D&, n) + (&, Dn);

i.e., D is compatible with the metric h.
(b) If £ € O(W, E), i.e., is a holomorphic section of E, then D" = 0.

Proof: First, we point out that (b) is equivalent to the fact that the
connection matrix 6(f) is of type (1,0) for a holomorphic frame f. This
follows, since for & € O(W, E) and f a holomorphic frame, we have

DE(f) = (d+0(fNE(S)
=@+ 0MVUNE) + @+ NE),

where 6 = 619 + 9OV is the natural decomposition. Therefore

DE(f) = @+ 6" (NS

and _
D'E(f) = @+ 0" (/NEN.
But 9&(f) = 0 since £ and f are holomorphic. Thus

D'E(f) = 0"V (NHES).

Suppose now that we have a connection D satisfying (a) and (b). Then let
f = (e, ...,e) be a holomorphic frame over U C X and 6 the associated
connection matrix. Since D is compatible with the metric 4, we have, by

(1.22), _
dh = ho +'0h.

Since, in addition, D satisfies (b), we have seen that 6 is of type (1, 0).
Thus, by examining types we see that

oh = ho

and _ _
dh ="6h,

from which it follows that

(2.1 6 =h"'dh.
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We can then define 6 by (2.1). Such a connection matrix clearly satisfies
(a) and (b). Moreover, if f' = fg is another holomorphic frame, we have

h(fg) ="gh(f)g,

so that O 1 et =1l
h=(fg) =g h(f)['g]

and
g0(fg) = glh™'(f2)oh(f2)]
=h(f)"'['g1"9l'gh(f)g]
=h(f)"'[817'['80h(f)g +'gh(f)dg + 8'gh(f)g].
But g is a holomorphic change of frame, from which it follows that
9g=29g=0 and dg=dg.
Thus
g0(fg) = h(f)"'0h(f)g +dg

=0(f)g +dg.
Recalling Lemma 1.6(a), we see that this is the necessary transformation

formula for 6 to define a global connection.
Q.E.D.

This theorem gives a simple formula for the canonical connection in
terms of the metric &; namely,

(2.2) 0(f) =h(f)~'on(f)
for a holomorphic frame f. Moreover, D = D’ + D” has the following
representation with respect to a holomorphic frame f:

D' =3+4+0(f)
(2.3) D" =3.
Thus we have the following proposition.

Proposition 2.2: Let D be the canonical connection of a Hermitian holo-
morphic vector bundle £ — X, with Hermitian metric 4. Let 6(f) and
O(f) be the connection and curvature matrices defined by D with respect
to a holomorphic frame f. Then

(a) 6(f) is of type (1, 0), and 36(f) = —0(f) AO(f).
(b)) O) = 96(f), and O(f) is of type (1, 1).
() 9O(f) =0, and 9O(f) = [O(f), O(/)].

Proof: Let h =h(f),0 =6(f), and ® = O(f). Then we first note that
0 is of type (1, 0) by (2.2). Then by using
h'=—n"-3n-n"

9> =0,
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we see that
90 = d(h™'9h) = —h™" - dh - h™' A Oh
=—h7"9R) A (W 'Oh) = —6 A6,
which gives us part (a). Part (b) is a simple computation, namely,
O@=do+0A0=030+60A6+0d0

= 00,
by using part (a). Part (¢) then follows from
10 =930 =0
and Proposition 1.10.
Q.E.D.
Let E —> X be a holomorphic vector bundle and let f = (ey,...,¢,)
be a frame for E defined near a point p € X. Choose local coordinates
z=1(z1,...,2,) near p so that p is given by z = 0. Then we can write

f@) =(e1(2),....e(2)
to denote the dependence on the variable z near z = 0. Suppose that 4 is a
Hermitian metric on E — X and that f(z) is the above frame. Then we write

h(z) = h(f(2))
near z = 0. The next lemma tells us that we may always find a local frame
f near p such that i(f(z)) has a very nice form. Let @(z) = O(f(2)).

Lemma 2.3: There exists a holomorphic frame f such that

(@) h@z) =1+ 0(zP).
(b) ©(0) = 33h(0).

Proof: Suppose that (a) holds. Then it follows that
h™'(2) =1+ 0(|zP"),
from which we see that
O(2) = 00h(z) + O(lz]),
and hence (b) follows.
To show (a), we shall make two changes of frame. First we note that 4(0)

is a positive definite Hermitian matrix, and thus there exists a nonsingular
matrix g € GL(r, C) such that

gh(0)g =1,
where for any matrix M we let M* ='M. The matrix g induces a change
of frame f — f = f - g, and we see that

h(z) = h(f(2) = h(fg)
=g'hg
(2.4) h(z) =1+ 0(z)).
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Assume now that h(z) is given satisfying (2.4). We want to consider a
change of frame of the form

g=1+A(2),

where A(z) = O i A{mz ;) 1s a matrix of linear holomorphic functions of z.
Since A(0) = 0, this change of frame will preserve (2.4). By choosing A(z)
such that

(2.5) h(z) = g(2)"h(x)g(2) = I + O(lz]),

we will have proved (a). But (2.5) is equivalent, by Taylor’s theorem, to the
vanishing of the first derivatives of (2.5) at z = 0; i.e., dh(0) = 0. Thus we
compute

dh(z) = dh(z) + dA*(2) - h(z)
+h(z)dA(z) + O(|z]).

Therefore _ .
dh(0) = 9h(0) +dA(0) 4+ 9h(0) + dA*(0).

Suppose that we let

) —0h ,,(0)
2.6 Al =7
( ) e 9z
Then we see that
dA(0) = —0h(0),

which implies that B
dA*(0) = —0h(0).

Then the choice of A(z) given by (2.6), depending on the derivatives of the
metric A, ensures that (2.5) holds.
Q.E.D.

This lemma allows us to compute the curvature ® at a particular point
without having to compute the inverse of the local representation for the
metric, provided that we have the right frame.

We want to give one principal example concerning the computation of
connections and curvatures. Further examples of specific Hermitian metrics
on tangent bundles are found in Chap. VI, where we shall discuss Kéhler
manifolds. In Sec. 4 we shall look at the special case of line bundles in
more detail.

Example 2.4: Let U., — G,, be the universal bundle over the
Grassmannian manifold G,, (Example 1.2.6). We see that a frame f =
(e1,...,¢e) for U., — G,, consists of an open set U C G,, and smooth
functions

ej: U — C",
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so that ey A...Ae, #0. Thus f = (ey, ..., e.) can be thought of as an n xr
matrix with coefficients being smooth functions in U and whose columns
are the vectors {e;}, and the matrix f is of maximal rank at each point
z € U. A holomorphic frame will simply have holomorphic coefficients. We
define a metric on U,, by letting

(2.7) h(f)="ff

for any frame f for U,,. This metric results from considering U,, C G,, xC"
and restricting the standard Hermitian metric on C" to the fibres of U,, —>
G,.,. First we note that A(f) is positive definite since (recall that f has
maximal rank)

Zh(f)z="(fO)(f2) =IfzP >0 if z #0.

Moreover, if g is a change of frame, then we compute that

h(fg) ="(fe)(fe) ="8' ffg ="gh(f)g,
so that (1.7) is satisfied, and thus we see that # defined by (2.7) on frames
gives a well-defined Hermitian metric on U, ,, since the frame representation
transforms correctly.
We can now compute the canonical connection and curvature for U,,
with respect to this natural metric. If f is any holomorphic frame for U, ,,
then by (2.2) and Proposition 2.2, we see that

0(f) =h~'(NHh(Sf)
O(f) = I(h™ (f)Ih(F)).
We obtain, letting 6 = 6(f), etc., as before,
(2.8) O=h"'Ydf Adf —h7" - df - f RV ATF - dY,

where ! = ['ff]~". In the case r = 1 (projective space), we can obtain
a more explicit formula. If ¢ € [EP(W)]", ¥ € [E9(W)]", for W an open
subset of C", we set _
(., ¥) = (=D""Y A g,

which generalizes the usual Hermitian inner product on vectors in C" [note
that this is compatible with (1.19), where we have the usual inner product
on E =W x C" given by (u, v) = "vu,u,v € C"]. Then the curvature form
for U, , becomes

, fdf, df) — (df, ,d
(2.9) @(f):_(ff)<f f)(f;)];f)/\(f 1)

where f is a holomorphic frame for U, ,. If we choose f to be of the form

’
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where &, € O(U) and Y_ |§;1> = | f|* # 0, then

dé
Tﬁ = (%1’ s 7%;1)

df =| - |, _ _
. == (dé:l» ~--ad€n)»

dg,

and we obtain

fP S de AdE — Y Egde AdE,

i=1 ij=1
[f1*

Recall that the functions &, ..., &, are functions of the local coordinates
on G, = P,_;, and that, in particular, @(f) is a well-defined 2-form on
U c P,_,. Alternatively, we can think of (&, ..., &,) as being homogeneous
coordinates for P,_;, and by the homogeneity of (2.9), we see that the
expression in (2.9) induces a well-defined 2-form on all of P,_;, which
agrees with the 2-form on U mentioned above. We shall see this differential
form again when we study Kéahler metrics in Chap. V.

Returning to the general case of U,, — G, ,, we have seen in Lemma 2.3
that, by a proper choice of holomorphic frame for U,, and a proper choice
of local holomorphic coordinates near some fixed point, we can find a very
simple expression for the curvature. We shall now see an example of this.

Let /
fom M

be a frame for U,, at the point x, € G,, defined by

I,
Xo = < [ 0 ] ) s
where () denotes the span of the columns of the frame matrix inside, which

is a subspace of C" and thus a point in G,,. Letting

B.={Z €M, ,, ZC":|Z| <e),

(2.10) o(f) =—

the mapping
BE — Gr.n

)

is a coordinate system for G,, near xy, with the property that x, corre-
sponds to Z = 0. There is a natural action of GL(n,C) on G,, given
by left multiplication of frames (i.e., left multiplication of homogeneous
coordinates). Namely, if f € M, ,,x = (f), and u € GL(n, C), then set

u(x) = (u- f).

given by
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Moreover, U(n), the unitary group, is transitive on G,, under this action
(a well-known fact of linear algebra).

Therefore if y, is any point in G,, and y, = u(xy) for a unitary matrix
u, then the mapping I
V4
gives local coordinates at y, € G,,. The metric at y, has the form, with
respect to the frame

Z—u

f@=u m ,

WZ) = h(f(2)) = (u [QD* <“ [éD

=I1+7zZ*Z

=1+0(zpP),
which is the form occurring in Lemma 2.3(a) (note that the dependence on
u disappears completely). Thus we see that
O(y) = ©(0) = 3d(I + Z*Z)(0)

(2.11) O(y) =dZ* AdZ(0)

which is the same for all points of G,, with respect to these particular
systems of local coordinates. We shall use this expression for the curvature
to compute certain Chern classes of this vector bundle in the next section.

3. Chern Classes of Differentiable Vector Bundles

Our object in this section is to give a differential-geometric derivation of
the Chern classes of a differentiable C-vector bundle £ — X. The Chern
classes will turn out to be the primary obstruction to admitting global
frames, or, more generally, admitting k global sections &, ...,&,1 <k <
rank cE, such that & A ... A& # 0, at each point of E (i.e., they are
to be obstructions to E or some nonzero subbundle of E being trivial).
Classically, the Chern classes are related to the Euler characteristic of a
compact manifold X, which for oriented 2-manifolds, for instance, decides
completely whether or not there are nonvanishing vector fields on X. More
specifically, if E is a C-vector bundle of rank r, then the Chern classes
c;j(E),j = 1,...,r, will be elements of the de Rham group HY(X,R)
having certain functorial properties. As we shall see, they can be defined in
terms of the curvature of E with respect to a connection. Our approach
here follows the exposition of Bott and Chern [1], based on the original
ideas of Chern and Weil.

To begin, we need some multilinear algebra. Recall that 91,, is the set
of r x r matrices with complex entries. A k-linear form

oM, x--xM — C
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is said to be invariant if

P(gAIg" ... g ) = P(Ar, ..., A)

forg e GL(r,C), A; € M,. Let I,(OM,) be the C-vector space of all invariant
k-linear forms on 9,.

Suppose that ¢ € I,(9,). Then ¢ induces

.M —C
by setting B
(A =¢g(A, ..., A).

It is clear then that ¢ is a homogeneous polynomial of degree k in the
entries of A. Moreover, for g € GL(r, C),

p(gAg™") = p(A),
and we say then that ¢ is invariant. Let I,(9%,) be the set of invariant
homogeneous polynomials of degree k as above. Since the isomorphism of
the symmetric tensor algebra S(9t*) and the polynomials on 91, preserves
degrees (see Sternberg [1]), one obtainst from ¢ € [,(9,) an element

@ € I,(M,) such that ~
P(A, ..., A) = p(A).

We shall omit the tilde and use the same symbol for the multilinear form
and its restriction to the diagonal.

Example 3.1: The usual determinant of an r x r matrix is a mapping
det : M, — C,

which is clearly a member of I,(91.). Moreover, for A € 9, and I, the
identity in 91,, we see that

det(I + A) = Z ®,(A),
k=0

where each ®; € I,(9,). Note that ®,,k = 0,...,r, so defined is a real
mapping; i.e., if M has real entries, then ®,(M) is real.

We would like to extend the action of ¢ € I,(IM,) to E¥(Hom(E, E)).
First, we define the extension to 9, ® ¢EP. If U is open in X and A; - w; €
M, (U) Qewy EP(U), then set

Yu(Ar-wi, .o Ao wp) = wyp A Awgp(Ay, ., Ag).
By linearity ¢ becomes a well-defined k-linear form on 9, @¢ E7. If §; €
EP(U,Hom(E, E)), j=1,...,k, then set
puGr, .80 = pu & (), ... & ()).

+ This process is called polarization and a specific formula for ¢ is
k

—D* .
P a0 =T S i, A,

j=1 ip<o<ij

This shows that the invariance of ¢ follows from that of ¢.
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We can check that this definition is independent of the choice of frame.
Namely, if g is a change of frame, then by (1.13)

ouE(fQ), -, &(f8) = ou(g '&(f)g, ..., g '&()g)
= @uE (- &),

by the invariance of ¢ and the induced invariance of ¢ when acting on
matrices with differential form coefficients. Thus we get an extension of ¢
to all of X,

¢, 1 EP(X,Hom(E, E)) x --- x &(X, Hom(E, E)) — £7%(X),
which when restricted to the diagonal induces the action of the invariant
polynomial ¢ € I, (9M,) on EP(X, Hom(E, E)), which we denote by

¢x : E’(X,Hom(E, E)) — E7%(X).
Now suppose that we have a connection
D:&X,E) — &YX, E)

defined on E — X. Then we have the curvature @x(D), as defined in
Definition 1.8. So if ¢ € L;(IN,), 9. (O (D)) is a global 2k-form on X. We can
now state the following basic result due to A. Weil (cf. Bott and Chern [1]).

Theorem 3.2: Let £ — X be a differentiable C-vector bundle, let D be a
connection on E, and suppose that ¢ € I;(9M,). Then

(@) @x(®g(D)) is closed.
(b) The image of ¢x(®z(D)) in the de Rham group H*(X,C) is
independent of the connection D.

Proof: To prove (a), we shall show that for ¢ € I,(9,), the associated
invariant k-linear form ¢ satisfying

p(gA1g™", ... gAg ) = (AL, ..., Ap)
for all g € GL(r, C) satisfies
(3.1) > @(Ar, ... [A;Bl...,A) =0
J

for all A;, B € IM,.

Assuming (3.1), we shall first see that (a) holds. Recalling the definition
of the Lie product on MM, ® £* preceding Proposition 1.10, equation (3.1)
gives, for U open in X,}

(3.2) D (=1 “y(Ar ... A Bl..... A) =0

for all A, € M, ® EP*(U) and B € M, ® £4(U), where f(x) = degB
> p<o degAp. Moreover, it follows from the definition of a k-linear form
that

(33) d(/)U(Als ceey Ak) = Z(_l)g(a)¢U(Ala ooy dAots ey Ak)

o

TWe have previously defined the action of ¢ only on 9, ® EP, but this clearly extends
to an action on 9, ® £*.
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for A, € M, ® EP*(U), where g(a) = Zﬁw degAgz. We want to show that
do.(®) =0, and it suffices to show that for a frame f over U,

dey(©(f)) =0.
But from equation (3.3) we have [letting ©(f) = O]
dey(©) =dgy(®,....0) =Y ¢y(@,....d®,...,0),
noting that deg © is even. From Proposition 1.10 we have that

dey(©®) =) ¢y(®,...,[10.0],....0),

but this vanishes by equation (3.2), and thus ¢x(@f) is a closed form.

Now all that remains is to show that the invariance of ¢ implies equa-
tion (3.1). First, if f(z) and g(¢r) are power series with matrix coefficients
which converge for all t € C, i.e,

f) =) A" and g(t)=) Bt
then

f()g(t) = AgBy + (A1 By + AgB)t + O(|t]*),
and if ¢ is a linear functional on 90,, then

P(f (1) =) @AD"

Now for A, B € M, it follows from the above remarks that
(3.4) e 'BAe® — A =1[A, B]+ O(|t]).

We now want to show that (3.1) holds. We consider, for simplicity, the
case k = 2, the general case being an immediate generalization. Thus, if
¢ € L(MM,), by the invariance of the associated bilinear form we obtain

pe A e BALe®) — (A}, A)) =0

for all t € C and A, A;, B € M,, since e'? . ¢'? = I. By adding and
subtracting (e "BA €', A,) to/from the above identity, we obtain

e PAe?, 7P Aye'?) —p(e P AP, Ay) +p(e P AP, Ay)
—¢(A1, Ay)) =0.
Applying (3.4) to each of the differences above, we find that
p(e P Are'" 1[As, B]) + O(It) + @(t[A1, Bl + O(|t]), A)
= t{(A1, [A2, B]) + ¢([Ay, B], Ay} 4 O(|t*) = 0.

Thus the coefficient of ¢ must also vanish identically, and this proves (3.1)
in the case k = 2. It is now clear that the general case is obtained in the
same way by adding and subtracting the appropriate k — 1 terms to/from
the difference

ple A, . . e BA?) — (A, ..., A,

and we omit further details.
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Now that ¢x(®g(D)) is closed, it makes sense to consider its image in
the de Rham group H*(X, C). To prove part (b), we shall show that for
two connections D;, D, on E — X there is a differential form « so that

(3.5) (O (D)) — ¢(Op(Dy)) = da.

To do this, we need to consider one-parameter families of differential forms
on X and one-parameter families of connections on £ — X, and to point
out some of their properties.

Let a(¢) be a C*® one-parameter family of differential forms on X, r € R;
i.e.,, @ has the local representation

a(t) = Zal(x, t)dx;
for t € R and a; is C*® in x and ¢t (cf. Sec. 2 in Chap. I). Define locally

b b
/ a()dt = Z (/ a(x, t)dl) dx;

It is easy to check that these definitions are independent of the local coor-
dinates used and that &(z) and fa b a(t)dt are well-defined global differential
forms. Also,

9 AP —aa[/\ t l/\alB[
@) ABW) = T (0 A PO + ) A =)

and ,
/ a()dt = a@)|’ = a(b) — a(a).

For a differentiable vector bundle £ — X, we define a C* one-parameter
family of connections on E to be a family of connections {D,},cg such that
for a C* frame f over U open in X the connection matrix 6,(f) := 6(D;, f)
has coefficients which are C* one-parameter families of differential forms
on E.t Suppose that D, is such a family of connections. Then for a C*
frame f over U and & € E(U, E) we have

a a
5, DEf) = 5 (dECS) + 0. (NHES))

a
= (aet(f)) §(f)-

Moveover, since a change of frame is independent of ¢, this clearly defines
for each 7y € R a mapping
D, : &X,E) — E'(X,E)

+We shall need only C!' families of connections in the applications, which have the
analogous definition.
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by . 5
Dro(f) = ED[%"“)'

Moreover, this mapping is Ex-linear. Therefore D,y defines an element of
&'(X,Hom(E, E)) which we also call D,,. As we pointed out above, D,y
has a local representation

. . d
9:0(f) = DrO(f) = Eet(f)h(b

We can now reduce the proof of part (b) to the following lemma, which
will be proved below.

Lemma 3.3: Let D, be a C* one-parameter family of connections, and
for each r € R, let ©®, be the induced curvature. Then for any ¢ € I, (90,),

b
Px(Oy) —9x(©,) =d (/ ?'(O;; Dt)dt) ,

where

@& = Zgo@,s,...,e,(n),s,...,s),
(«) denotes the ath argumenat, and &, n € &(X, Hom(E, E)).

Namely, if D; and D, are two given connections, for £ —> X, then let
D, =tDy+ (1 —1t)D»,
which is clearly a C* one-parameter family of connections on E. Thus, by
Lemma 3.3, we see that

ox(Og(D1)) — px(Op(Dy)) = px(01) — px(0») = da,

where

1
cx=/ ¢'(®,; D)) dt.
0 Q.E.D.

Proof of Lemma 3.3: 1Tt suffices to show that, for a frame f over U, we
have

(3.6) ¢u(©®) = dy,(©;0),

where ® = O (D,, f), 6 = 0(D,, f), and the dot denotes differentiation
with respect to the parameter ¢, as above. Here we use the simple fact
that exterior differentiation commutes with integration with respect to the
parameter ¢. We proceed by computing

de,(©; 0) =d(Z¢U(®,...,(§),...,®))

:%j{zw(@,...,dg,... f.....0)

9 9
: ()
<o

+¢U(®,...,?zae)',...,c~))
~Yw(®.....6.....d0.....8)}.

i>a
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By adding and subtracting
Y00 [,0)..0)

to/from the above equatlon and noting that
O =db+16,06] (differentiation of (1.14))
dO =[0,0] (Bianchi identity, Proposition 1.10),
we obtain the equation

dg),(©; 6) =Za:(py(®,...,((;)),...,®)

+Z Zg)U 9],...,(2),...,@)

i<a

—wu(®,...,[9,(§)],...,®)

—2 ww(®. 0. [0.06] ... 0)}

i>a

By (3.2), we see that the second sum over « Vanlshes and we are left with
de,(©;6) Z(py .., 0)

= ¢y (0),
which is (3.6).
Q.E.D.

We are now in a position to define Chern classes of a differentiable
vector bundle. From Example 3.1 we consider the invariant polynomials
@, € I,(M,) defined by the equation

det(I + A) = Y @, (A), AeMm,.
k

Definition 3.4: Let £ — X be a differentiable vector bundle equipped
with a connection D. Then the kth Chern form of E relative to the connection
D is defined to be

i
c(E, D) = ((Dk)X(E@E(D)) e &(X).
The (total) Chern form of E relative to D is defined to be

¢(E,D) = ch(E, D), r =rank E.

k=0

The kth Chern class of the vector bundle E, denoted by ¢ (E), is the
cohomology class of ¢;(E, D) in the de Rham group H*(X, C), and the
total Chern class of E, denoted by ¢(FE), is the cohomology class of c(E, D)
in H*(X,C); i.e.,, c(E) =Y ;_yc(E).

It follows from Theorem 3.2 that the Chern classes are well defined and
independent of the connection D used to define them. Thus the Chern classes
are topological cohomology classes in the base space of the vector bundle
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E. We shall see shortly that they are indeed obstructions to finding, e.g.,
global frames. First we want to show that the Chern classes are real
cohomology classes.

Proposition 3.5: Let D be a connection on a Hermitian vector bundle E
compatible with the Hermitian metric 4. Then the Chern form c¢(E, D) is
a real differential form, and it follows that ¢(E) € H*(X,R), under the
canonical inclusion H*(X,R) Cc H*(X, C).

Proof: Tt suffices to show that for a local frame f the matrix rep-
resentation for the Chern form is a real differential form. Therefore let
h=h(f)® = O(D, f), as usual, and recall that D being compatible with
the metric & was equivalent to the condition (1.22),

dh = ho +'0h,
whose exterior derivative is given by
0=dhAO+hd9+d'0-h—"0Adh.
By substituting the above expression for dh, we obtain
(3.7) 0=hO +'Oh.
In particular, if f is a unitary frame, we note that ® is skew-Hermitian.
Using (3.7) we can show that if

¢:=c(E, D, f) = det (1 + ’-@) ,
2

then ¢ = ¢; i.e, c is a real differential form. Namely,
det(h+ —©h)=det(I+-—©)- deth
27 2
l

det (h — l—h[(:)> =det h-det (1 - l—’@) ,
2 2
where the vertical equality is given by (3.7). Now it follows that

— l_ _ _LI_
c_det<1+2n®) _det(l o G)>

i -
=det|/ - —O
e( 21 >

We want to prove some functorial properties of the Chern classes. In
doing so we shall see that it is often convenient to choose a particular
connection to find a useful representative for the Chern classes. We remark
that the de Rham group H* (X, R) on a differentiable manifold X carries
a ring structure induced by wedge products; i.e., if

c,c e H¥(X,R)

c.

Q.E.D.
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and ¢ = [¢] and ¢’ = [¢], then
c-cd=lpAdl,
which is easily checked to be well defined.}

Theorem 3.6: Suppose that £ and E’ are differentiable C-vector bundles
over a differentiable manifold X. Then

(a) Ifg:Y — X is a differentiable mapping where Y is a differentiable

manifold, then
c(¢"E) = ¢"c(E),

where ¢*E is the pullback vector bundle and ¢*c(E) is the pullback of the
cohomology class ¢(E).

(b) c(E® E') = c¢(E) - ¢(E’), where the product is in the de Rham
cohomology ring H*(X, R).

(¢) c¢(FE) depends only on the isomorphism class of the vector bundle E.

(d) If E* is the dual vector bundle to E, then

ci(E*) = (=1)/¢;(E).
Proof:

(a) Let D be any connection on E — X. To prove part (a), it will
suffice to define a connection D* on ¢*E so that

" (©(D)) = O(D"),

where ¢* is the induced map on curvature. We proceed as follows. Suppose
that f = (ey,...,e,) is a frame over U in X. Then f* = (e}, ..., ¢;), where

el = e;op,is a frame for ¢*E over ¢~ (U), and frames of the form f* cover
Y. Also, if g : U — GL(r, C) is a change of frame over U, then g* = gog
is a change of frame in ¢*E over ¢~ '(U). Now define a connection matrix

0°(f) = 970(f) = 976,01,
where ¢*6,, is the induced map on forms. Moreover, it is easy to see that
g0 (f7g") =0"(f)¢" +dg*
so that 6* defines a global connection on A*E. And, finally, we have
(D", f*) =do*(f") +0°(f") AO*(f7)
=de*0(f) +¢"0(f) N 0(f)
="(do(f) +0(f) AO(f))
=¢"O(D, f),
which completes the proof of part (a).

TThis is a representation for the cup product of algebraic topology; see, e.g., Bredon [1]
and Greenberg [1].
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(b) Given D and D', connections on E and E’, respectively, it suffices to
find a connection D® on E @ E’ so that

¢(E® E', D®) = ¢(E, D) Ac(E', D).

Also, as in part (a), it suffices to consider a local argument. Therefore for
0 and 6’ connection matrices over U on E and E’, respectively, it is easy

to see that -
S __
=[5 o]

is a connection matrix defining a global connection on E @ E’ (the details
are left to the reader). The associated curvature matrix is given by

® 0
S __
oo 2]
Thus
I+--@ 0
c(E® E', D®)|y = det 2 ;
0 I'+-—0
27

—det|l+ —@©|det|I' + —©
2T 27
=C(E,D)|U/\C(E,9D/)|U'

(¢) Suppose that o : E —> E’ is a vector bundle isomorphism. Then we
want to show that ¢(E) = ¢(E’). This is simple, and similar to the argument
in part (a). Let D be a connection on E, and define a connection D’ on
E’ by defining the connection matrix for D’ by the relation

0'(f) =0(f).

where f is a frame for E and f' = (a(ey), ..., a(e,)) is a frame for E’. As
in (a), this is a connection for E’, and it follows that @'(f") = ©(f), and
hence c(E) = c(E').

(d) Suppose that the duality between E and E* is represented by (,)
(not to be confused with a metric) and that D is a connection on E. If
f and f* are dual frames over an open set U, i.e., (e, €;) = 8ops then we
can define a connection D* in E* by setting

(3.8) 0* =6(D*, f*) =-"6(D, f).

We can check that 6* defined by (3.8) is indeed a connection on E*. Suppose
that g is a change of frame f —> fg on E. Then the induced change
of frame for the dual frame f* is given by f* — f*'(g7!), as is easy to
verify. Thus, if we let g* = ("g)~!, we have to check that
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to see that 6* is a well-defined connection on E*. But (3.9) holds if and

only if
—'0(fg)="gd' (g™ —"g'0()' (g™,

which simplifies to, after taking transposes and using the fact that dg=! =

—g 'dgg™",

0(fg) =g 'dg+57'0(f)g.
which holds, since 6(f) is a connection matrix. Therefore the curvature for
E* is
O =do* + 6" AO*

=—do0+'0N"0

=—-d0—-"(010)

=—'(d0 +6 AB)

=-'0.
Thus the Chern forms restricted to U are related by

c(E*, D*) = @, (—é@)

_ e (L
= ( 1)<1>k<271®>

= (=D'a(E, D),

where we note that the invariant polynomial ®; is homogeneous of degree
k and is invariant with respect to transpose (since det is).
Q.E.D.

Remark: In the case where E — X is a holomorphic vector bundle
and h is a Hermitian matrix on E, h*, the induced metric on E*, is given by

h*(f*) ="(h~" (),
where f and f* are dual holomorphic frames. From this we see that
9% — (h*)—lah*
="hd'(h™")
= =@ (h™")
=—"(h"'9h) = —'0

and -
0" =-960=-"0.
We now use the above functorial properties to derive the obstruction-
theoretic properties of Chern classes, i.e., the obstructions to finding global
sections.

Theorem 3.7: Let E — X be a differentiable vector bundle of rank r. Then
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(@) c(E)=1.
(b) If E=XxC istrivial, then ¢c;(E) =0,j=1,...,r;ie, c(E) =1.
(c) If EZE & T, where T, is a trivial vector bundle of rank s, then

ci(E)=0, j=r—s4+1,...,r
Proof:
(a) This is obvious from the definition of Chern classes.
(b) If E=X xC", then £(X, E) = (£(X))", and a connection
D:&X,E) — &YX, E)
can be defined by
3
D =ds=d| - |,
&
where &; € £(X). In this case the connection matrix 6 is identically zero.
Then the curvature vanishes, and we have
c¢(E, D) =det(I +0) =1,
which implies that ¢;(E, D) =0, j > 0.
(c) We compute
c(E)=c(E'®T,)
=c(E) - e(Ty)
=c(E)-1
by Theorem 3.6 and part (b). Moreover, E’ is of rank r —s, and so we have
c(E)y=14c(E)+ - +c(E)=1+c(E)+ - +c(E),
from which it follows that

ci(E)=0, j=r—s+1,...,r
Q.E.D.

We shall now use Theorem 3.7 to show that some of our examples of
vector bundles discussed in Chap. I are indeed nontrivial vector bundles by
showing that they have nonvanishing Chern classes.

Example 3.8: Consider T (P;(C)), which is R-linear isomorphic to T (S?),
the real tangent bundle to the 2-sphere S, and we shall show that it has
a nonzero first Chern class. The natural metric on T (P(C)) is the chordal
metric defined by

Jd 0 1
h@ ="h (5 8_z) T A+ 22
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in the z-plane; if w = 1/z is the coordinate system at infinity (from the
classical point of view), h(d/9w, 3/d0w) has the same form. We compute

0(z) = h(z)~'dh(z)

_ 2\2 1 )
_“+M)a(a+mw

0(z) = —Z—Z Z
(I +1z»
0 =170= #dz AdZ.
(1 + 12?2
Therefore
cl(E h) = mdz AdZ
_ 2dxndy
a4z
Now

7 pdpdb
E.h
Af“ )= / / 0+ 022
pdp
=4 | £
/0 1+ p?)?

zszéf
pou?
=2.

Thus the closed differential form ¢ (E, h) cannot be exact, since its integral
over the 2-cycle P, is nonzero. Therefore 7 (P;(C)) is a nontrivial complex
line bundle. Note that the integral of the Chern class over P; was in fact 2,
which is the Euler characteristic of P;. This is true in much greater generality.
Namely, the classical Gauss-Bonnet theorem asserts that the integral of the
Gaussian curvature over a compact 2-manifold is the Euler characteristic
(see e.g. Eisenhart [1]). More generally,

/%Gwnzﬂm
X

for a compact n-dimensional complex manifold X (see Chern [2]). We shall
see the above computation on the 2-sphere in a different context in the next
section.

Example 3.9: Consider the universal bundle E = U, 3 —> G, 3, which
is a vector bundle with fibres isomorphic to C2. In Example 2.4 we
have computed the curvature in an appropriate coordinate system, and
we obtained

O () =dZ* NdZ(0),
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using the notation of Example 2.4. Thus we find that Z = (Z,,, Z1»), Z;; € C,
and we have the 2 x 2 curvature matrix

dZ“ ANdZy d?ll /\le2:|

dz"ndZ = |:d212/\d211 dZi», NdZ»

from which we compute

e (E, h) () = det (’—dz* A dZ)
21

22

1 2\’
(—w) . <l_> dXi ANdYyy ANdXpp AdY

1 _ -
— <——> lel /\dZU N dZu AN lez

2
= —2dX11 ANdY  ANdX iy AdYa,
b

which shows that ¢,(E, ) is a volume form for G, ; and, consequently, that

f c(E,h) > 0.
G233

This shows that ¢,(E, h) # 0. Thus E has no trivial subbundles and is itself
not trivial.

4. Complex Line Bundles

In this section we are going to continue our study of Chern classes of vector
bundles by restricting attention to complex line bundles, i.e., differentiable or
holomorphic C-vector bundles of rank 1. In particular, we shall characterize
which cohomology classes in H>(X, R) (for a given differentiable manifold X)
are the first Chern class of a complex line bundle over X, a result which has
an important application in Chap. VI when we prove Kodaira’s fundamental
theorem characterizing which abstract compact complex manifolds admit
an embedding into complex projective space.

We start with the following two propositions, which are true for vector
bundles of any rank.

Proposition 4.1: Let E — X be a differentiable vector bundle. Then there
is a finite open covering {U,},« =1, ..., N, of X such that E|y, is trivial.

Proof: 1If X is compact, then the result is obvious. By definition we are
assuming that X is paracompact (see Chap. I). Now let {V;} be an open
covering of X such that E|, is trivial. By a standard result in topology, X
has topological dimension n implies that there is a refinement {U,} of {Vg}
with the property that the intersection of any (n+2) elements of the covering
{U,} 1s empty, which, in particular means that {U,} is a locally finite covering
of X. Let {¢,} be a partition of unity subordinate to the covering {U,}.
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Let A; be the set of unordered (i + 1)-tuples of distinct elements of the
index set of {¢,}. Given a € A;,a = {ag, ..., a;}, let

Wie ={x € X : 9, (x) < min[gy,(x), ..., ¢y, x)] for all @ # ay, ..., o}
Then it follows that each W,, is open, and W;,NW;, = @ if a # b. Moreover,
Wia CSUpp @y, N---Nsupp gy, C Uy
for some «, where supp ¢,; = support of ¢,;. Then we see that if we let

Xi=uUW,, i=0,...,n,

then (a) E|y; is trivial and (b) U X; = X. Assertion (a) follows from the
fact that E|y,, is trivial, since W;, C U, and W;,NW;, = J,a #b. If x € X,
then x is contained in at most n+ 1 of the sets {U,}, and so at most n+1 of
the functions {¢,} are positive at x. Let a = {ay, ..., o;}, where @, , ..., ¢y,
are the only functions in {¢,} which are positive at x,0 < i < n. Then it
follows that
0 = @y (x) < min{euo(x), ..., Pai(x)}

for any o # «, ..., a;, and hence x € W;, C X;. Thus {X;} is a finite open
covering of X such that E|y, is trivial.

Q.E.D.

Proposition 4.2: Let E — X be a differentiable C-vector bundle of rank r.
Then there is an integer N > 0 and a differentiable mapping ® : X —
G, y(C) such that ®*(U, y) = E, where U, y — G, y is the universal bundle.

Remark: This is one-half of the classification theorem for vector bundles,
theorem 1.2.17, discussed in Sec. 2. of Chap. 1.

Proof: Consider the dual vector bundle E* — X. By Proposition 4.1,
there exists a finite open cover of X, {U,}, and a finite number of frames
fo = (ef,....eY), 0 = 1,...,k, for the vector bundle E*. By a simple
partition of unity argument, we see that there exists a finite number of

global sections of the vector bundle E* &;,...,&y € E(X, E*), such that
at any point x € X there are r sections {£,,...,&,} which are linearly
independent at x (and hence in a neighborhood of x). We want to use the
sections &, ..., &y to define a mapping

P:X — G,y

Suppose that f* is a frame for E* near xo € X. Then

(4.1) M) =6, Ev(fHK)]

is an r x N matrix of maximal rank, whose coefficients are C*> functions
defined near xo. The rows of M span an r-dimensional subspace of CV, and
we denote this subspace by ®(x). A priori, ®(x) depends on the choice of
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frame, but we see that if g is a change of frame, then

M(f ) =158, ....En(["8)]
=876 (). 87 En ()]
=g ' M(f).
Thus the rows of M (f*) and M(f*g) span the same subspace, and therefore

the mapping
¢ X — Gr,N

is well defined at every point. It follows from the construction, by looking at
local coordinates in G, y, that ®; is a differentiable mapping. We now cle}im
that ®*U, y = E. To see this, it suffices to define a bundle morphism &

E L Ur,N

I

X & Gr,N

which commutes with the mapping @ and which is injective on each fibre.
We define ®(x,v),x € X,v € E,, by setting

®(x,v) = (v, (X)), ..., (v, En (X)),

where (,) denotes the bilinear pairing between E and E*. Thus ®| £, 1S a
C-linear mapping into CV, and we claim that (a) ®|., is injective and (b)
®(E,) = 7' (®(x)), where 7 is the projection in the universal bundle. Let
f be a frame for E near x € X and let f* be a dual frame for E*; i.e.,

if f=1(e,...,e,)and f*=(ef,...,e"), then (¢,,¢:) =35,,. Then we see
that the mapping ® can be represented at x by the matrix product
4.2) ®(x,v) ="v(f) - M(f*),

where M (f*) is defined by (4.1) and is of maximal rank. Thus @ is injective
on fibres. But (4.2) shows that the image of ®(E,) is contained in the
subspace of CV spanned by the rows of M (f*), which implies that S, =
7 1 (®(x)).

Q.E.D.

It follows from Proposition 4.2 and Theorem 3.6(a) that c(E) =
®*(c(U, n)). In particular, one can show easily from this that line bundles
have integral Chern classes. Let H(X, Z) denote the image of H%(X, Z) in
H?(X, R) under the natural homomorphism induced by the inclusion of the
constant sheaves Z C R [this means that H?(X, Z) is integral cohomology
modulo torision].

Proposition 4.3: Let £ — X be a complex line bundle, Then ¢((E) €
H*X,Z).
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Proof: Since c¢;(E) = ®(c;(Uyy)), where ® is the mapping in
Proposition 4.2, we see that it suffices to show that

iUy € H*(Py_1,Z)

[H2(Py_1, Z) has no torsion; see the discussion below]. In Sec. 2 we have
computed the curvature for the canonical connection D(h) associated with
the natural metric 4 on the universal bundle U, y, and thus, by (2.10), we
see that

L f2 Y dg; AdE; — Y &5dE; A dé
43 W D) = 5 AL/ ,WZ P

where f = (&), ...,&y) is a frame for U; y. Now, it is well known that
HIP,(C),Z)=Z, gqeven, q <2n
H'P,(C),Z) =0, ¢ odd, orgq > 2n,

which can be shown easily using singular cohomology (see Greenberg [1]).
In fact there is a cell decomposition

PocP,cC---C Py

where P;_; C P; is a linear hyperplane, and P; —P;_; = C/. The submanifold
P; C Py_, is a generator for H,;(Py, Z), and there are no torsion elements.
A closed differential form ¢ of degree 2j will be a representative of an
integral cohomology class in H* (Py_;, Z) if and only if

/(peZ.
P

J

Thus, to see that ¢, (U, y) € H*(Py_1, Z), it suffices to compute

f a’
Py

where « is defined by (4.3). We can take P, C Py_; to be defined by the
subspace in homogeneous coordinates

{z1,...,zw) 12, =0,j=3,..., N}

Consider the frame f for U,y — Py_;, defined over W = {z : z; # 0},
given by
f([la$25"'7€1\/]) - (1’525"'751\/)7

where (&, ..., &y) are coordinates for Py in the open set W. Then f|yqp,
is given by
f([1,8,0,...,00]) =(1,&,0,..,0),
and we can think of & as coordinates in W NP; for P;. Thus the differential
form alp, is given by (letting z = &)
1 dzndz
T i T+ P
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and therefore we obtain

B 1 [ dzndz
/.,1 4 /p.mwa - E/c T+ 2P2)?
1 dx ANdy

- _E/Rz 1+ [z2%)?

Z_Z/mL
o (1+r??
= —1.

This shows that ¢, (U, ) € H*(Py_;, Z) and hence that ¢,(E) € H*(X, Z).
Q.E.D.

Remark: This approach generalizes to vector bundles. In fact, G, y(C)
has a cell decomposition similar to that given above for G, y(C) and has
non-vanishing cohomology only in even degrees and has no torsion. The
generalization of the cycles {P; C Py} generating the homology are called
Schubert varieties. Moreover, one can show that the Chern classes of the
universal bundle U, y, appropriately normalized, are integral cohomology
classes, and thus a version of Proposition 4.3 is valid for vector bundles
(see Chern [2]). In algebraic topology, one defines the Chern classes as the
pullbacks under the classifying map of the Chern classes of the universal
bundle, thus admitting torsion elements. However, the proof of Theorem 3.6
in that context is considerably different and perhaps not quite so simple.

So far we have encountered two different approaches to Chern class the-
ory: the differential-geometric definition in Sec. 3 and the classifying space
approach discussed in the above remark. A third approach is to define Chern
classes only for line bundles, extend the definition to direct sums of line
bundles by using the required behavior on direct sums, and show that any
vector bundle can be decomposed as a direct sum of line bundles by mod-
ifying the base space appropriately (see Hirzebruch [1]). For a comparison
of almost all definitions possible, see Appendix I in Borel and Hirzebruch
[1]. We shall present a simple sheaf-theoretic definition of Chern class for
a complex line bundle and show that it is compatible with the differential-
geometric (and consequently classifying space) definition. We shall assume
a knowledge of Cech cohomology as presented in Sec. 4 in Chap. II.

Consider, first, holomorphic line bundles over a complex manifold X.
Let O be the structure sheaf of X and let O* be the sheaf of nonvanishing
holomorphic functions on X.

Lemma 4.4: There is a one-to-one correspondence between the equiva-
lence classes of holomorphic line bundles on X and the elements of the
cohomology group H'(X, O%).
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Proof: We shall represent H'(X, O*) by means of Cech cohomology.
Suppose that E — X is a holomorphic line bundle. There is an open
covering {U,} = 4l and holomorphic functions

(44) 8ap :U(xﬂUﬂ — GL(I,C):C—{O}
such that
(45) 8up * 8By * 8ya = 1 on UaﬂU,gﬁUy

8ua = 1 on Uu.

Namely, the {g,z} are the transition functions of the line bundle with respect
to a suitable covering (see Sec. 2 of Chap. I). But the data {g,s} satisfying
(4.5) define a cocycle g € Z'(4, %) and hence a cohomology class in
the direct limit H'(X, ©*). Moreover, any line bundle E' — X which is
isomorphic to E — X will correspond to the same class in H'(X, O%).
This is easy to see by combining (via the isomorphism) the two sets of
transition functions to get a single set of transition functions on a suitable
refinement of the given {U,} and {U}. Thus they will correspond to the same
cohomology class. Conversely, given any cohomology class £ € H'(X, O%),
it can be represented by a cocycle g = {gqs} on some covering i = {U,}. By
means of the functions {g,s} one can construct a holomorphic line bundle
having these transition functions. Namely, let
E=UU, x C (disjoint union)
and identify
(x,2) e U, x C with (y,w)eUsxC
if and only if
y=x and z=gux)w.
This identification (or equivalence relation on E) gives rise to a holomorphic
line bundle. Again, appealing to a common refinement argument, it is easy

to check that one does obtain the desired one-to-one correspondence.
Q.E.D.

As we know from the differential-geometric definition, the Chern class of
a line bundle depends only on its equivalence class, and this is most easily
represented by a cocycle in Z!'(U, O*) for a particular covering. Recall the
exact sequence of sheaves in Example 11.2.6,

0—>Z—>Oﬂ>o*—>0,

and consider the induced cohomology sequence

)
H'(X,0)—=H'(X,0")——=H*(X,Z)—H*(X, 0)

s
H*(X,R),

where the vertical mapping is the natural homomorphism j induced by the
inclusion of the constant sheaves Z C R and § is the Bockstein operator.
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Note that the first Chern class, as defined in Sec. 3, gives a mapping (see
the dashed arrow above)

¢ H'(X, 0" — H*(X,R).
The following theorem tells us that we can compute Chern classes of line
bundles by using the Bockstein operator §.

Theorem 4.5: The diagram
HY(X,0%) 2> H*(X,Z)

b
H*(X,R)

1S commutative.

Proof: The basic element of the proof is to represent de Rham coho-
mology by Cech cohomology and then compute explicitly the Bockstein
operator in this context. Suppose that { = {U,} is a locally finite covering
of X, and consider & = {£;,} € Z*(4, R). We want to associate with & a
closed 2-form ¢ on X. Since £ also is an element of Z?(4, &) and & is fine,
there exists a t € C'(U, &) so that §t = &, for instance,

Tgy = Z (puéaﬂyv
o

where ¢, is a partition of unity subordinate to (. Exterior differentiation is
well defined on cochains in C?(4, £7) and commutes with the coboundary
operator, and so we obtain

ddt=dét=d& =0.
Then dt e Z'(4, &Y, but &' is also fine, so do the same thing once more,

writing
Hpg = Z@udtaﬁ-

Then p € C°(L, €Y and 8u = dt, and thus du € CO4L, ). But

ddpu = dép =d*1 =0,
and so ¢ = —du € Z°(4, &%) = €2(X) is a well-defined global differential
form which is clearly d-closed. Thus to a cocycle £ € Z?(4, R) we have
associated a closed differential form ¢(¢). This induces a mapping at the
cohomology level,
(4.6) H*(X,R) — H*(X,R),

(Cech) (de Rham)

which one can show is well defined and is an isomorphism (cf. the proof of
Theorem II. 3.13). Note that the mapping at the cocycle level depends on
the choices made (t and w) but that the induced mapping on cohomology
is independent of the choices made. This is thus an explicit representation
for the isomorphism between de Rham cohomology and Cech cohomology.
The choice of sign in this isomorphism was made so that the concept
of “positivity” for Chern classes is compatible for the sheaf-theoretic and
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differential-geometric definitions of Chern classes (cf. Chap. VI; Kodaira [1];
Hirzebruch [1]; Borel-Hirzebruch [1; II-Appendix]).

Suppose now that il is a covering of X, with the property that any
intersection of elements of the covering is a cell (in particular is simply
connected). We want to use 4 to describe the Bockstein operator §:

§: H' (X, 0" — H*(X,Z).
Suppose that g = {g.s} € Z'(4, O). Then o = {044}, defined by

1 _
Oup = 5 108 8up = exXp '(8ap)

defines an element of C'(4, ©) (here we use the simply connectedness and
any particular branch of the logarithm). Thus §o € C*(U, ©), and since
8% =0, we see that o € Z2(4, ©). But

1
(80)apy, = E(log 8py — 108 guy + 108 8up),
and this is integer-valued, since

8ap * 88y = Say:s
i.e., {gup}isacocyclein Z' (X, 0*). Thus o € Z*(4, Z) and is a representative
for 8(g) € H*(X, 7).

Now let g = {gqs} be the transition functions of a holomorphic line
bundle E — X and let &7 be a Hermitian metric on E. Since {U,} is a
trivializing cover for E, we have frames f, for E over U,, and we set
he = h(fy). Note that h, is a positive C* function defined in U,. Thus

cl(E h) = ié(h;‘aha) in U,,

which we rewrite as 1 .
ci(E,h) = —ddlogh,.
2mi

Note that the functions 4, satisfy
hy = |gﬁa|2hﬂ
on U, N Ug, which follows from the change of frame transformation (1.7)

for the Hermitian metric 2. We want to use the functions {h,} in the
transformation from Cech to de Rham representatives. As above, let

1
S0 € ZXU, Z), oup = %logguﬁ,

be the Bockstein image of {g,s} in H*(X, Z). We now want to associate to
8o a closed 2-form via the construction giving (4.6), which will turn out to

TSuch a covering always exists and will be a Leray covering for the constant sheaf;
ie, Hi(o|,R) = 0 for any simplex o of the covering . If X is equipped with a
Riemannian metric (considered as a real differentiable manifold), then every point x € X
has a fundamental neighborhood system of convex normal balis (Helgason [1], p. 54), and
the intersection of any finite number of such convex sets is again convex. Moreover, these
convex sets are cells.
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be the Chern form of E, concluding the proof of the theorem. Choose
t and p in the construction of the mapping (4.6) by letting Tt = o and
w = {uq}, where 1
e = —0loghy.

2mi
Then we see that this choice of u = {u,]} satisfies
(Bp)os = = L hlog
M)ap = Mg /’Lu—zj_”. gh(x

1
=-—0dl a _oc
i Og 8up8ap

1
=—(01 " dlog g,
2m.( 08 8up + 0108 gap)

_ ! dlo
2w 8 8up
= dO’aﬂ = d'Eaﬂ

(here dloggs, = 0, since ggz, is holomorphic). Thus the closed 2-form
associated with the cocycle §o is given by

@ = —d/,L =d (l—alogha)
27

=35 logh, = ¢1(E, h).
27
Q.E.D.

A modification of the above proof shows that Theorem 4.5 is also true
in the C* category. Namely, there is an exact sequence

0—Z—E&—E& —0

on a differentiable manifold X, where €* is the sheaf of nonvanishing C*
functions. The induced sequence in cohomology reads

— H'(X, &) — H'(X, )-S5 H*(X,Z) —> H*(X, &) —>,
but H*(X, ) =0, g > 0, since € is fine, and hence there is an isomorphism
H'(X, €)= H(X, Z),

which asserts that all differentiable complex line bundles are determined
by their Chern class in H>(X, Z) [but not necessarily by their real Chern
class in H%(X, Z), as there may be some torsion lost]. For holomorphic line
bundles, the situation is more complicated. Let X be a complex manifold
and consider the corresponding sequence

4.7  HY(X,0) — HY(X,0*) == H*X,Z) — H*(X,0)

)

H*(X,Z).
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Here we may have H'(X, ©) or H*(X, Q) nonvanishing, and line bundles
would not be determined by their Chern class in HZ(X,~Z). We want to
characterize the image of ¢, in the above diagram. Let H? (X, Z) be the

cohomology classes in H2(X, Z) which admit a d-closed differential form
of type (1, 1) as a representative, and let

HY\(X,Z) = j'(H}(X.Z)) C H*(X,Z).

Proposition 4.6: In (4.7),
a(H'(X,0%) = H (X, Z).

Proof: It suffices to show that
S(H'(X,0%) = H} (X.Z) in (4.7).

To see this, it suffices to show that the image of H? (X, Z) in H*(X, 0) is
zero. Consider the following commutative diagram of sheaves (all natural

inclusions),
C
7——0,

and the induced diagram on cohomology,
H*(X,C)

HX(X,Z) H*(X,0).

Now I:Iﬁl(X, Z) C H*(X,C) and is the image of H? (X, Z) in the above
diagram. Therefore it suffices to show that the image of Hﬁ (X, C) (defined
as before) in H*(X, O) is zero. Consider the homomorphism of resolutions
of sheaves

d d d

0 — C 80 81 82

boob e e

9 b d

0 —> O —> 00 o con P co2 B ..
where o, : €7 — €% is the projection on the submodule of forms of type
(0, g¢). Therefore the mapping

H*(X,C) — H*(X,0)
is represented by mapping a d-closed differential form ¢ onto the d-closed
form 7o ,¢. It is then clear that the image of H? (X, C) in H*(X, O) is zero,
since a class in Hfl(X, C) is represented by a d-closed form ¢ of type (1, 1),
and thus w0 = 0.
Q.E.D.

Closely related to holomorphic line bundles is the concept of a divisor
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on a complex manifold X. Consider the exact sequence of multiplicative
sheaves

(4.8) 0— O — M — M/O* — 0

where O* was defined above and 9t* is the sheaf of non-trivial meromorphic
functions on X; i.e., the stalk 91F is the group of non-zero elements of the
quotient field of the integral domain O, at a point x € X (see Gunning and
Rossi [1], for the proofs of the algebraic structure of O,; i.e., O, is a Noether-
ian local ring; moreover, O, is an integral domain, with unique factorization).
We let D = 9t*/0*, and this is called the sheaf of divisors on X. A section
of D is called a divisor. If D € H°(X, D), then there is a covering & = {U,}
and meromorphic functions (sections of M*) f, defined in U, such that

(49) ﬁ = 8up € O*(Ua n Uﬁ)

Ja
Moreover,
8ap " 8By 'gya=1 on UaﬂUﬁﬁUy,

Thus a divisor gives rise to an equivalence class of line bundles represented
by the cocycle {g,z}. This is seen more easily by looking at the exact sequence
in cohomology induced by (4.8), namely

(4.10) H(X,m*) — H°X,D) — H'(X, 0%

I

H*(X, Z),

where we have added the vertical map coming from (4.7). From the sequence
(4.8) we see that a divisor determines an equivalence class of holomorphic
line bundles and that two different divisors give the same class if they “differ
by” (multiplicatively) a global meromorphic function (this is called linear
equivalence in algebraic geometry). Divisors occur in various ways, but very
often as the divisor determined by a subvariety V C X of codimension 1.
Namely, such a sub-variety V can be defined by the following data: a covering
{Uy} of X, holomorphic functions f, in Uy, and f5/f, = g4 nonvanishing
and holomorphic on U, N Uy. The subvariety V is then defined to be the
zeros of the functions f, in U,. This then clearly gives rise to a divisor (see
Gunning and Rossi [1] or Narasimhan [2] for a more detailed discussion of
divisors and subvarieties). We shall need to use this concept later on only
in the case of a nonsingular hypersurface V C X, which then gives rise to
an equivalence class of holomorphic line bundles.



CHAPTER 1V

ELLIPTIC
OPERATOR THEORY

In this chapter we shall describe the general theory of elliptic differential
operators on compact differentiable manifolds, leading up to a presentation
of a general Hodge theory. In Sec. 1 we shall develop the relevant theory of
the function spaces on which we shall do analysis, namely the Sobolev spaces
of sections of vector bundles, with proofs of the fundamental Sobolev and
Rellich lemmas. In Sec. 2 we shall discuss the basic structure of differential
operators and their symbols, and in Sec. 3 this same structure is generalized
to the context of pseudodifferential operators. Using the results in the
first three sections, we shall present in Sec. 4 the fundamental theorems
concerning homogeneous solutions of elliptic differential equations on a
manifold. The pseudodifferential operators in Sec. 3 are used to construct
a parametrix (pseudoinverse) for a given operator L. Using the parametrix
we shall show that the kernel (null space) of L is finite dimensional and
contains only C* sections (regularity). In the case of self-adjoint operators,
we shall obtain the decomposition theorem of Hodge, which asserts that the
vector space of sections of a bundle is the (orthogonal) direct sum of the
(finite dimensional) kernel and the range of the operator. In Sec. 5 we shall
introduce elliptic complexes (a generalization of the basic model, the de
Rham complex) and show that the Hodge decomposition in Sec. 4 carries
over to this context, thus obtaining as a corollary Hodge’s representation
of de Rham cohomology by harmonic forms.

1. Sobolev Spaces

In this section we shall restrict ourselves to compact differentiable mani-
folds, for simplicity, although many of the topics that we shall discuss are
certainly more general. Let X be a compact differentiable manifold with a
strictly positive smooth measure .

We mean by this that du is a volume element (or density) which can be
expressed in local coordinates (xi, ..., x,) by

dp = p(x)dx = p(x)dx; - - - dx,

108
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where the coefficients transform by

p(x)dx = p(y(x)) |det

dy(x)
0x

dx,

where p(y)dy is the representation with respect to the coordinates y =
(¥1,---»Ys), Where x — y(x) and dy/dx is the corresponding Jacobian
matrix of the change of coordinates. Such measures always exist; take, for
instance,
p(x) = | det g;(x)|"?,

where ds® = ) g;j(x)dx; @ dx; is a Riemannian metric for X expressed
in terms of the local coordinates (xy, ..., x,).T If X is orientable, then the
volume element du can be chosen to be a positive differential form of
degree n (which can be taken as a definition of orientability).

Let E be a Hermitian (differentiable) vector bundle over X. Let &y(X, E)
be the kth order differentiable sections of E over X,0 < k < oo, where
Exw(X, E) = E(X, E). As usual, we shall denote the compactly supported
sections} by D(X, E) C E(X, E) and the compactly supported functions by
D(X) C E(X). Define an inner product ( , ) on E(X, E) by setting

o = [ o nene du.
X
where (,)g is the Hermitian metric on E. Let

€Nl = €, )"

be the L2-norm and let W(X, E) be the completion of (X, E). Let {U,, ¢}
be a finite trivializing cover, where, in the diagram

Ely, 2 0, xC"

i !

U, _ e 00”
¢, 1s a bundle map isomorphism and ¢,: U, — U, C R" are local coordinate
systems for the manifold X. Then let

gk €Uy, E) —> [EU)]"

be the induced map. Let {p,} be a partition of unity subordinate to {U,},
and define, for & € £(X, E),

DN R

where || ||;.rs is the Sobolev norm for a compactly supported differentiable

function
f:R"— C",

fSee any elementary text dealing with calculus on manifolds, e.g., Lang [1].
A section & € E(X, E) has compact support on a (not necessarily compact) manifold
X if {x € X: &(x) # 0} is relatively compact in X.
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defined (for a scalar-valued function) by

(1.1) I g = / IFO)PA A+ 1y dy,

where A
Fo) = @m) / e ) £ (x) dx

is the Fourier transform in R”. We extend this to a vector-valued function
by taking the s-norm of the Euclidean norm of the vector, for instance.
Note that | ||, is defined for all s € R, but we shall deal only with integral
values in our applications. Intuitively, |||, < oo, for s a positive integer,
means that £ has s derivatives in L?. This follows from the fact that in R”,
the norm || ||;re i equivalent [on D(R")] to the norm

1/2
[Z fR ID“flzdx} . feDRY
la|<s

(see, e.g., Hormander [1], Chap. 1). This follows essentially from the basic
facts about Fourier transforms that

Df(y) =y"f(y),
where y* = yi'---yon, D* = (=)** D{'---Dg", D; = 3/3x;, and || fllo =
£ Nlo-

The norm || ||, defined on E depends on the choice of partition of unity
and the local trivialization. We let W* (X, E) be the completion of E(X, E)
with respect to the norm || ||;. Then it is a fact, which we shall not verify
here, that the ropology on W*(X, E) is independent of the choices made; i.e.,
any two such norms are equivalent. Note that for s = 0 we have made two dif-
ferent choices of norms, one using the local trivializations and one using the
Hermitian structure on E, and that these two L2-norms are also equivalent.

We have a sequence of inclusions of the Hilbert spaces W*(X, E),

oW oYW S oW L

If we let H* denote the antidual of a topological vector space over C
(the conjugate-linear continuous functionals), then it can be shown that

(WH* W™ (s > 0).

In fact, we could have defined W~ in this manner, using the definition
involving the norms || ||, for the nonnegative values of s. Locally this is
easy to see, since we have for f € W*(R"), g € W (R") the duality (ignoring
the conjugation problem by assuming that f and g are real-valued)

(o) = [ rorgdx = [ For-ge as,
and this exists, since

I(f. &)l s/|f<s>|(1+|s|2>5/2|§(s>|(1+|s|2)*s/2ds < flslgll=s < oo.

The growth is the important thing here, and the patching process (being a
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C* process with compact supports) does not affect the growth conditions
and hence the existence of the integrals. Thus the global result stated above
is easily obtained. We have the following two important results concerning
this sequence of Hilbert spaces.

Proposition 1.1 (Sobolev): Let n = dimgX, and suppose that s > [n/2] +

k + 1. Then
WX, E) C &(X, E).

Proposition 1.2 (Rellich): The natural inclusion
j: WS(E) C W(E)
for t < s is a completely continuous linear map.

Recall that completely continuous means that the image of a closed ball
is relatively compact, i.e., j is a compact operator. In Proposition 1.2
the compactness of X is strongly used, whereas it is inessential for Pro-
position 1.1.

To give the reader some appreciation of these propositions, we shall give
proofs of them in special cases to show what is involved. The general results
for vector bundles are essentially formalism and the piecing together of these
special cases.

Proposition 1.3 (Sobolev): Let f be a measurable L? function in R” with
I flls < oo, for s > [n/2] + k + 1, a nonnegative integer. Then f € C¥(R")
(after a possible change on a set of measure zero).

Proof: Our assumption | f||; < co means that
|fEPA+ 5 d& < oo.
Rl‘l

Let

Foo= [ e j@as

Rl’l

be the inverse Fourier transf0r~m, if it exists. We know that if the inverse
Fourier transform exists, then f(x) agrees with f(x) almost everywhere, and

we agree to say that f € C°(R") if this integral exists, making the appropriate
change on a set of measure zero. Similarly, for some constant c,

D*f(x) = ¢ / SO () d

will be continuous derivatives of f if the integral converges. Therefore we
need to show that for |¢| < k, the integrals

/ e f() de
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converge, and it will follow that f € C*(R"). But, indeed, we have

&

r || _ r 2\s/2
/If(é)llél dé—flf(€)|(1+|§|) TrEemdt
| 2! )“2
s —d .
< ||f||.< Toiem

Now s has been chosen so that this last integral exists (which is easy to
see by using polar coordinates), and so we have

/|f<s)||s|'“' d& < o,

and the proposition is proved.
Q.E.D.

Similarly, we can prove a simple version of Rellich’s lemma.

Proposition 1.4 (Rellich): Suppose that f, € W*(R") and that all f, have
compact support in K CC R". Assume that | f,|; < 1. Then for any r < s
there exists a subsequence f,; which converges in || ||,

Proof: We observe first that for &,9 € R",s € Z™,
(1.2) L+ EP? <2720+ 1§ — )+ g,
To see this we write, using the Schwarz inequality,
L+1g+n < T+ g1+ nD? < 1+ 23517 + )
<201+ 1EPA + ).
Now let &£ = ¢ + 7, and we obtain (1.2) easily.

Let ¢ € D(R") be chosen so that ¢ = 1 near K. Then from a standard
relation between the Fourier transform and convolution we have that

fo=90f
implies
(1.3) fo®) = f ¢ —m) fo () dn.
Therefore we obtain from (1.2) and (1.3) that
(1 + 1671 f(®)]

<2 /(1 +1E —0P)19E = IA + 071 £ dn

< Kyl folls = Ky,

where K, , is a constant depending on s and ¢. Therefore | £,(&)| is uniformly
bounded on compact subsets of R”. Similarly, by differentiating (1.3) we
obtain that all derivatives of f, are uniformly bounded on compact subsets
in the same manner. Therefore, there is, by Ascoli’s theorem, a subsequence
fuj such that fvj converges in the C* topology to a C* function on R”.
Let us call {f,} this new sequence.
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Let € > 0 be given. Suppose that r < s. Then there is a ball B, such that
1

— <€
L+ (5[
for & outside the ball B.. Then consider

, (= fO@P 2
v — = —1 d
Ifu = full /R e+ lery ds

5/ (= FO® PR + 1£P) de
Be
+ ef = FO@PA + [P de
Rn—BS

< / F = FO@EPA + £ dE + 2,
Be

where we have used the fact that | f, ||, < 1. Since we know that fv converges
on compact sets, we can choose v, i large enough so that the first integral
is < €, and thus f, is a Cauchy sequence in the | |, norm.

Q.E.D.

We now need to discuss briefly the concept of a formal adjoint operator
in this setting.

Definition 1.5: Let
L: &X, E) — &(X, F)

be a C-linear map. Then a C-linear map
S: EX,F)— E&(X,E)
is called an adjoint of L if

for all f € E&(X,E), g€ &X, F).

It is an easy exercise, using the density of &(X, E) in W°(X, E), to see
that an adjoint of an operator L is unique, if it exists. We denote this
transpose by L*. In later sections we shall discuss adjoints of various types
of operators. This definition extends to Hilbert spaces over noncompact
manifolds (e.g., R”) by using (1.4) as the defining relation for sections with
compact support. This is then the formal adjoint in that context.

2. Differential Operators

Let E and F be differentiable C-vector bundles over a differentiable

manifold X.{ Let
L: &X,E) — &X,F)

TThe case of R-vector bundles is exactly the same. For simplicity we restrict ourselves
to the case of complex coefficients.
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be a C-linear map. We say that L is a differential operator if for any choice
of local coordinates and local trivializations there exists a linear partial
differential operator L such that the diagram (for such a trivialization)

W) —L= ey
2 2
EWU,U xCP) — EU,U x C9)
U U
EX,E)ly —t= &X, P)ly

commutes. That is, for f = (f1,..., f,) € [EW)]”

P
L(f)i=)_alD"f;, i=1.....q.
|gt|=§1k

A differential operator is said to be of order k if there are no derivatives of
order > k+1 appearing in a local representation. (For an intrinsic definition
involving jet-bundles, see Palais [1], Chap. 1V.) Let Diff;(E, F) denote the
vector space of all differential operators of order k mapping £(X, E) to
EX, F).

Suppose X is a compact differentiable manifold. We define OP,(E, F) as
the vector space of C-linear mappings

T: &(X, E) — &(X, F)
such that there is a continuous extension of T
T.: WX, E) — W XX, F)

for all s. These are the operators of order k mapping E to F.

Proposition 2.1: Let L € OP,(E, F). Then L* exists, and moreover L* €
OP,(F, E), and the extension

(L",: W'(X,F) — W' (X, E)
is given by the adjoint map
(Li_)*: W'(X, F) — W' XX, E).
This proposition is easy to prove since one has a candidate (L;_,)* (for

each s) which gives the desired adjoint when restricted to (X, F) in a
suitable manner. One uses the uniqueness of adjoints and Proposition 1.1.

Proposition 2.2: Diff, (E, F) C OPy(E, F).

The proof of this proposition is not hard. Locally it involves, again,
Def(&) = E“f(é), and the definition of the s-norm.

We now want to define the symbol of a differential operator. The symbol
will be used for the classification of differential operators into various types.
First we have to define the set of all admissible symbols. Let 7*(X) be the
real cotangent bundle to a differentiable manifold X, let 7'(X) denote T*(X)
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with the zero cross section deleted (the bundle of nonzero cotangent vectors),
and let 7'(X) *>X denote the projection mapping. Then 7n*E and n*F
denote the pullbacks of E and F over T'(X). We set, for any k € Z,

Smbl,(E, F) :={oc € Hom(z"E,n*F): o(x, pv)
= pro(x,v), (x,v) € T'(X), p > 0}.
We now define a linear map
2.1 oy: Diff . (E, F) —> Smbl,(E, F),

where oy (L) is called the k-symbol of the differential operator L. To define
oy (L), we first note that o; (L)(x, v) is to be a linear mapping from E, to F,,
where (x, v) € T'(X). Therefore let (x, v) € T'(X) and e € E, be given. Find
ge&(X)and f € £(X, E) such thatdg, = v, and f(x) = e. Then we definet

1k
ox(L)(x, v)e = L (;;(g - g(x))kf> (x) € F.

This defines a linear mapping
or(L)(x,v): E, — F,,
which then defines an element of Smbl,(E, F), as is easily checked. It is

also easy to see that the o;(L), so defined, is independent of the choices
made. We call o;(L) the k-symbol of L.

Proposition 2.3: The symbol map o; gives rise to an exact sequence

(2.2) 0 —> Diff,_(E, F) - Diffy(E, F) %> Symbl, (E, F),

where j is the natural inclusion.

Proof: One must show that the k-symbol of a differential operator of
order k has a certain form in local coordinates. Let L be a linear partial

differential operator L: [E(U)]" — [EWU)]?

where U is open in R". Then it is easy to see that if

L= Z A,D",

Iv|<k
where {A,} are g x p matrices of C* functions on U, then
(2.3) ou(L)(x,v) = Y A,(0)E",
lv|=k

where v = &1dx, + - - - + §,dx,. For each fixed (x, v), ox(L)(x, v) is a linear
mapping from x x C? — x x C4, given by the usual multiplication of a
vector in C? by the matrix

D AE".

[v|=k

+We include the factor i¥ so that the symbol of a differential operator is compatible
with the symbol of a pseudodifferential operator defined in Sec. 3 by means of the Fourier
transform.
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What one observes is that if o;(L) = 0, then the differential operator L
has kth order terms equal to zero, and thus L is a differential operator
of order k — 1. Let us show that (2.3) is true. Choose g € E(U) such that
v=dg =) &dx;;ie., D;g(x) =&;. Let e € C*. Then we have

l'k
o (L)(x, v)e = Zk A,D’ (E(g ~ g(x))ke) ().
e
Clearly, the evaluation at x of derivatives of order <k — 1 will give zero,
since there will be a factor of [g — g(x)]|, = 0 remaining. The only nonzero
term is the one of the form (recalling that D = (—i)"D,'--- D)

k!
D A (D1g () - (D, (1))

lv|=k
=D AWEE =) AWEY,
lv|=k [v|=k

which gives us (2.3). The mapping o; in (2.2) is well defined, and to see
that the kernel is contained in Diff,_;(E, F), it suffices to see that this is
true for a local representation of the operator. This then follows from the
local representation for the symbol given by (2.3).

Q.E.D.

We observe that the following property is true: If L; € Diff, (E, F) and
L, € Diff,,(F, G), then L,L, = L, o L, € Diff,,,,(E, G), and, moreover,
(2.4) Okym(LaLy) = 0,,(L2) * or (L),
where the right-hand product is the product of the linear mappings involved.
The relation (2.4) is easily checked for local differential operators on trivial
bundles (the chain rule for composition) and the general case is reduced to
this one in a straightforward manner.

We now look at some examples.

Example 2.4: If L: [E(R")]? — [E(R™)]? is an element of Diff, (R"” x C?,
R" x C?), then
or(L)(x,v) = Y A, (x)E",

|lv|=k

L:ZAVDU, v:i%‘jdxj,
=1

[vi<k J
the {A,} being ¢ x p matrices of differentiable functions in R” (cf. the proof
of Proposition 2.3).

where

Example 2.5: Consider the de Rham complex
X)) L el 5 Loenx,
given by exterior differentiation of differential forms. Written somewhat
differently, we have, for T* = T*(X) ® C,

X, AT -5 (X, AT 5
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and we want to compute the associated 1-symbol mappings,
o1(d)(x,v) o1(d)(x,v)
(2.5) AT —— AITF ——— AT ——— -
We claim that for e € APT*, we have
o (d)(x,v)e =iv Ne.
Moreover, the sequence of linear mappings in (2.5) is an exact sequence of
vector spaces. These are easy computations and will be omitted.

Example 2.6: Consider the Dolbeault complex on a complex manifold X,
erx) L erl(x) - ... L ern(x) — 0.
Then this has an associated symbol sequence

01 (0)(x,v) 01 (0)(x,v)
—— APITHX) —— APITHX) —— APIHITHX) ——>

where the vector bundles A?¢T*(X) are defined in Chap. I, Sec. 3. We
have that v € T*(X), considered as a real cotangent bundle. Consequently,
v =10 4+ v%! given by the injection
0— T/X) — T/ (X)®rC=T"X) " @ T*(X)"
= AMTHX) & A TH(X).
Then we claim that _ ol
01(d)(x,v)e =iv>" Ace,
and the above symbol sequence is exact. Once again we omit the simple
computations.

Example 2.7: Let E — X be a holomorphic vector bundle over a
complex manifold X. Then consider the differentiable (p, g)-forms with
coefficients in E, E74(X, E), defined in (I1.3.9), and we have the complex
(I1.3.10) ;

— &PI(X, E) =5 EPIHN(X, E) —>,
which gives rise to the symbol sequence

01 (3p)(x,v)
- > /\p’qu QFE, —— /\p’qulTx* RQFE, ———-

We let v = v!? 4 v%! as before, and we have for f ® e € APITF Q E
@@, v)f®e= (v A f)®e,
and the symbol sequence is again exact.
We shall introduce the concept of elliptic complex in Sec. 5, which gener-
alizes these four examples.

The last basic property of differential operators which we shall need is
the existence of a formal adjoint.

Proposition 2.8: Let L € Diff,(E, F). Then L* exists and L* € Dift,(F, E).
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Moreover, o (L*) = o3 (L)*, where o (L)* is the adjoint of the linear map
Gk(L)(xa U): Ex — Fx~

Proof: Let L € Diffi(E, F), and suppose that p is a strictly positive
smooth measure on X and that hy and hyp are Hermitian metrics on E
and F. Then the inner product for any &, n € D(X, E) is given by

&) = /@, wedp.
X

and if &, 5 have compact support in a neighborhood where E admits a
local frame f, we have

&) = / FOhE(EE)P () dx,
Rn

where p(x) is a density,

n' () (x)
n(x) =n(f)x) = : ,
n"(f)x)

etc. Similarly, for o, 7 € D(X, F), we have
(o, 7) =[ 'T(x)hp(x)o(x)p(x)dx.
Rn

Suppose thatL: D(X, E) — D(X, F) is a linear differential operator of order
k, and assume that the sections have support in a trivializing neighborhood
U which gives local coordinates for X near some point. Then we may write

(LE,T)=/ "T(0)hp(x)(M(x, D)§(x))p(x)dx,
Rll

where
M(x,D)= Y Cy(x)D"

| <k
is an s x r matrix of partial differential operators; i.e., C,(x) is an s X r
matrix of C* functions in R". Note that & and t have compact support
here. We can then write

(LE, 1) = [ Y 'T)p(0)hr(x)Ca(x) DE(x) dx,
R o<k

and we can integrate by parts, obtaining

(L&, 1) =/R D (=DFIDCE ) p () () Co ())E (x) dx

n
o| <k

= f (Y C)DUT () (E@)p(x) da,
R)l

la|<k
where C,(x) are r x s matrices of smooth functions defined by the formula
(2.6) 'Y CuDor) = ) (=DHD*(TphrChy o7,

la|<k | <k
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and hence the C,, involve various derivatives of both metrics on E and F and
of the density function p(x) on X. This formula suffices to define a linear
differential operator L*: D(X, F) — D(X, E), which has automatically the
property of being the adjoint of L. Moreover, we see that the symbol o (L*)
is given by the terms in (2.6) which only differentiate t, since all other terms
give lower-order terms in the expression ), C.(x). One checks that the
symbol of L* as defined above is the adjoint of the symbol of the operator
L by representing o (L) with respect to these local frames and computing
its adjoint as a linear mapping.

Q.E.D.

We have given a brief discussion of the basic elements of partial differential
operators in a setting appropriate for our purposes. For more details on the
subject, see Hormander [1] for the basic theory of modern partial differential
equations (principally in R"). Palais [1] has a formal presentation of partial
differential operators in the context of manifolds and vector bundles, with a
viewpoint similar to ours. In the next sections we shall generalize the concept
of differential operators in order to find a class of operators which will serve
as “inverses” for elliptic partial differential operators, to be studied in Sec. 4.

3. Pseudodifferential Operators

In this section we want to introduce an important generalization of differ-
ential operators called, appropriately enough, pseudodifferential operators.
This type of operator developed from the study of the (singular) integral
operators used in inverting differential operators (solving differential equa-
tions). On compact Riemannian manifolds a natural differential operator
is the Laplacian operator, and our purpose here will be to give a sufficient
amount of the recent theory of pseudodifferential operators in order to be
able to “invert” such Laplacian operators, which will be introduced later
in this chapter. This leads to the theory of harmonic differential forms
introduced by Hodge in his study of algebraic geometry.

In defining differential operators on manifolds, we specified that they
should locally look like the differential operators in Euclidean space with
which we are all familiar. We shall proceed in the same manner with
pseudo-differential operators, but we must spend more time developing the
(relatively unknown) local theory. Once we have done this, we shall be able
to obtain a general class of pseudodifferential operators mapping sections
of vector bundles to sections of vector bundles on a differentiable manifold,
in which class we can invert appropriate elliptic operators.

Recall that if U is an open set in R” and if p(x, &) is a polynomial in & of
degree m, with coefficients being C* functions in the variable x € U, then
we can obtain the most general linear partial differential operators in U by
letting P = p(x, D) be the differential operator obtained by replacing the
vector & = (&,...,&,) by (=iDy,...,—iD,), where we set D; = (3/9x;)
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(j = 1,...,n) and D* = (=) DJ"-.. D replaces &' --- & in the
polynomial p(x,&). By using the Fourier transform we may write, for
u e D),

3.1 Pu(x) = p(x, Dyu(x) = /p(x’ £)i(€)e' ™ dE,

where (x, &) = Z'J’.:I x;&; is the usual Euclidean inner product, and i(§) =
2)™" [u(x)e "4 dx is the Fourier transform of u.

Thus (3.1) is an equivalent way (via Fourier transforms) to define the
action of a differential operator p(x, D) defined by a polynomial p(x, §)
on functions in the domain U. We use compact supports here so that there
is no trouble with the integral existing near dU, and since D(U) is dense in
most interesting spaces, it certainly suffices to know how the operator acts
on such functions. Of course, P(x, D): D(U) — D(U), since differential
operators preserve supports.

To define the generalization of differential operators we are interested in,
we can consider (3.1) as the definition of differential operator and generalize
the nature of the function p(x, &) which appears in the integrand.

To do this, we shall define classes of functions which possess, axiomatically,
several important properties of the polynomials considered above.

Definition 3.1: Let U be an open set in R" and let m be any integer.

(a) Let S™(U) be the class of C* functions p(x, &) defined on U x R”,
satisfying the following properties. For any compact set K in U, and for
any multiindices o, 8, there exists a constant C, g x, depending on «, 8, K,
and p so that

(3.2) IDEDE p(x, )| < Capx(14+16N"7™, x e K, & eR".

(b) Let §™(U) denote the set of p € §”(U) such that

p(x, A§)
)\'m

(3.3) The limit o, (p)(x, &) = }im exists for & # 0,

and, moreover,

p(x. &) — ¥ (E)ou(p)(x.§) € §"'(U),
where ¢ € C*(R") is a cut-off function with ¥ (¢§) = 0 near & = 0 and
¥ (&) = 1 outside the unit ball.
() Let S‘g’(U ) denote the class of p € §”(U) such that there is a compact
set K C U, so that for any & € R”, the function p(x, &), considered as a
function of x € U, has compact support in K [i.e., p(x, &) has uniform

compact support in the x-variable]. Let S§'(U) = S"(U) N S§' (V).

We notice that if p(x, &) is a polynomial of degree m (as before), then both
properties (a) and (b) in Definition 3.1 above are satisfied. If the coefficients
of p have compact support in U, then p € Sj'(U). Property (a) expresses
the growth in the & variable near co, whereas o,,(p)(x, &) is the mth order
homogeneous part of the polynomial p, the lower-order terms having gone
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to zero in the limit. We shall also be interested in negative homogeneity,
and the cut-off function in (b) is introduced to get rid of the singularity
near & = 0, which occurs in this case.

A second example is given by an integral transform with a smooth kernel.
Let K(x, y) be a C* function in U x U with compact support in the second
variable. Then the operator

Lu(x) =/ K(x, y)u(y)dy
Rn

can be written in the form (3.1) for an appropriate function p(x, §); i.e.,
for u € D(U),

Lu(x) =/p(x,§)ft(é)e"“’5>d5,

where p € §™(U) for all m. To see this, we write, by the Fourier inversion
formula,
Luto = [ K(x.y) [ [ i dé} dy

= /e"‘“” [/ e””‘f)K(x,y)dy} u(§)dg

and we let
P, &) = / SO (x, y) dy,

which we rewrite as
px,§) = e / eV K (x, ) dy.

Thus p(x, &) is (except for the factor e=/®¥)) for each fixed x the Fourier
transform of a compactly supported function, and then it is easy to see (by
integrating by parts) that p(x, &), as a function of &, is rapidly decreasing
at infinity; i.e.,
L+ 1EDYIpx, &) — 0

as |§] — oo for all powers of N (this is the class S introduced by Schwartz [1]).
It then follows immediately that p € S”(U) for all m. Such an operator
is often referred to as a smoothing operator with C* kernel. The term
smoothing operator refers to the fact that it is an operator of order —oo,
i.e., takes elements of any Sobolev space to C* functions, which is a simple
consequence of Theorem 3.4 below and Sobolev’s lemma (Proposition 1.1).

Lemma 3.2: Suppose that p € $”(U). Then o,,(p)(x, &) is a C* function
on U x (R*" — {0}) and is homogeneous of degree m in &.

Proof: 1t suffices (by the Arzela-Ascoli theorem) to show that for any
compact subset of the form K x L, where K is compact in U and L is compact
in R” — {0}, we have the limit in (3.3) converging uniformly and that all
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derivatives in x and & of p(x, A&)/A™ are uniformly bounded on K x L for
A € (1, 00). But this follows immediately from the estimates in (3.2) since

||

Dng (p(x_fé;‘)) = DfD?p(x,)»E)‘ ,

)\‘ )\’m
and hence, for all multiindices «, 8,

bz (2522)

2l
< Copx (14 Alg[)" 1o -
=< Ca,ﬂ,K()"_l + gy

< Cupx sup(l + &))" < o0.
Eel

Therefore all derivatives are uniformly bounded, and in particular the limit
in (3.3) is uniform. Showing homogeneity is even simpler. We write, for
p >0,
A

lim P& AP8)
A—00 A

I px, Ap§)
= lim ———=-

A—00 (p)\_)m

P,
= lim =2~
A—00 ()\'/)m

= o (X, S) .pm.

om(x, p§) =

(A = pr)

Q.E.D.

We now define the prototype (local form) of our pseudodifferential
operator by using (3.1). Namely, we set, for any p € §”(U) and u € D(U),

(3.4) L(p)M(X)=/p(x,é)ﬁ($)ei<x‘€> ds,

and we call L(p) a canonical pseudodifferential operator of order m.
Lemma 3.3: L(p) is a linear operator mapping D(U) into E(U).

Proof:  Since u € D(U), we have, for any multiindex «,
En(¢) = Q2n)™" / D%u(x)e "9 dx,

and hence, since u has compact support, |£%||u(&)| is bounded for any «,
which implies that for any large N,
la) < Cca+1gn~",
i.e., u(&) goes to zero at oo faster than any polynomial. Then we have the
estimate for any derivatives of the integrand in (3.4),
|DEp(x, ©)a€)| < CA+1EN" A+ €D,

which implies that the integral in (3.4) converges nicely enough to differenti-
ate under the integral sign as much as we please, and hence L(p)(u) € E(U).
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It is clear from the same estimates that L(p) is indeed a continuous linear
mapping from D(U) — EU).
Q.E.D.

Our next theorem tells us that the operators L(p) behave very much like
differential operators.

Theorem 3.4: Suppose thatp e S’(’)” (U). Then L(p) is an operator of order m.

Remark: We introduce functions with compact support to simplify things
somewhat. Our future interest is compact manifolds and the functions p
which will arise will be of this form due to the use of a partition of unity.

Proof: We must show that if u € D(U), then, for some C > 0,

(3.5) IL(pulls < Cllulls+m,
where |||, = || *|ls.rr, as in (1.1), First we note that
(3.6) L(p)u(§) = /ﬁ(é =, mi(n) dy,

where p(& —n, ) denotes the Fourier transform of p(x, ) in the first variable
evaluated at the point & — 5. Since p has compact support in the x-variable
and because of the estimate (3.2), we have (as before) the estimate, for any
large N,

3.7 1pE —n.m] < Cu(1+1& =)™ (A + )"

for (&, 7) € R* x R". We have to estimate

ILul)} = / IL(pu@ P + 5P ds

in terms of

We shall need Young’s inequality, which asserts that if f * g is the convolution
of an f € L'(R") and g € L”(R"), then

ILf*xgllee < 1F N llgler

(see Zygmund [1]).

Proceeding with the proof of (3.5) we obtain immediately from (3.6) and
the estimate (3.7), letting C denote a sufficiently large constant in each
estimate,

IL(p)u(®)| < c/(l + 1€ =) N+ A" lam)| dy

1 —
/( A [ L+ " 24| dy.

A+ [Py
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Now, using (1.2), we easily obtain
|ZG$K@|SCUA+§PY”{/O+45_WPYWNM

x (1+ [n») ™72 [d(y)| dn.

Assume now that N is chosen large enough so that f(£) = (1 + |£]%)~N+/2
is integrable, and we see that

OW@I1+ 77 =€ [t =Py o7

< (14" i) dn.
By Young’s inequality we obtain immediately
IL(pulls < Clifllo * llullssm

S C”M ||s+m-

Q.E.D.

We now want to define pseudodifferential operators in general. First we
consider the case of operators on a differentiable manifold X mapping
functions to functions.

Definition 3.6: Let L be a linear mapping L: D(X) — E(X). Then we say
that L is a pseudodifferential operator on X if and only if for any coordinate
chart U C X and any open set U’ C C U there exists a p € Sj'(U)
(considering U as an open subset of R") so that if u € D(U’), then [extending
u by zero to be in D(X)]
Lu = L(p)u;

L.e., by restricting to the coordinate patch U, there is a function p € Sj'(U)
so that the operator is a canonical pseudodifferential operator of the type
introduced above.

More generally, if £ and F are vector bundles over the differentiable
manifold X, we make the natural definition.

Definition 3.7: Let L be a linear mapping L: D(X, E) — (X, F). Then L
is a pseudodifferential operator on X if and only if for any coordinate chart
U with trivializations of E and F over U and for any open set U' C C U
there exists a r x p matrix (p), p"/ € S§'(U), so that the induced map

Ly: DUHY — EWUY

Ly
with u € D(U")? — Lu, extending u by zero to be an element of D(X, E)
[where p = rank E,r = rank F, and we identify E(U)? with E(U, E) and
E(WU)" with E(U, F)], is a matrix of canonical pseudodifferential operators
L(p?),i=1,...,r,j=1,..., p, defined by (3.4).
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We see that this definition coincides (except for the restriction to the
relatively compact subset U’) with the definition of a differential operator
given in Sec. 2, where all the corresponding functions p/ are polynomials
in S™(U).

Remark: The additional restriction in the definition of restricting the
action of Ly to functions supported in U’ C C U is due to the fact that in
general a pseudodifferential operator is not a local operator; i.e., it does not
preserve supports in the sense that supp Lu C supp u (which is easy to see for
the case of a smoothing operator, for instance). In fact, differential operators
can be characterized by the property of localness (a result of Peetre [1]). Thus
the symbol of a pseudodifferential operator will depend on the choice of U’
which can be considered as a choice of a cutoff function. The difference of
two such local representations for pseudodifferential operators on U’ C C U
and U” c C U will be an operator of order —oo acting on smooth functions
supported in U'NU".

Definition 3.8: The /local m-symbol of a pseudodifferential operator
L: D(X,E) — &(X, F) is, with respect to a coordinates chart U and
trivializations of E and F over U, the matrixt

on(L)y(x,8) = [on(pP)x, &)1, i=1,...,r, j=1,...,p.

Note that in all these definitions the integer m may depend on the
coordinate chart U. If X is not compact, then the integer m may be
unbounded on X. We shall see that the smallest possible integer m in
some sense will be the order of the pseudodifferential operator on X. But
first we need to investigate the behavior of the local m-symbol under local
diffeomorphisms in order to obtain a global m-symbol of a global operator L.

The basic principle is the same as for differential operators. If a differential
operator is locally expressed as L = ), _,, ¢a(x) Dy and we make a change
of coordinates y = F(x), then we can express the same operator in terms of
these new coordinates using the chain rule and obtain

L= (D

lee|<m

Lw(F(x)) = ) &(F(x))DSu(F(x)).
la|<m

Under this process, the order is the same, and, in particular, we still have
a differential operator. Moreover, the mth order homogeneous part of the
polynomial, }, _ c,&%, transforms by the Jacobian of the transformation
y = F(x) in a precise manner. We want to carry out this process for pseudo-
differential operators, and this will allow us to generalize the symbol map
given by Proposition 2.3 for differential operators. For simplicity we shall
carry out this program here only for trivial line bundles over X, i.e., for

and

tom(L)y will also depend on U’ € C U, which we have suppressed here.
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pseudodifferential operators mapping functions to functions, leaving the
more general case of vector bundles to the reader.
The basic result we need can be stated as follows.

Theorem 3.9: Let U be open and relatively compact in R and let p €

S¢'(U). Suppose that F is a diffeomorphism of U onto itself [in coordinates

x = F(y),x,y € R"]. Suppose that U’ C C U and define the linear mapping
L: DU — &)

by setting - e

Lu(y) = L(p)(F~)"v(F(y)).

Then there is a function g € S;'(U), so that L = L(g), and, moreover,

AF\T!
on(@)(y, 1) = 0,(p) F(y),[<a—>] nj.
y

Here (F~1)*: &WU) — &(U) is given by (F~)*v =vo F~!, and the basic
content of the theorem is that pseudodifferential operators are invariant
under local changes of coordinates and that the local symbols transform
in a precise manner, depending on the Jacobian (dF/dy) of the change
of variables. Before we prove this theorem, we shall introduce a seemingly
larger class of Fourier transform operators, which will arise naturally when
we make a change of coordinates. Then we shall see that this class is no
larger than the one we started with.

Let p € S’ (U) for U open in R”. Then we see easily that from (3.4) we
obtain the representation

(3.8) L(pu(x) = 22)" / / ¢ p(x, E)u(2) dz dE,

using the Fourier expression for . We want to generalize this representation
somewhat by allowing the function p above to also depend on z. Suppose
that we consider functions g(x, &, z) defined and C*® on U x R" x U, with
compact support in the x- and z-variables and satisfying the following two
conditions (similar to those in Definition 3.1):

(@) |DngDZyQ(X,E,Z)| < Cup,(1+ |§|)mfla\.

7)\’ 9
(39) (b) The limit lim "(xk—fx)

r—00

=ou(q)(x,§,x), §#0,

exists and ¥ (£)o,,(¢)(x, &, x) —q(x,&,x) € S™Lw).

Proposition 3.10: Let g(x, &, z) satisfy the conditions in (3.9) and let the
operator Q be defined by

(3.10) Qu(x) = 2m)™ / e g (x, &, Du(z) dz d&
for u € D(U). Then there exists a p € Sj'(U) such that Q = L(p). Moreover,

. , A,
ou (P §) = lim LETED g
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This proposition tells us that this “more general” type of operator is in
fact one of our original class of operators, and we can compute its symbol.

Proof: Let ¢(x,&,¢) denote the Fourier transform of g(x, &, z) with
respect to the z-variable. Then we obtain, from (3.10),

Qu(x) = // NG (x, £, E — () dy dE
=/ef<w> {/ 194 x g, s—mds}ﬁ(m dn.

px, ) = / FENIG(x B E — ) dE

Thus, if we set

(3.11)
= /e"“””é(x,é +1,¢)de,

we have the operator Q represented in the form (3.4). First we have to
check that p(x, ) € §™(U), but this follows easily by differentiating under
the integral sign in (3.11), noting that g(x, ¢ + #, y) decreases very fast at
oo due to the compact support of ¢(x, &, z) in the z-variable. We now use
the mean-value theorem for the integrand:

(B12) G, e+ =400 0+ Y Digx, 0+ g, )
la|=1
for a suitable ¢, lying on the segment in R" joining 0 to ¢. We have the
estimate
IDYG(x,p+ 50, D) < Cy(+[p+&D" A+ 1gh~"
for sufficiently large N, and since |£,(¢)| < |¢|, we see that we obtain, with
a different constant,
DG, + S0, O] < Chy(L+ )" (L + ¢y~
By inserting (3.12) in (3.11), choosing N sufficiently large, and integrating
the resulting two terms we obtain
plx,m) =qx,n,x)+ E(x,n),

where
(3.13) |E(x, | < CA+ )",
Therefore

. px,An) . q(x,An, x) i E(x,An)

lim ——— = lim —— + lim —,

A—00 A A— 00 A A—>oo A
It follows that the limit on the left exists and that
q(x, An, x)
ToR= a2
since the last term above has limit zero because of the estimate (3.13).

n # 0.

ow(p)(x,7) = lim
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The fact that p(x, &) — ¥ (&)o,(p)(x, &) € " 1(U) follows easily from the
hypothesis on ¢(x, #, x) and the growth of E(x, 5).
Q.E.D.

We shall need one additional fact before we can proceed to our proof of
Theorem 3.9. Namely, suppose that we rewrite (3.8) formally as

L(pu(x) = (271)_”/ {/ & p(x, S)dé} u(z)dz

and let
K(x,x—2z)= /€i<$’x_z>l?(x’ &) d§.

Then we have the following proposition.

Proposition 3.11: K(x,w) is a C* function of x and w provided that
w # 0.

Proof: Suppose first that m < —n, then we have the estimate

lp(x.§)| < Cd+gh~""
from (3.2), and thus the integral

K(x, w) = / S p(x, £) d

converges. Integrating repeatedly by parts, and assuming that, for instance,
w; # 0, we obtain

i&,w)
K(x,w) = (—1)N/ew—ND§{p(x,$)d§
1

for any positive integer N. Hence

B pilg.w)
EPe

DD plx. ) dE.
1

D*DPK (x, w) = (—1)”/

Using the estimates (3.2) we see that the integral on the right converges for
N sufficiently large. Thus K (x, w) is C* for w # 0, provided that m < —n.
Suppose now that m is arbitrary; then we write, choosing p > m + n,

K(x,w) = / FEN (L4 1EP) (L + [EP) plx, £) dE

and we see that we have (letting A, = )_ Djz. be the usual Laplacian in the
w variable)

K(x,w) = / [ — AL p(x, £)(1 + [6)*dé
which is the same as

¢ —Aw)’)/e"@‘w)p(x,é)(l+I§|2)7”d$
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if the integral converges. But this then follows from the case considered
above, since
P, A+ )7 € S W).
So, for w # 0, the above integral is C*, and thus K (x, w) is C* for w # 0.
Q.E.D.

We shall now use these propositions to continue our study of the behavior
of a pseudodifferential operator under a change of coordinates.

Proof of Theorem 3.9: Now p(x,§) has compact support in U (in the
x-variable) by hypothesis. Let 1 (x) € D(U) be chosen so that ¥ = 1 on
supp p U U’ and set ¥ (y) = ¥ (F(y)). We have, as in (3.8),

L(pyu(x) = @)~ / / &6 p(x, £)u(z) dz ds,
foru € DU’ C DU). We write z = F(w) and v(w) = u(F(w)) and obtain

) oF
L(pu(F(y) = 7)™ / / JEFOFW p(F(y), &) ‘% v(w) dw dE,

where |0 F/0w| is the determinant of the Jacobian matrix dF/dw. By the
mean-value theorem we see that

F(y) = F(w) =H(y,w)*(y —w),
where H(y, w) is a nonsingular matrix for w close to y and H(w, w) =
(0F/0w)(w). Let x;(y, w) be a smooth nonnegative function = | near the
diagonal A in U x U and with support on a neighborhood of A where
H(y, w) is invertible. Let x, = 1 — x;. Thus we have

i ) e (v 1y oF
L(pu(F(y) = 2x)™" /f EHOW =) (F(y) ) ’% v(w) dw dt,

which we may rewrite, setting ¢ ='H(y, w)&,

L(p)u(F(y)) = Q2m)™" /f e p(F (), ['H (y, w)]™'¢)

oF x1(y, w)
P W(w)mv(w) dwdi + Eu(F()’)):|

X

= Q2m)™ // 7 (y, ¢ wyv(w) dw d + Eu(F(y))} :

Here E is the term corresponding to x, and

oF ,
0. 2, w)=p(F<y),[fH<y,w>r1f;>‘— 10 0) ),

ow | |H(y, w)|
while ¥ € D(U) as chosen above is identically 1 on a neighborhood of supp
v(y). Thus ¢,(y, ¢, w) has compact support in the y and w variables, and
it follows readily that conditions (a) and (b) of (3.9) are satisfied. Namely,
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(a) will follow from the estimates for p by the chain rule, whereas for (b)
we have

@, 28,y _ . PFG), ['@F/0y)]7148)
T = 11um

A—>00 Am

trF\!
=o(p) (F(y),[ (Wﬂ §> ,E#0;

moreover the desired growth of
V(E)o gDy, & y) —qi(y. &, y)
follows easily from the hypothesized growth of
v (§)o(p)(x, &) — p(x, §).

We still have to worry about the term E, which we claim is a smoothing
operator of infinite order (see the example following Definition 3.1) and
will give no contribution to the symbol. In fact, we have

Eu(x) = / 6 p(x, ) xax, Du(z) dz dE

o(q)(y,&,y) = tholo

- f { / ¢ p(x, ) xa(x, 2) dé}u(z) d:
Z/Xz(x,z)K(x,x—z)u(z)dz

= / W(x, 2u(z)dz,

where

K(x,w) =/ei(‘§’w>p(x,§)d§.

But we have seen earlier that K(x, w) is a C*® function of x and w for
w # 0.1 Also, x»(x, z) vanishes identically near x — z = 0, so the product
x2(x,2)K(x,x —z) = W(x, z) is a smooth function on U x R”, and Eu(x)
is then a smoothing operator with C* kernel, which we can write in terms
of the new coordinates y = F~'(x), w = F~(2),

aF
Eu(F(y)) = f W(F (y), F(w)u(F(w)) '@‘ dw

= [ Wi wFu aw,
where W, is a C* function on U x U, which we rewrite as

- / W (v, w) () Fu(w) dw,

TNote that K(x, w) has compact support in the first variable, since p(x, &) = p(x)p(x, &)
for an appropriate ¢ € D(U).
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where we note that ¥ = 1 on supp F*u. Then we have

Eu(F(y)) = / Wiy, wyv(w) dw,

where v(w) = F*u(w), as before, and
oF
Wiy, w) = W(F(y), F(w)) ‘@‘ ¥ (w),

which is a smoothing operator of order —oo with C* kernel with compact
support in both variables, as discussed following Definition 3.1, Thus, by
Proposition 3.11,

Eu(F(y)) = f gy (v, E)D(E) dE,

where
4y, ) =/€l(y_w‘£>Wz(y7w)dw,

and ¢, € §5(U ) for all r. This implies easily that 0,,(¢2)(y, &) = 0. Thus we
can let ¢ = g1 + ¢2, and we have

Lu(y) = L(g),

and the symbols behave correctly [here we let ¢,(y, &, w) be replaced by
q:1(y, &), as given by Proposition 3.10].
Q.E.D.

We are now in a position to define the global symbol of a pseudodiffer-
ential operator on a differentiable manifold X. Again we treat the case of
functions first, and we begin with the following definition.

Definition 3.12: Let X be a differentiable manifold and let L: D(X) —
E(X) be a pseudodifferential operator. Then L is said to be a pseudodiffer-
ential operator of order m on X if, for any choice of local coordinates
chart U C X, the corresponding canonical pseudodifferential operator
Ly is of order m; ie., Ly = L(p), where p € S"(U). The class of all
pseudodifferential operators on X of order m is denoted by PDiff,, (X).

Proposition 3.13: Suppose that X is a compact differentiable manifold. If
L € PDift,,(X), then L € OP,,(X).

Proof: This is immediate from Theorem 3.4 and the definition of Sobolev
norms on a compact manifold, using a finite covering of X by coordinate
charts.

Q.E.D.

This proposition tells us that the two definitions of “order” of a pseudo-
differential operator are compatible. We remark that if p € §”(U), for some
U c R", then p € S"**(U) for any positive k; moreover, in this case, 6,44 (p)
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=0,k > 0. Thus we have the natural inclusion PDiff,,(X) C PDiff,, . (X),
k > 0. Denote Smbl,, (X x C, X x C) by Smbl, (X) for simplicity.

Proposition 3.14: There exists a canonical linear map
o,: PDiff,,(X) — Smbl,, (X),
which is defined locally in a coordinate chart U C X by

om(Ly)(x, &) = 0u(p)(x,8),

where Ly = L(p) and where (x,&) € U x (R" — {0}) is a point in 7’(U)
expressed in the local coordinates of U.

Proof: We merely need to verify that the local representation of o,,(L)
defined above transforms correctly so that it is indeed globally a homomor-
phism of 7'(X) x C into 7'(X) x C, which is homogeneous in the cotangent
vector variable of order m (see the definition in Sec. 2). But this follows eas-
ily from the transformation formula for o,,(p) given in Theorem 3.9, under
a local change of variables. The linearity of o,, is not difficult to verify.

Q.E.D.

This procedure generalizes to pseudodifferential operators mapping
sections of vector bundles to sections of vector bundles, and we shall leave
the formal details to the reader. We shall denote by PDiff,, (E, F) the space
of pseudodifferential operators of order m mapping D(X, E) into E(X, F).
Moreover, there is an analogue to Proposition 3.14, whose proof we omit.

Proposition 3.15: Let E and F be vector bundles over a differentiable
manifold X. There exists a canonical linear map

Om: Plefm(E’ F) — Smblm(E’ F)’
which is defined locally in a coordinate chart U C X by
U)n(LU)(xv E) = [0n1(pij)(x’ g)]»

where Ly = [L(p"/)] is a matrix of canonical pseudodifferential operators,
and where (x, &) € U x (R" —{0}) is a point in 7'(U) expressed in the local
coordinates of U.

One of the fundamental results in the theory of pseudodifferential
operators on manifolds is contained in the following theorem.

Theorem 3.16: Let E and F be vector bundles over a differentiable manifold
X. Then the following sequence is exact,

(3.15 0 —> K, (E, F) - PDiff,,(E, F) ™ Smbl,, (E, F) —> 0,

where o,, is the canonical symbol map given by Proposition 3.15, K,,(E, F)
is the kernel of o,, and j is the natural injection. Moreover, K, (E, F) C
OP,_(E, F) if X is compact.
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Proof: We need to show that o, is surjective and that o,,(L) = 0 implies
that L is an operator of order m — 1. Doing the latter first, we note that
o,(L) = 0 for some L e PDiff,,(E, F) means that in a local trivializing
coordinate chart, L has the representation Ly = [L(p")], p¥ € S"(U).
Since 0, (L)|y = 0,(Ly) = [0,,(p)] = 0, by hypothesis, it follows that
p'i e §"1(U), by hypothesis on the class $™. Hence Ly is an operator of
order m — 1, and thus L will be an operator of order m — 1. To prove that
o, 1s surjective, we proceed as follows. Let {U,} be a locally finite cover of
X by coordinate charts U, over which E and F are both trivializable. Let
{¢,} be a partition of unity subordinate to the cover {U,} and let {y,} be
a family of functions v, € D(U,), where ¥, = 1 on supp ¢,. We then let
x be a C* function on R” with x =0 near 0 € R” and x = 1 outside the
unit ball. Let s € Smbl,,(E, F) be given, and write s = ZM us = ZH Sy
supp s, C supp ¢, C U,. Then with respect to a trivialization of E and
F over U, we see that s, = [s,"j], a matrix of homogeneous functions
st/ Uy x R* = {0} — C, and s}/ (x, p&) = p"s}/(x, &), for p > 0. We let
pil(x, &) = x(&)s)/(x, £). Tt follows from the homogeneity that p!/ e Si'(U)
and that o, (p}}) = s/. We now let

L, DU, — EWU,)
be defined by L,u = [L( pj{ )]u, with the usual matrix action of the matrix of
operators on the vector u. If u € D(X, E), then we let u = > ¢ u =) u,,
considering each u, as a vector in D(U,)” by the trivializations. We then

define
Lu=Y yu(Luu),
N

and it is clear that
L: D(X,E) — &(X, F)

is an element of PDiff,,(E, F), since locally it is represented by a matrix of
canonical pseudodifferential operators of order m. Note that it is necessary
to multiply by v, in order to sum, since L, u, is C*, where we consider L ,u,,
as an element of £(U,, F) in U,, but that it does not necessarily extend in
a C*™ manner to a C* section of F over X. Thus we have constructed from
s a pseudodifferential operator L in a noncanonical manner; it remains to
show that o,,(L) = 5. But this is simple, since (y,L,) € PDiff,,(E, F) and

On(WuL)y(x, &) = 0, (Y, (x) pll (x, §)) = %(X)Ali_glo Pyl (x, AE) /A"
= w#('x)s/ij(x! s) = S;Lj(-x9 é)v
since ¥, = 1 on supp s,. It follows that

Um(wuLu) = Su,
and by linearity of the symbol map

Jm(zwﬂLﬂ) = ZS” =5.

I

Q.E.D.
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We need to show now that the direct sum PDiff (E, F) = ) PDift, (E, F)
forms an algebra under composition, which is closed under transposition.
We formulate this in the following manner.

Theorem 3.17: Let E,F, and G be vector bundles over a compact
differentiable manifold X. Then

(a) If Q € PDIiff,.(E, F) and P € PDiff(F, G), then the composition
as operators P o Q € PDiff,, (E, G), and, moreover,

Or+5(P o Q) = 0,(P)*0,(Q),
where the latter product is the composition product of the linear vector
bundle maps
7 ETQ 7+ 58 7o,
(b) If P € PDIff,,(E, F), then P*, the adjoint of P, exists, where P* €
PDiff,,(F, E), and, moreover,

Um(P*) = Um(P)*a
where o,,(P)* denotes the adjoint of the linear map

o E ™Y o,

Proof:  To prove these facts it will suffice to consider local representations
by canonical pseudodifferential operators, since this is how the action of
the operator on functions is defined. First we consider the scalar case; i.e.,
E, F, and G are trivial line bundles, and we have the operators acting on
C* functions on X.

We begin by proving the existence of an adjoint in PDiff,,(X) and note
that by Proposition 3.13 and Proposition 2.1, P* € OP,,(X) exists. Let U
be a coordinate chart (considered as an open subset of R”) for X, and for
any open set U' CC U, let u, v € D(U"). If p € S;'(U) such that P, = L(p),
then by (3.4)

(u, P*v) = (Pyu,v) = / / p(x, &) D a(E)v(x) dE dx

= / / / p(x, &) 2m) e Uy (y)v(x) dy dE dx

_ f u(y) ()" / / 0, Beib—9u(x) dx dE dy.

Let r(y, £, x) = p(x, &), and we have

(u, P*v) = /u(y)(271)"’// r(y, &, x)etv—>8v(x)dx d& dy.

By Proposition 3.10, there exists g € Sj'(U) such that

L@v(y) = 2m) ™" / / F(y, £, )€y (x) dx dE.
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Therefore,
(u, P*v) =/u(y)L(q)v(y)dy = (u, L(q)v)

and we have P = L(g). Hence P* € PDiff, (X). Moreover,

wzhmmx’—’j@:m,

on(q)(x, ) = lim Jim =
and conjugation is the adjoint for trivial line bundles.

The composition formula now follows by a simple reduction to the adjoint
problem. Note that (Q*)* = Q. For U, U’ as above, let Py, = L(p), Qy =
L(q), and Qj = L(q’) be representations in U. Then for u € D(U’), the

proof of the adjoint property shows that
L = o [ [ T8¢ ue v as

:/ei(zf)((zn)—n/q/(y’%-)e—i(y,s)u(y)dy)d%_.
Thus,
L(p)oL(q)u(x):/p(x,g)m(g)eux.ads

— Q) / f (e, 5T 0L B u(y) dy dE.

Lets(x, &, y) = p(x, £)q’(y, ). Then Proposition 3.10 shows that there exists
at € ST (U) such that P o Q|y = L(t). Therefore P o Q € PDiff, (X).
Furthermore,

s(x, A&, x) . . q'(x, As)
—— = lim ——= ¢ lim —————~

p(x,As)
ATt A—00 AS A—00 AT

Ur+s(t)(x’ S) = )}Ln’olo

= Gs(p)(X, E)Ur(q/)(xﬂ E)

=0,(p)(x, )0, (q)(x, §)

from the proof for the adjoint. Hence, 0, (Po Q) = o,(P) * 0,(Q) as desired.
The proofs for vector-valued functions (sections of bundles) are essentially
the same as for scalar functions, with the added complication that we are
dealing with matrices. Then the order of the terms in the integrals is crucial,
since the matrix-valued entries will not, in general, commute. We shall omit

any further details here.
Q.E.D.

For more detailed information about pseudodifferential operators on man-
ifolds, consult the original papers of Seeley [1], Kohn and Nirenberg [1], and
Hormander [3, 4]. The expository article by Nirenberg [1] is an excellent
reference.t Palais [1] has a development of the theory presented here along
the lines of the Kohn and Nirenberg paper.

FOur presentation is simplified somewhat by the fact that we avoid the asymptotic expan-
sion of a pseudodifferential operator (corresponding to the lower-order terms of a differential
operator), since it is unnecessary for the applications to elliptic differential equations.
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4. A Parametrix for Elliptic Differential Operators

In this section we want to restrict our attention to operators which
generalize the classic Laplacian operator in Euclidean space and its inverse.
These will be called elliptic operators. We start with a definition, using the
same notation as in the preceding sections. Let £ and F be vector bundles
over a differentiable manifold X.

Definition 4.1: Let s € Smbl,(E, F). Then s is said to be elliptic if and
only if for any (x, &) € T'(X), the linear map

s(x, &) E, — F;

is an isomorphism.

Note that, in particular, both E and F must have the same fibre dimension.
We shall be most interested in the case where E = F.

Definition 4.2: Let L € PDiff,(E, F). Then L is said to be elliptic (of
order k) if and only if o4 (L) is an elliptic symbol.

Note that if L is an elliptic operator of order k, then L is also an operator
of order k + 1, but clearly not an elliptic operator of order k& + 1 since
or+1(L) = 0. For convenience, we shall call any operator L € OP_,(E, F)
a smoothing operator. We shall later see why this terminology is justified.

Definition 4.3: Let L € PDIiff(E, F). Then Le PDiff (F, E) is called a
parametrix (or pseudoinverse) for L if it has the following properties,
LoL — I € OP_|(F)
LoL — Iy € OP_|(E),
where Ir and I; denote the identity operators on F and E, respectively.

The basic existence theorem for elliptic operators on a compact manifold
X can be formulated as follows.

Theorem 4.4: Let k be any integer and let L € PDiff(E, F) be elliptic.
Then there exists a parametrix for L.

Proof: Let s = oy(L). Then s™' exists as a linear transformation, since
s 18 invertible,
s7'(x,&): F, — E,,

and 5= € Smbl (F, E). Let L be any pseudodifferential operator in
PDiff _(F, E) such that o_,(L) = s~!, whose existence is guaranteed by
Theorem 3.16. We have then that

1

oo(L oL —Ir) =ay(L o L) — ay(I),
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and letting oy(Ir) = 1f, the identity in Smbly(F, F), we obtain
oo(LoL —1Ip)=o0r(L) * o (L) — lp

=1;—1z=0.
Thus, by Theorem 3.16, we see that
LoL —1Ir € OP_|(F, F).
Similarly, L o L — I is seen to be in OP_,(E, E).
Q.E.D.

This theorem tells us that modulo smoothing operators we have an inverse
for a given elliptic operator. On compact manifolds, this turns out to be only
a finite dimensional obstruction, as will be deduced later from the following
proposition. First we need a definition. Let X be a compact differentiable
manifold and suppose that L € OP, (E, F). Then we say that L is compact
(or completely continuous) if for every s the extension L;: W¥(E) — WS (F)
is a compact operator as a mapping of Banach spaces.

Proposition 4.5: Let X be a compact manifold and let S € OP_,(E, E).
Then S is a compact operator of order 0.
Proof: We have for any s the following commutative diagram,

Ss

W*(E)

W*(E)

Ss J
W:-H(E)’

where S, is the extension of S to a mapping W* — W**!, given since
S € OP_,(E, E), and S, is the extension of S, as a mapping W* — W*, given
by the fact that OP_,(E, E) C OPy(E, E). Since j is a compact operator
(by Rellich’s lemma, Proposition 1.2), then S, must also be compact.
Q.E.D.

In the remainder of this section we shall let £ and F be fixed Hermitian
vector bundles over a compact differentiable manifold X. Assume that X
is equipped with a smooth positive measure p (such as would be induced
by a Riemannian metric, for example) and let W°(X, E) = WO(E), WO(F)
denote the Hilbert spaces equipped with L2-inner products

& m) = f (). () edu, £ € EX, E)
X

(0. Dr =/(0(X),f(x))pdu, 0,7 €&(X, F),
X

as in Sec. 1. We shall also consider the Sobolev spaces W*(E), W*(F), defined
for all integral s, as before, and shall make use of these without further men-
tion. If L € OP,(E, F), denote by L;: W*(E) — W*™(F) the continuous
extension of L as a continuous mapping of Banach spaces. We want to study
the homogeneous and inhomogeneous solutions of the differential equation
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LE =0, for £ € E(X,E), 0 € EX, F), where L € Diff,,(E, F), and L* is
the adjoint of L defined with respect to the inner products in W°(E) and
WO(F); ie.,

(LE, T)p = (&, L7T)E,

as given in Proposition 2.8. If L € Diff,,(E, F), we set
H, ={& € &(X,E): LE =0},

and we let
Hr={ne WOE): (6,m)p =0, € H;}

denote the orthogonal complement in W°(E) of 3, . It follows immediately
that the space H; is a closed subspace of the Hilbert space WO(E). As
we shall see, under the assumption that L is elliptic H; turns out to be
finite dimensional [and hence a closed subspace of WO(E)]. Before we get
to this, we need to recall some standard facts from functional analysis, due
to F. Riesz (see Rudin [1]).

Proposition 4.6: Let B be a Banach space and let S be a compact operator,
S: B — B. Then letting T = I — S, one has:

(a) Ker T = T-'(0) is finite dimensional.
(b) T(B) is closed in B, and Coker T = B/T(B) is finite dimensional.

In our applications the Banach spaces are the Sobolev spaces W*(E) which
are in fact Hilbert spaces. Proposition 4.6(a) is then particularly easy in this
case, and we shall sketch the proof for B, a Hilbert space. Namely, if the unit
ball in a Hilbert space b is compact, then it follows that there can be only
a finite number of orthonormal vectors, since the distance between any two
orthonormal vectors is uniformly bounded away from zero (by the distance
V/2). Thus h must be finite dimensional. Proposition 4.6(a), for instance,
then follows immediately from the fact that the unit ball in the Hilbert
space h = Ker T must be compact (essentially the definition of a compact
operator). The proof that T (B) is closed is more difficult and again uses the
compactness of S. Since S* is also compact, Ker T* is finite dimensional, and
the finite dimensionality of Coker T follows. More generally, the proof of
Proposition 4.6 depends on the fundamental finiteness criterion in functional
analysis which asserts that a locally compact topological vector space is
necessarily finite dimensional. See Riesz and Nagy [1], Rudin [1], or any
other standard reference on functional analysis for a discussion of this as
well as a proof of the above proposition. (A good survey of this general
topic can be found in Palais [1].)

An operator T on a Banach space is called a Fredholm operator if T
has finite-dimensional kernel and cokernel. Then we immediately obtain the
following from Theorem 4.4 and Propositions 4.5 and 4.6.
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Theorem 4.7: Let L € PDiff,,(E, F) be an elliptic pseudodifferential oper-
ator. Then there exists a parametrix P for L so that Lo P and P o L
have continuous extensions as Fredholm operators: W*(F) — W*(F) and
WS (E) — W*(E), respectively, for each integer s.

We now have the important finiteness theorem for elliptic differential
operators.

Theorem 4.8: Let L € Diff,(E, F) be elliptic. Then, letting J(,, = Ker L;:
WS(E) — W**(F), one has

(a) X, C &(X, E) and hence H,, = H,, all s.
(b) dimH;, =dimH, < oo and dim W**(F)/L,(W*(E)) < co.

Proof:  First we shall show that, for any s, dim H;, < co. Let P be a
parametrix for L, and then by Theorem 4.7, it follows that

(PoL),: W(E) — W'(F)

has finite dimensional kernel, and obviously KerL; C Ker(P o L), since we
have the following commutative diagram of Banach spaces:

(PolL)
WS (E)———W*(E)
Ly Py
WH(E),

Hence H;, is finite dimensional for all s. By a similar argument, we see
that L, has a finite dimensional cokernel. Once we show that 3, contains
only C* sections of E, then it will follow that J,, = 3, and that all
dimensions are the same and, of course, finite.

To show that H; C E(X, E) is known as the regularity of the homo-
geneous solutions of an elliptic differential equation. We formulate this as
a theorem stated somewhat more generally, which will then complete the
proof of Theorem 4.8.

Theorem 4.9: Suppose that L € Diff,,(E, F) is elliptic, and &€ € W*(E) has
the property that L;§ =0 € E(X, F). Then & € £(X, E).

Proof: 1If P is a parametrix for L, then PoL —1 =S5 € OP_(E). Now
L& € E(X, F) implies that (P o L)¢ € £(X, E), and hence

E=(PolL — S)E.

Since we assumed that & € W*(E) and since (P o L)¢ € &(X, E) and
S& € WHI(E), it follows that £ € Ws+!(E). Repeating this process, we see
that £ € W*+(E) for all k > 0. But by Sobolev’s lemma (Proposition 1.1) it
follows that & € €;(X, E), foralll/ > 0, and hence £ € £(X, E)(= £ (X, E)).

Q.E.D.
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We note that S is called a smoothing operator precisely because of the
role it plays in the proof of the above lemma. It smooths out the weak
solution & € W*(E).

Remark: The above theorem did not need the compactness of X which
is being assumed throughout this section for convenience. Regularity of the
solution of a differential equation is clearly a local property, and the above
proof can be modified to prove the above theorem for noncompact manifolds.

We have finiteness and regularity theorems for elliptic operators. The one
remaining basic result is the existence theorem. First we note the following
elementary but important fact, which follows immediately from the
definition.

Proposition 4.10: Let L < Diff,,(E, F). Then L is elliptic if and only if L*
is elliptic.

We can now formulate the following.

Theorem 4.11: Let L € Diff,(E, F) be elliptic, and suppose that t €
H7 N E(X, F). Then there exists a unique & € (X, E) such that L§ =7
and such that £ is orthogonal to 3, in W(E).

Proof: First we shall solve the equation L& = 7, where £ € WO(E),
and then it will follow from the regularity (Theorem 4.9) of the solution
& that & is C* since t is C*, and we shall have our desired solution. This
reduces the problem to functional analysis. Consider the following diagram
of Banach spaces, L

W"(E) —*>= W°(F)

| !

Won(E) < WO(F),

where we note that (L,,)* = (L*), by the uniqueness of the adjoint, and
denote same by L} . The vertical arrows indicate the duality relation between
the Banach spaces indicated. A well-known and elementary functional analy-
sis result asserts that the closure of the range is perpendicular to the kernel
of the transpose. Thus L, (W™(E)) is dense in H-Ci;ﬁn. Moreover, since L,,
has finite dimensional cokernel, it follows that L, has closed range, and
hence the equation L, & = 7 has a solution & € W”(E). By orthogonally
projecting & along the closed subspace Ker L,, (= H; by Theorem 4.8),
we obtain a unique solution.

Q.E.D.

Let L € Dift,,(E) = Diff,,(E, E). Then we say that L is self-adjoint if
L = L*. Using the above results we deduce easily the following fundamental
decomposition theorem for self-adjoint elliptic operators.
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Theorem 4.12: Let L e Diff, (E) be self-adjoint and elliptic. Then there
exist linear mappings H, and G,

H;: EX,E) — &EX,E)
G.: E&X,E)— EX,E)
so that

(a) Hi(E(X,E)) =H,(E) and dim H; (E) < 0.

(b) LoGp+ H, =GpoL+ Hy = Ig, where I = identity on &(X, E).

(¢c) Hy and G, € OPy(E), and, in particular, extend to bounded
operators on W(E)(= L*(X, E)).

(d) &X,E) = H,(X,E) ® G, o LE&X,E)) = H.(X,E)® L o
G.(E(X, E)), and this decomposition is orthogonal with respect to the
inner product in WO(E).

Proof: Let H; be the orthogonal projection [in W(E)] onto the closed
subspace H; (E), which we know by Theorem 4.8 is finite dimensional. As
we saw in the proof of Theorem 4.11, there is a bijective continuous mapping

L,: W'(E)NH; — WY E)NH;.

By the Banach open mapping theorem, L, has a continuous linear inverse
which we denote by Gy:

Go: WY(E)NHy — W™(E) N H;.

We extend G, to all of WO(E) by letting Go(§) =0 if £ € F(;, and noting
that W™ (E) C WO(E), we see that

Go: W(E) — WE).
Moreover,
L,oGy=1z— Hp,
since L,, o Gy = identity on 3;. Similarly,
GoolL,, =1z — H

for the same reason. Since Go(E(X, E)) C E(X, E), by elliptic regularity
(Theorem 4.9), we see that we can restrict the linear Banach space mappings
above to £(X, E). Let G, = Golex.k), and it becomes clear that all of the
conditions (a)—(d) are satisfied.

Q.E.D.

The above theorem was first proved by Hodge for the case where E =
APT*(X) and where L = dd* + d*d is the Laplacian operator, defined with
respect to a Riemannian metric on X (see Hodge [1] and de Rham [1]).
Hodge called the homogeneous solutions of the equation Ly = 0 harmonic
p-forms, since the operator L is a true generalization of the Laplacian in the
plane. Following this pattern, we shall call the sections in 3, for L a self-
adjoint elliptic operator, L-harmonic sections, and when there is no chance of
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confusion, simply harmonic sections. For convenience we shall refer to the
operator G, given by Theorem 4.12 as the Green's operator associated to
L, also classical terminology.f The harmonic forms of Hodge and their
generalizations will be used in our study of Kahler manifolds and algebraic
geometry. We shall refine the above theorem in the next section dealing with
elliptic complexes and at the same time give some examples of its usefulness.

Suppose that E — X is a differentiable vector bundle and L: £(X, E) —
E(X, E) is an elliptic operator. Then the index of L is defined by

i(L) =dimKer L —dimKer L*,

which is a well-defined integer (Theorem 4.8). The Atiyah-Singer index
theorem asserts that i(L) is a topological invariant, depending only on (a)
the Chern classes of E and (b) a cohomology class in H*(X, C) defined
by the top-order symbol of the differential operator L. Moreover, there is
an explicit formula for i(L) in terms of these invariants (see Atiyah and
Singer [1, 2]). We shall see a special case of this in Sec. 5 when we discuss
the Hirzebruch-Riemann-Roch theorem for compact complex manifolds.

We would like to give another application of the existence of the para-
metrix to prove a semicontinuity theorem for a family of elliptic operators.
Suppose that E — X is a differentiable vector bundle over a compact
manifold X, and let {L,} be a continuous family of elliptic operators,

4.1) L:E&X,E) — E(X, E),

where ¢ is a parameter varying over an open set U C R". By this we mean
that for a fixed ¢+ € U, L, is an elliptic operator and that the coefficients of
L, in a local representation for the operator should be jointly continuous
imxeXandtel.

Theorem 4.13: Let {L,} be a continuous family of elliptic differential oper-
ators of order m as in (4.1). Then dim Ker L, is an upper semicontinuous
function of the parameter ¢; moreover if 7, € U, then for € > 0 sufficiently

small,
dimKer L, < dimKer L,

for |t — 1| < €.

Proof: Suppose that t, = 0, let B, = WYX, E) and B, = W (X, E),
and let P be a parametrix for the operator L = L. Denoting the extensions
of the operators L, and P by the same symbols, we have

L,: B — By, telU
P: B, — B.
We shall continue the proof later, but first in this context we have the

following lemma concerning the single operator L = L,, whose proof uses

TNote that the Green’s operator G, is a parametrix for L, but such that GpoL—1 = —H|,
is a smoothing operator of infinite order which is orthogonal to G, a much stronger
parametrix than that obtained from Theorem 4.4.
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the existence of the parametrix P at + = 0. Let H, = Ker L,,t € U, and
Il I, Il ll» denote the norms in B; and B,.

Lemma 4.14: There exists a constant C > 0 such that
llully < CllLoul2

if u € Hg C By (orthogonal complement in the Hilbert space B).

Proof: Suppose the contrary. Then there exists a sequence u; € Hi
such that
flujl =1

4.2) 1
[ Lujll, < ;

Consider
PLMJ = Mj + TI/lJ',

where T is compact, Then
ITu;lly < I1PLujlly + llu;ll

< CllLujllz + lJujlh

1
SC(‘.)-FI
J

<C,
where C, C are constants which depend on the operator P (recall that P is
a continuous operator from B, to B;). Since |lu;|| = 1, it follows that {Tu;}

is a sequence of points in a compact subset of Bj, and as such, there is
a convergent subsequence y;, = Tu;, — yo € B;. Moreover, y, # 0, since
lim,_,o Lu;, =0, by (4.2), and thus
0= im Ly = Jim s+ 30
which implies that u;, — —y, and
llyoll = lim flu, || = 1.
n—0o0
However, Ly, = —lim,_, o Lu;, =0, as above, and this contradicts the fact
that y, (which is the limit of u;,) € 3.
Q.E.D.

Proof of Theorem 4.13 continued: Let C be the constant in Lemma 4.14.
We claim that for § sufficiently small there exists a somewhat larger constant
C such that, for u € 3,

(4.4) lulli = CllLou]a.
provided that |¢| < §, where C is independent of ¢. To see this, we write
Ly=L,+Ly— L,
and therefore (using the operator norm)
ILoll < LIl 4+ ILo — Ll



144 Elliptic Operator Theory Chap. IV

For any € > 0, there is a § > 0 so that
IL: — Loll <€,

for |¢| < §, since the coefficients of L, are continuous functions of the
parameter ¢. Using Lemma 4.13, we have, for u € Hz,

lully < CllLoull2
< CILullz + €llully),
which gives
(I =Ce)llully < ClILul>
for |t| < 8. By choosing € < C~!, we see that

luly < C(1 = Ce) || Lull»
< ClILull,

which gives (4.4). But u € H; by assumption, and it follows from the
inequality (4.4) that H; N3, = 0 for || < §. Consequently, we obtain
dim K, < dim H,.

Q.E.D.

5. Elliptic Complexes

We now want to study a generalization of elliptic operators to be called
elliptic complexes. The basic fact of generalization is that instead of con-
sidering a pair of vector bundles we now want to study a finite sequence of
vector bundles connected by differential operators. Thus, let Ey, Ey, ..., Ey
be a sequence of differentiable vector bundles defined over a compact
differentiable manifold X. Suppose that there is a sequence of differen-
tial operators, of some fixed order k, Lo, Ly, ..., Ly_; mapping as in the
following sequencef:

(5.1) E(Ep) =% €(E)) 25 €(Ey) —> -+« 25 e(Ey).

Associated with the sequence (5.1) is the associated symbol sequence (using
the notation of Sec. 2)

e 0L oLy, olly-D
(5.2) 0 —n"Ey—n'E,—n'E,— -+ —— a"Ey — 0.
Here we denote by o (L;) the k-symbol of the operator L;. In most of our
examples we shall have first-order operators.

Definition 5.1: The sequence of operators and vector bundles E (5.1) is
called a complex if LioL; y =0,i =1,..., N—1. Such a complex is called
an elliptic complex if the associated symbol sequence (5.2) is exact.

tFor simplicity we denote in this section E(X, E;) by E(E;), not to be confused with
the sheaf of sections of E;.
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Suppose that E is a complex as defined above. Then we let

Ker(L,: E(E,) — E(E1)  Z4(E)

Im(L,_: &(E,_;) — &(E,))  BI(E)

be the cohomology groups (vector spaces) of the complex E,g =0,..., N
[where Z9(E) and BY(E) denote the numerator and denominator, respec-
tively]. For this definition to make sense, we make the convention that
L =Ly=E_|=Ey; =0 (ie., we make a trivial extension to a complex
larger at both ends).

A single elliptic operator L: E(Ey) — &E(E;) is a simple example of
an elliptic complex. Further examples are given in Sec. 2, namely, the de
Rham complex (Example 2.5), the Dolbeault complex (Example 2.6), and
the Dolbeault complex with vector bundle coefficients (Example 2.7). Elliptic
complexes were introduced by Atiyah and Bott [1] and we refer the reader
to this paper for further examples.

Let E denote an elliptic complex of the form (5.1). Then we can equip
each vector bundle E; in E with a Hermitian metric and the corresponding
Sobolev space structures as in Sec. 1. In particular W°(E;) will denote the
L? space with inner product

e, = [ €@, du
X

for an appropriate strictly positive smooth measure . Associated with each
operator L;: E(E;) — &(E;41), we have the adjoint operator Lz E(Ej41)
— E(E;), and we define the Laplacian operators of the elliptic complex E by

AJ:LjLJ-FL,,le_l E(E/)—>8(Ej), ]:O,l,,N

It follows easily from the fact that the complex E is elliptic that the oper-
ators A; are well-defined elliptic operators of order 2k. Moreover, each A;
is self-adjoint. Namely,

o(A)) =o(L)o(L;)+o(Lj-1)o(L]_)
=[o(Lj)*o(L;)+o(Lj—1)o(L;—1)"],

which is an isomorphism and, in fact, either positive or negative definite.
The fact that o(A;) is an isomorphism follows easily from the following
linear algebra argument. If we have a diagram of finite dimensional Hilbert
spaces and linear mappings,

(5.3) HY(E) =

which is exact at V, where the vertical maps are the duality pairings in U, V,
and W, then we see that V = Im(A)®Im(B*). Moreover, AA* is injective on
Im(A) and vanishes on Im(B*), while B*B is injective on Im(B*) and van-
ishes on Im(A). Thus AA* 4+ B*B is an isomorphism on V and in fact is
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positive definite. The self-adjointness of A; follows easily from the fact that
(L7)* = L, and that the adjoint operation is linear.

Since each A; is self-adjoint and elliptic, we can, by Theorem 4.12,
associate to each Laplacian operator a Green’s operator G,;, which we
shall denote by G;. Moreover, we let

be the A;-harmonic sections, and let
be the orthogonal projection onto the closed subspace H(E;).
To simplify the notation somewhat, we proceed as follows. Denote by

E(E) = @ E(E,))
Jj=0

the graded vector space so obtained with the natural grading. We define
operators L, L*, A, G, H on E(E), by letting

L&) =L+ +5&yv) = Lobo+---+ Lyéy,

where &€ = & +- - -+ &y 1s the decomposition of & € E(E) into homogeneous
components corresponding to the above grading. The other operators are
defined similarly. We then have the formal relations still holding,

A=LL"+L*"L
I =H+GA =H+ AG,

which follow from the identities in each of the graded components, coming
from Theorem 4.12. We note that these operators, so defined, respect the
grading, that L is of degree +1, that L* is of degree —1, and that A, G, and H
are all of degree 0 (i.e., they increase or decrease the grading by that amount).
This formalism corresponds to that of the d or 3 operator in the de Rham
and Dolbeault complexes, these operators also being graded operators on
graded vector spaces. Our purpose is to drop the somewhat useless subscripts
when operating on a particular subspace £(E;). We also extend the inner
product on E(E;) to E(E) in the usual Euclidean manner, i.e.,

N
Eme =Y .0k,
j=0
a consequence of which is that elements of different homogeneity are
orthogonal in E(E). Let us denote by H(E) = @H(E;) the total space
of A-harmonic sections.

Using this notation we shall denote a given elliptic complex by the pair
(E(E), L), and we shall say that the elliptic complex has an inner product if
it has an inner product in the manner described above, induced by L2-inner
products on each component. Examples would then be (£*(X),d) for X
a differentiable manifold and (£7*(X),d) for p fixed and X a complex
manifold (see Examples 2.5 and 2.6).
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We now have the following fundamental theorem concerning elliptic
complexes (due to Hodge for the case of the de Rham complex).

Theorem 5.2: Let (E(E), L) be an elliptic complex equipped with an inner
product. Then

(a) There is an orthogonal decomposition
E(E) = H(E)® LL*GE(E) ® L*"LGE(E),

(b) The following commutation relations are valid:
(1) I=H+AG=H+GA.
(2) HG=GH=HA=AH =0.
(3) LA=AL,L*A=AL".
(4) LG=GL,L*G =GL".
(¢) dimcH(E) < oo, and there is a canonical isomorphism

H(E;) = H'(E).

Proof: From Theorem 4.12 we obtain immediately the orthogonal
decomposition
E(E) = H(E) ® (LL* + L*L)GE(E).
If we show that the two subspaces of E(E),
LL*GE(E) and L*LGE(E),

are orthogonal, then we shall have part (a). But this is quite simple. Suppose
that &, n € E(E). Then consider the inner product (dropping the subscript
E on the inner product symbol)

(LL*GE, L*LGy) = (L*L*GE&, LGy),

and the latter inner product vanishes since L?> = 0.

Part (b), (1) and (2), follow from the corresponding statements in
Theorem 4.12 and its proof. Part (b), (3) follows immediately from the
definition of L and A. In part (b), (4), we shall show that LG = GL, leav-
ing the other commutation relation to the reader. First we have a simple
proposition of independent interest, whose proof we shall give later.

Proposition 5.3: Let & € E(FE). Then Aé =0 if and only if L& = L*¢ = 0;
moreover, LH = HL =L*H = HL*=0.

Using this proposition and the construction of G, we observe that both
L and G vanish on H(E). Therefore it suffices to show that LG = GL on
H(E)*, and it follows immediately from the decomposition in Theorem 4.12
that any smooth & € H(E)* is of the form & = Ag for some ¢ in E(E).
Therefore we must show that LGAp = GLAg for all ¢ € E(E). To do this,
we write, using I = H + GA,

Lo =H(Lyp)+ GALgp

= HLgp 4+ GLAg,
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since LA = AL. We also have
¢ =Hp+ GAgp,
and applying L to this, we obtain
Lo =LHp+ LGAgp.
Setting the two expressions above for Lg equal to each other, we obtain
GLAp — LGAp=LHp — HLg,

and by Proposition 5.3 we see that the right-hand side is zero.

In part (c), it is clear that the finiteness assertion is again a part of
Theorem 4.12. To prove the desired isomorphism, we recall that HY(E) =
Z4(E)/B4(E), as defined in (5.3), and let

®: Z9(E) — H(E,)
be defined by ®(§) = H(&). It then follows from Proposition 5.3 that ® is a

surjective linear mapping. We must then show that Ker ® = B?(E). Suppose
that &€ € Z9(E) and H(&) = 0. Then we obtain, by the decomposition in

part (a),
£ = HE + LL*GE + L*LGE.

Since Hé = 0 and since LG = GL, we obtain & = LL*GE&, and hence
£ € BY(E).
Q.E.D.

Proof of Proposition 5.3: 1t is trivial that if LE = L*¢ = 0 for & € E(E),
then A& = 0. Therefore we consider the converse, and suppose that A =0
for some & € E(E). We then have

(A§,8) = (LL"€ + L7LE, §)

= (LL"§,§) + (L7LE,§)

= (L*§, L7§) + (L&, L&)

= L*€|* + IL&|I* = 0.
It now follows that L*¢ = L& = 0, and, consequently, LH = L*H = 0.
To show that HL = 0, it suffices to show that (HL&,n) = 0 for all
&,n € E(E). But H is an orthogonal projection in Hilbert space, and as
such it is self-adjoint. Therefore we have, for any &,y € E(E),

(HL&,m) = (L&, Hy) = (§,L"Hy) =0,

and hence HL = 0. That HL* = 0 is proved in a similar manner.
Q.E.D.

Remark: We could easily have defined an elliptic complex to have differ-
ential operators of various orders, and Theorem 5.2 would still be valid, in a
slightly modified form (see Atiyah and Bott [1]). We avoid this complication,
as we do not need the more general result later on in our applications.

We now want to indicate some applications of the above theorem.
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Example 5.4: Let (*(X),d) be the de Rham complex on a compact
differentiable manifold X. As we saw in our proof of de Rham’s theorem
(Theorem 11.3.15)

H (X,C) = AH'(X,C) = H (E"(X))
(using complex coefficients). The first group is abstract sheaf cohomology,
which is defined for any topological space; the second is singular coho-
mology; and the first isomorphism holds when we assume that X has the
structure of a topological manifold (for example). When X has a differ-
entiable structure, as we are assuming, then differential forms are defined
and the de Rham group on the right makes sense. Thus we can use differ-
ential forms to represent singular cohomology. For convenience, we shall
let H" (X, C) denote the de Rham group when we are working on a dif-
ferentiable manifold, which will almost always be the case, making the
isomorphisms above an identification. One further step in this direction of
more specialized information about the homological topology of a mani-
fold comes about when we assume that X is compact and that there is a
Riemannian metric on X. This induces an inner product on A?T*(X) for
each p, and hence (E£*(X), d) becomes an elliptic complex with an inner
product. We denote the associated Laplacian by A = A; = dd* + d*d. Let
H(X) = Ha(N'T*(X))
be the vector space of A-harmonic r-forms on X. We shall call them simply

harmonic forms, a metric and hence a Laplacian being understood. We thus
obtain by Theorem 5.2.(c) that
H (X,C) =H (X).
This means that for each cohomology class ¢ € H"(X, C) there exists a
unique harmonic form ¢ representing this class ¢, which is, by Proposi-
tion 5.3, d-closed. If we change the metric, we change the representation, but,
nevertheless, for a given metric we have a distinguished r-form to represent
a given class. It will turn out that this representative has more specialized
information about the original manifold than an arbitrary representative
might, in particular when the metric is chosen carefully (to be Kihler, for
example, as we shall see in the next chapter). Thus we have continued the
chain of representations of the sheaf cohomology on X with coefficients in
C, but for the first time we have a specific vector space representation; there
are no equivalence classes to deal with, as in the previous representations.
A consequence of Theorem 5.2 is that
dimcH?(X, C) = dimc¢H(X) = b, < oo.

This finiteness is not obvious from the other representations, and, in fact, the

harmonic theory we are developing here is one of the basic ways of obtaining
finiteness theorems in general. The numbers b,,q = 0,1, ..., dimg(X),

FOf course, we could represent the de Rham groups by singular cohomology and prove
that a compact topological manifold has a finite cell decomposition. This is the point of
view of algebraic topology.
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are the celebrated Betti numbers of the compact manifold X. By our results
above the Betti numbers are topological invariants of X; i.e., (a) they depend
only on the topological structure of X, and (b) they are invariant under
homeomorphisms.

In the study of manifolds these numbers play an important role in their
classification, and this is no less so if the manifold happens to be complex,
as we shall see. We define

dimX

X(X) = (=1)'b,,
q=0

the Euler characteristic of X, also a topological invariant.

Example 5.5: Let X be a compact complex manifold of complex
dimension n, and consider the elliptic complex

. _5) era(x) _5) 81”‘”1()() _3) 5p1q+2(x) _5> cee

for a fixed p, 0 < p <n. As we saw in our previous study of this example
(Example 2.6), this is elliptic, and in Chap. II (Theorem 3.17) we saw that

HY(X, Q) = HI(A?,*T*(X), 9)

(Dolbeault’s theorem), where 27 is the sheaf of germs of holomorphic
p-forms. We want to represent these cohomology groups by means of
harmonic forms. Let A?4T*(X) be equipped with a Hermitian metric, 0 <
p,q, < n [induced by a Hermitian metric on 7(X), for example]. Then
the complex above becomes an elliptic complex with an inner product
(parametrized by the integer p). Denote the Laplacian by

O =90* + 99,
and let
HP(X) = Hg(APIT*(X))

be the O-harmonic (p, g)-forms, which we shall call simply harmonic (p, q)-
forms when there is no confusion about which Laplacian is meant in a given
context.

Similar to the de Rham situation, we have the following canonical
isomorphism (using Theorem 5.2 along with Dolbeault’s theorem):

HY(X, Q") = H?1(X).
We define, for 0 < p, ¢ <n,
h?? = dimcHY(X, ) = dimcHP9(X),

which are called the Hodge numbers of the compact complex manifold X.
Note that these numbers are invariants of the complex structure of X and do
not depend on the choice of metric. The finite dimensionality again comes
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from Theorem 5.2.1 The following theorem shows us how the Hodge num-
bers and the Betti numbers are related, in general (on Kéhler manifolds,
more will be true).

Theorem 5.6: Let X be a compact complex manifold. Then

X =Y (=1yb(X) =Y (=D)P"hPI(X).

The proof of this theorem is a simple consequence of the fact that there
is a spectral sequence (Frohlicher [1])

Ef"’ = HI(X, )= H (X,C)
relating the Dolbeault and de Rham groups, and we omit the details as we

do not need this result in later chapters. For Kdhler manifolds this results
from the Hodge theory developed in Chapter V.

Example 5.7: Let E be a holomorphic vector bundle over a compact
complex manifold X and let (£7*(X, E), d) be the elliptic complex of (p, ¢)-
forms with coefficients in E. By the generalization of Dolbeault’s theorem
given in Theorem I1.3.20 the cohomology groups H?(X, R7(E)) represent
the cohomology of the above complex, where Q7(E) = OA’T*(X) Q E)
is the sheaf of germs of E-valued holomorphic p-forms. The bundles in
the complex are of the form A?4T*(X) ® E, and equipping them with a
Hermitian metric [induced from a Hermitian metric on 7(X) and E, for
instance], we can then define a Laplacian

O=00*+0%3: &"(X, E) — &M1(X, E),
as before. Letting H79(X, E) = Hg(A??T*(X) @ E) be the O-harmonic
E-valued (p, g)-forms in £7¢(X, E) we have, by Theorem 5.2, the isomor-
phism (and harmonic representation)
HIY(X, Q(E)) = HP (X, E),
a generalization of the previous example to vector bundle coefficients. We let
hP(E) = h?(X, E) = dimeH? (X, E),

where we drop the notational dependence on X unless there are different
manifolds involved. As before, it follows from Theorem 5.2 that A”9(E) < oo,
and we can define the Euler characteristic of the holomorphic vector bundle
E to be n
X(E) = x(X. E) =Y (=1)'h"(E).

As before, the generalized Hodge numberqs l(z)l”q (E) depend only on the complex
structures of X and E, since the dimensions are independent of the particular
metric used. However, it is a remarkable fact that the Euler characteristic of

TA general theorem of Cartan and Serre asserts that the cohomology groups of any
coherent analytic sheaf on a compact complex manifold are finite dimensional. This and
the next example are special cases of this more general result, which is proved by different
methods, involving Cech cohomology (cf. Gunning and Rossi [1]).
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a holomophic vector bundle can be expressed in terms of topological invari-
ants of the vector bundle E (its Chern classes) and of the complex manifold
X itself (the Chern classes of the tangent bundle to X). This is the celebrated
Riemann-Roch theorem of Hirzebruch, which we formulate below.

Let E be a complex (differentiable) vector bundle over X, where r =
rank E and X is a differentiable manifold of real dimension m. Let

c(E)y=14+c(E)+ -+ ¢ (E)

be the total Chern class of E, which is an element of the cohomology ring
H*(X,C), as we saw in Chap. III. Recall that the multiplication in this
ring is induced by the exterior product of differential forms, using the de
Rham groups as a representation of cohomology.t We introduce a formal
factorization

c(By =] +x,
i=1

where the x; € H*(X, C). Then any formal power series in x, ..., x, which
is symmetric in xj,...,x, is also a power series in ¢((E), ..., ¢ (E). This
follows from the fact that the c¢;(E) are the elementary symmetric functions
of the (xy, ..., x,) (analogous to the case of the coefficients of a polynomial).
Therefore we define

r

Xi
T(E) = _
(E) ll:! I —ei
ch(E) =) e",
i=1
which are formal power series, symmetric in xp, ..., x,, and hence define a

(more complicated-looking) formal power series in the Chern classes of E.
We call T(E) the Todd class of E and ch(E) is called the Chern character
of E. Of course, there are only a finite number of terms in the expansion
of the above formal power series since H?(X, C) =0 for ¢ > dimg X.

We now recall that X is assumed to be compact, and then we let, for

ce H*(X,C),
C[X]:fwm’
X

where ¢,, is a closed differential form of degree m representing the homo-
geneous component in ¢ of degree m; i.e., from the viewpoint of algebraic
topology we evaluate the cohomology class on the fundamental cycle. By
Stokes’ theorem the above definition is a sensible one. We are now in a
position to state the following theorem due to Hirzebruch for projective
algebraic manifolds.

TOf course, the characteristic class theory is valid in a more general topological category,
and the cohomology ring has the cup product of algebraic topology for multiplication, but
on a differentiable manifold, the two theories are isomorphic.
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Theorem 5.8 (Riemann-Roch-Hirzebruch): Let X be a compact complex
manifold, and let £ be a holomorphic vector bundle over X. Then

x(E) = {ch(E) * T(T(X)}X].

Note that the left-hand side of the equality depends a priori on the
complex structure of X and E, whereas the right-hand side is a priori a
complex number (we could have made it a rational number had we worked
with integral coefficients for our cohomology). Therefore two immediate
consequences of the above formula is that these dependences are superfluous;
i.e., the left-hand side depends only on the underlying topological structure,
and the right-hand side is an integer.

This theorem is a special case of the Atiyah-Singer index theorem, dis-
cussed in Sec. 4, and was formulated and proved for projective algebraic
manifolds by Hirzebruch in a famous monograph (Hirzebruch [1]) in 1956.
The special case of a Kéhler surface had been proved earlier by Kodaira.
For n =1 and E a line bundle, the above theorem is essentially the classic
theorem of Riemann-Roch for Riemann surfaces (in the form proved by
Serre [1]). This case is discussed thoroughly by Gunning [1]. For applica-
tions of the Riemann-Roch Theorem in this form to the study of compact
complex surfaces (complex dimension 2), see Kodaira [5].



CHAPTER V

COMPACT
COMPLEX MANIFOLDS

In this chapter we shall apply the differential equations and differential
geometry of the previous two chapters to the study of compact complex
manifolds. In Sec. 1 we shall present a discussion of the exterior algebra on a
Hermitian vector space, introducing the fundamental 2-form and the Hodge
x-operator associated with the Hermitian metric. In Sec. 2 we shall discuss
and prove the principal results concerning harmonic forms on compact
manifolds (real or complex), in particular, Hodge’s harmonic representation
for the de Rham groups, and special cases of Poincaré and Serre duality.
In Sec. 3 we present the finite-dimensional representation theory for the Lie
algebra sl(2, C), from which we derive the Lefschetz decomposition theorem
for a Hermitian exterior algebra. In Sec. 4 we shall introduce the concept of
a Kéhler metric and give various examples of Kéhler manifolds (manifolds
equipped with a Kdhler metric). In terms of a Hermitian metric we define
the Laplacian operators associated with the operators d, 9, and d and show
that when the metric is Kahler that the Laplacians are related in a simple
way. We shall use this relationship in Sec. 5 to prove the Hodge decomposi-
tion theorem expressing the de Rham group as a direct sum of the Dolbeault
groups (of the same total degree). In Sec. 6 we shall state and prove Hodge’s
generalization of the Riemann period relations for integrals of harmonic
forms on a Kéhler manifold. We shall then use the period relations and the
Hodge decomposition to formulate the period mapping of Griffiths. In par-
ticular, we shall prove the Kodaira-Spencer upper semicontinuity theorem
for the Hodge numbers on complex-analytic families of compact manifolds.

1. Hermitian Exterior Algebra on a Hermitian Vector Space

Let V be a real finite-dimensional vector space of dimension d which is
equipped with an inner product (, ), a Euclidean vector space, and suppose
that AV denotes the exterior algebra of V. Then for each degree p, the
vector space APV has an inner product induced from the inner product of V.
Namely, if {ei, ..., e;} is an orthonormal basis for V, then {e; A---Ae;,1 1 <
i} <ip <---<1i, <d}is an orthonormal basis for A?V. An orientation on

154



Sec. 1 Hermitian Exterior Algebra on a Hermitian Vector Space 155

V is a choice of ordering of a basis such as {ej,...,e;} up to an even
permutation, which is equivalent to a choice of sign for a particular d-form,
€.g, e N---Ney.

We now define the Hodge x-operator. Choosing an orthonormal basis
{e1, ..., es} for V as above, fix an orientation of V by specifying the d form
e; A--- A ey which we will denote by vol (for volume element). The Hodge
x-operator is a mapping

% APV — APV
defined by setting
*(eil N /\el.p) = :|:ej1 AR /\e]‘d_p,

where {ji, ..., ju_p} is the complement of {i;,...,i,} in {1,...,d}, and we
assign the plus sign if {ij,...,i,, ji,..., ja—p} 1S an even permutation of
{1, ...,d}, and the minus sign otherwise. In other words * is defined so that

(1.1) e
Extending * by linearity to all of A?V we find that if «, 8 € A?V, then
(1.2) a AxB = (a, B) vol,

1A-~-Ae,»p/\>k(e,-1/\~-~/\e,-p)=e1A-~-Aed=vol.

where (@, 8) is the inner product induced on A?V from V. Let us check
that (1.2) is valid. Namely, if

i
o = E asey,

Hl=p

B = Z,b_[ej,

[J1=p

and

using multi-index notation, then

’

Ot/\*,B: E aleeI/\*ej.
l|=p
[J1=p

We see that the wedge product in each term of the sum vanishes unless
I = {i,...,i,} coincides with J = {jj,...,j,}, and then it follows
immediately from (1.1) that

o N *ﬂ = Z a,b, vol
|=p

= (a, B) vol.

It is easily checked that the definition of the Hodge *-operator is independent
of the choice of the orthonormal basis, and depends only on the inner
product structure of V as well as a choice of orientation.¥

TThe classical references for the x-operator are Hodge [1], de Rham [1], and Weil [1].
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We can extend (1.2) easily to complex-valued p-forms. Namely, if o, B €
APV ® C, then B is well defined (cf. Sec.1.3). We write

/
o= E ae;, a; €C,

1T1=p
B=> Bies. PieC,

1T1=p

then we define an Hermitian inner product on A’V ® C by
/ -
(a, B) == 2051/31-
171=p

If «, B are real, then we have the original inner product, so we use the same

symbol (,) for this complex extension. It follows then immediately that if
x 1s extended to A*V ® C by complex linearity, we obtain the relation

(1.3) a AxB = (a, B) vol.
Let I1, denote the projection onto homogeneous vectors of degree r,
II,: AV — A"V,
and define the linear mapping w: AV — AV by setting
w = X(—=D)¥II,.
It is easy to see that *x = w, and we remark that if d is even, then we have
(1.4) w=X(—1)TI,.
Let E be a complex vector space of complex dimension n. Let E’ be the
real dual space to the underlying real vector space of E, and let
F=E ®rC

be the complex vector space of complex-valued real-linear mappings of E
to C. Then F has complex dimension 2n, and we let

2n
AF = Z APF
p=0

be the C-linear exterior algebra of F. We will refer to an w € APF as a
p-form or as a p-covector (on E). Now, as before, AF is equipped with a
natural conjugation obtained by setting, if w € APF,

oW, ...,v,) =w,...,v,), v;€E.
We say that w € APF is real if @ = w, and we will let AR F denote the real
elements of A?F (noting that APE’ = ARF).
Let AMYF be the subspace of A'F consisting of complex-linear 1-forms

on E, and let A®!F be the subspace of conjugate-linear 1-forms on E. Then
we see that AlOF = A®!'F and moreover

ANF=A"FoA"F,




Sec. 1 Hermitian Exterior Algebra on a Hermitian Vector Space 157

and this induces (as in Sec.1.3) a bigrading on AF,

2n

eI LT

r=0 p+q=r

and we see that if w € APYF, then w € AYPF.
Now we suppose than our complex vector space is equipped with a

Hermitian inner product (, ). This inner product is a Hermitian symmetric
sesquilineart positive definite form, and can be represented in the following

manner. If {z;,...,z,} is a basis for A'°F, then {Z,,...,Z,} is a basis for
AYLF and we can write, for u,v € E,

(u,v) = h(u,v),
where

h=3 hui ®Z,
v
and (hep) is a positive definite Hermitian symmetric matrix. Now £/ is a
complex-valued sesquilinear form acting on E x E, and we can write
h=S+iA,

where S and A are real bilinear forms acting on E. One finds that S is a
symmetric positive definite bilinear form, which represents the Euclidean
inner product induced on the underlying real vector space of E by the
Hermitian metric on E. Moreover one can calculate easily that

1 -
A= 2—1,;11,”(2,4@1” -7, ®2,)

= —i Zhuvzu A Zyp.

w,v
Let us define

(1.5) Q= %Zhwz# Az,

JTRY

the fundamental 2-form associated to the hermitian metric #. One sees

immediately that
@=—-1A=-1Imn,

and thus
(1.6) h=S8-2%.

Moreover R € /\;glF, i.e., @ is a real 2-form of type (1, 1). We can always
choose a basis {z,} of A'F so that i has the form

(1.7) h=Y 2,82
"

TWe recall that a mapping f: E x E — C is sesquilinear if f is real bilinear, and
moreover, f(Au,v) = Af(u,v), and f(u, lv) = Af(u,v), 1 € C.
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It then follows that, if we let

_ ZLu Tt  Zu— 2
WETT T T,
be the real and imaginary parts of {z,}, then
(1.8) h= (5 ®X, + ¥, ® y,) — 20 Y (6 Ay,
Iz w

and thus from (1.5), with respect to this basis,

Szzxu Qxy + yu ® Yy

Sl:Zxﬂ/\yM:%Zzﬂ/\Zﬂ.

It follows from this that

(1.9)

(1.10) Q' =nlx] AyI A AXy A Yy

Thus the fundamental 2-form associated to a Hermitian metric is a real form
of type (1, 1) whose coefficient matrix is positive definite, and moreover, "
is a nonzero volume element of E’. Thus 2" determines an orientation on
E’, and we see from (1.9) that {x,, y,} is an orthonormal basis for E’ in
the induced Euclidean metric of E’. Thus we see that there is a naturally
defined Hodge *-operator

(1.11) %2 ANPE —> APTPE

coming from the Hermitian structure of E. Namely, E’ has the dual metric
to the real underlying vector space of E, while E’ is equipped with the
orientation induced by the 2n-form " coming from the Hermitian structure
of E. We define

1
(1.12) vol = —Q",
n!

which, with respect to the orthonormal basis used above, becomes
Vvol=X1 Ay| A AXy AV,

Note that the definition (1.12) does not depend on the choice of the basis,
and is an intrinsic definition of a volume element on E’.

We are now interested in defining various linear operators mapping
AF — AF in terms of the above structure. Recall that we already defined
w for an even dimensional vector space by (1.4), and this therefore defines

w: ANE — AE'
which we extend by complex-linearity to
w: ANF — AF

where
O NF—ANF
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is the natural projection. Similarly, since £ has a Hermitian structure, as
we saw above, there is a natural x-operator

%: ANPE —> AP PE

which we also extend as a complex-linear isomorphism to
x: APF —> A»PF.

Both w and * are real operators. Now we let

n,,: NF— APIF

p.q-
be the natural projection, and we define
J: NF— AF

by
J=>"ir,,.

Recall that the real operator J which represents the complex structure of
the vector space F has the property that if v € A’ F, then Jv = iv, and if
v € A%F, then Ju = —iv. Thus we see immediately that J defined above
is the natural multilinear extension of the complex structure operator J to
the exterior algebra of F. We note also that J?> = w as linear operators.

We now define a linear mapping L in terms of €, the fundamental form
associated to the Hermitian structure of E, namely, let

L: NF— AF
be defined by L(v) = £ A v. We see that
L: APF —> APPPF
so it is homogeneous and of degree 2. Moreover,
L: APIF —s APHLITLE

and L is bihomogeneous of bidegree (1, 1), and it is apparent that L is a
real operator since € is a real 2-form. Recall from (1.3) that A”F has a
natural Hermitian inner product defined by

(a, B)vol = a A *B,

where vol = (1/n!)Q" as before. With respect to this inner product L has
a Hermitian adjoint

Lx: A’F — APT?F, 2 < p<2n,
and one finds that

(1.13) L* = wxLx.
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To see that (1.13) holds we compute, for o € APF, 8 € AP*?F,
(La, BYvol = Ao A (x8)

=a AR A (xB)

=a A L*B

=a A *wxLxf

= A swxLxp

= {a, wxLx*B)vol

= {a, L*B)vol
using the fact that xw#* = id, and %, L, and w are real operators. It follows
from (1.13) that L* is a real operator, homogeneous of degree —2. It
will follow from the next proposition that L* is bihomogeneous of degree

-1, -1).

( If M )and N are two endomorphisms of a vector space, then we will
denote by [M, N] = MN — N M the commutator of the two endomorphisms.

We now have a basic proposition giving fundamental relationships between
the above operators.

Proposition 1.1: Let E be a Hermitian vector space of complex dimension
n with fundamental form 2 and associated operators w, J, L, and Lx. Then

(a) *nl’,q = Hzfq.nfp’

(b) [L,wl=I[L,J]=[L"w]=[L"J]=0,

© [L*L]=Y 1~ p),.

To prove Proposition 1.1, it is necessary to introduce some notation which
will allow us to effectively work with the convectors in AF. Let N =
{1,2,...,n}, and let us consider multi-indices I = (ui,...,u,), where
Wi, ..., 4, are distinct elements of N, and set |I| = p. Let {z;,...,z,} be
a basis for A"F such that the Hermitian metric # on E has the form
h=23%,2,®Z, as in (1.7), with € given by (1.9), and with (1/n))Q" =
vol =x; Ay A---Ax, Ay, where z, = x, +1iy,, as in (1.10). The operator
* 1s now well-defined in terms of the orthonormal basis {x;, yi, ..., X,, Y.}.
If I =(u,...,u1,), then we let
2= Ny N N2y

Xp = Xy ANXpy AN v Ay,

If M is a multiindex, we let
wy = 1_[ Zu A7y = (=2i)M 1_[ Xpu A Yy
neM neM
In this last product it is clear that the ordering of the factors is irrelevant,
since the terms commute with one another, and we shall use the same symbol
M to denote the ordered p-tuple and its underlying set of elements, provided
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that this leads to no confusion. Any element of AF can be written in the
form /
Z Ca,B.MZA NZB AN Wy,
A,B.M
where ¢4 3 € C, and A, B, and M are (for a given term) mutually disjoint
multiindices, and, as before, the prime on the summation sign indicates that
the sum is taken over multiindices whose elements are strictly increasing
sequences (what we shall call an increasing multiindex).

We have the following fundamental and elementary lemma which shows
the interaction between the x-operator (defined in terms of the real structure)
and the bigrading on AF (defined in terms of the complex structure).

Lemma 1.2: Suppose that A, B, and M are mutually disjoint increasing
multiindices. Then

*(Za AZp Awy) =y (a,b,m)zy AZg A wyy

for a nonvanishing constant y(a, b, m), where a = |A|,b = |B|,m = |M|,
and M' =N — (AU B U M). Moreover,

y(a, b,m) — l-a—b(_l)p(p+l)/2+m(_2l-)p—n

where p = a + b+ 2m is the total degree of z4 A Zg A wy,.

Proof: Letuv=z4AZpAwy. If A= A;UA, for some multiindex A, let
0 ifANA£D
6:1A2 = 1 if AjA; is an even permutation of A
-1 if AjA, is an odd permutation of A.
Using this notation it is easy to see that
4 = Z/EQIAZi“ZxAl A Vi
A=A[UA,

where the sum runs over all decompositions of A into increasing multiindices
A1 UA,, and a; = |A|, etc. Thus we obtain

!
_ -\ A1Ay _B1B).ay—b
v = (—2i) E R S 2)cAl/\yAzAxBlAsz/\||)c,t/\y,t.
A=A1UAy neM
B=B|UB)

We now want to compute xv, having expressed v in terms of a real basis,
and we shall do this term by term and then sum the result. To simplify the
notation, consider the case where B = &. We obtain

(1.1)  *(z4 A wy) = (=20)" Z elezi‘Q*{xAl AYa, A 1_[ Xy A Yt
A=A1UA, neM
It is clear that the result of * acting on the bracketed expression is of the form
(1.2) Ex4, Aya, A 1_[ X AN Vs
neM’
where M’ = N — (AU M). The only problem left is to determine the sign.
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To do this it suffices (because of the commutativity of HﬂeMx,t Ay, to
consider the product (setting a, = |A;|)
2

Xap AN Yay AXay Ayay = (=12 x4y Ayay AXay A Ya,.
Now, in general,

Xc N\ yc = Xy N Yy N w2 AN Xpjep A Yyicys
and applying this to our problem above, we see immediately that the sign
in (1.2) is of the form

(— 1)a22+al(al—l)/2+a2(a2—1)/2 = (=1).

(_1)\C\(\C\—1)/2

Putting this into (1.1), we obtain
m ! A1A) .q r
(13)  s(za Awa) = (=20)" Y ed ™ i (=1 xay Ayay A T %0 A v
A=A1UAy nem’
The idea now is to change variables in the summation. We write

A AyA
6A1A2 = (=)anei2M

l'a2 — l’a(_l)alial,
and substituting in (1.3) we obtain

*(z4 ANwy) = ia(_zi)’” 2,6:2‘411111{(_1)r+al+a1a2}

A=A[UA,
“Xay A Ya; A l_[ Xy A Vo
neM’
which is, modulo the bracketed term, of the right form to be const(z4 Awjyy).
A priori, the bracketed term depends on the decompositions A = A; U A,;
however, one can verify that in fact
(_1)r+a1+a1a2 — (_l)a(a+l)/2 — (_l)p(p+1)/2+m’
and the bracketed constant pulls out in front the summation, and we obtain
#(2a A wyy) = 19(=1)PPEDEM DN AN Wy
The more general case is treated similarly.
Q.E.D.

Proof of Proposition 1.1: Part (a) follows immediately from Lemma 1.2.
We note that (a) is equivalent to

@) *lapap: APTF — A"TO"TPF is an isomorphism.

Part (b) follows from the fact that L and A are homogeneous operators
and are real.

We shall show part (c). Using the notation used in Lemma 1.2, we observe
that

- i - _
L(zaNzp ANwy) = E(ZZM AZu) ANZANZp N Wy

(1.4) n=l

i _
= EZA NZp N (Z wMU{m),

neMm’
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where M’ = N — (AU B U M), as before. On the other hand, we see that,
using Lemma 1.2 and the definition of A,

2

L. z =Sz Nz ( . )
(1.5) A(Za NZp N wy) l.ZA NZp N ZUJM el

neM
Using these formulas, one obtains easily, assuming that z, A Zp A wy, has
total degree p,

AL — LA =0 — p)za ANZp AN Wy,
and part (c) of Proposition 1.1 follows immediately.
Q.E.D.

2. Harmonic Theory on Compact Manifolds

In this section we want to give further applications of the theory of har-
monic differential forms on compact (differentiable or complex) manifolds.
As we have seen in Chap. 1V, the Laplacian on a Riemannian manifold is
defined by dd* + d*d, where dx is the adjoint with respect to some inner pro-
duct on the (elliptic) complex £*(X) of complex-valued differential forms on
X. We want to use the x-operator of Sec. 1 to define a particular inner product
for the vector space of differential forms of a given degree, from which will
follow a useful formula for the adjoint operator d* (and related operators).

Suppose that X is a compact oriented Riemannian manifold of d dimen-
sions. Then the orientation and Riemannian structure define the x-operator
as in Sec. 1: -

*: AP THX) —> AP THX)
at each point x € X. Moreover, * defines a smooth bundle map, since we
can define it in the neighborhood of a point by choosing a smooth local
(oriented) orthonormal frame. Hence * induces an isomorphism of sections
(assuming that we extend * to A’T*(X) ® C by complex linearity),

*: EP(X) —=> £47P(X),

where d = dimgX.
Suppose that ¢ € E9(X). Then we can define, in a standard manner,

[

by using a partition of unity {¢,} subordinate to a finite covering of X by
coordinate patches. Namely, let

foUy, C RT— X

open

be the coordinate mappings, and set

/Xfp=;Lﬂ.f;(¢a¢)=za:/l{dga(x)dxl/\.../\dxd,

where the C* function g, has compact support in U,. This is easily seen
to be independent of the coordinate covering and partition of unity used.
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If X is an oriented Riemannian manifold, then X carries a volume element
dV, which is nothing but a d-form ¢ € £9(X), with the property that in
any oriented system of local coordinates U C X

p(x) = f)dxy A+ Adxy,
where f(x) > 0 for all x € U. By means of the x-operator it is easy to see that
¢ =x(1),(1eCce&X)

is indeed a volume element on X.

Remark: Denote in local coordinates the Riemannian metric on X by
ds* = g;;dx' ® dx’,
using the summation convention, where g;; is a symmetric positive definite
matrix of functions. If we let g/ be defined by
g7gix =8, (Kronecker delta),
and if we raise indices by setting
altir = gl egiaine ... 'gi”j”a,-]m,-p,
then we can express the x-operator given by the metric ds? explicitly in
terms of these quantities (cf., deRham [1], pp. 119-122). Namely, we have, if

o= E ozil,.,il,dxi‘ Ao Adx'P,

i <m<ip
then
() = Z (*a)jl---jd_,,dle A Adxid-p,
J1<<jd—p
where
(k) jyjy_, = +,/det(g;)e’t 7,
where {i|, ..., i, ji,-.., ja—p} = {1, ..., d}, and we have the positive sign if

the permutation is even and negative sign in the other case (just as in the
case of an orthonormal basis). Thus in particular

#(1) = /det(g;;) dx" A Adx?

is the volume element in this case.
Define
(¢,1ﬁ)=f¢A*1/}, @, ¥ € EX(X)
(2.1 X
(p.¥) =0, pell(X), Yy €&(X),p#q
and the integral is well defined since ¢ A %y is a d-form on X. We can

extend this definition to noncompact manifolds by considering only forms
with compact support. We then have the following proposition.
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Proposition 2.1: The form (,) defined by (2.1) defines a positive defi-
nite, Hermitian symmetric, sesquilinear form on the complex vector space
Ex(X) = &_ €7 (X).

Proof: The Riemannian metric on X induces an Hermitian inner product
(,) on APTx.(X) for each x € X, given by, for ¢, ¥ p-forms on X,

¢ Axr = (g, )vol
as we saw in (1.3). It is then clear that

(¢,¢)=/¢A*1ﬁ=/<¢,w>vo1
X X

is a positive semidefinite, sesquilinear Hermitian form on E7(X). To see
that ( , ) is positive definite, suppose that ¢ € £7(X) is not equal to zero
at xo € X, then near x,, we can express ¢ in terms of a local oriented

orthonormal frame for T+(X) ® C, {ey, ..., e4},
/
go = Z (plela
|1|=p
and /
o Axg =Y lg|” vol
1=p

near x,, and Z; Ji=p l¢;1? > 0 near x,. Then the contribution to the integral

(<p,¢)=/¢m*¢
X

will be nonzero, and thus (¢, ¢) > 0.
Q.E.D.

Thus the elliptic complex (E*(X), d) is equipped with a canonical inner
product depending only on the orientation and Riemannian metric of the
base space X (in Sec. 5 of Chap. IV we had allowed arbitrary metrics on each
of the vector bundles appearing in the complex). We would have arrived at
the same inner product had we merely used the metric on A?T*(X) naturally
induced by that of T(X) and for our strictly positive measure dX used the
volume element *(1). However, the representation we have given here for
the inner product on £*(X) will prove to be very useful, as we shall see.
For convenience, we shall call the inner product (2.1) on £*(X) the Hodge
inner product on £*(X).

Suppose that X is a Hermitian complex manifold. Then we can define the
Hodge inner product on £*(X) with respect to the underlying Riemannian
metric and a fixed orientation given by the complex structure (all complex
manifolds are orientable).

Proposition 2.2: The direct sum decomposition £ (X) = > pig=r €71(X) is
an orthogonal direct sum decomposition with respect to the Hodge inner
product.
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Proof: Suppose that ¢ € £79(X) and that ¥ € £-*(X), where p +¢q =

r + 5. Then we see that ¢ A sy is of type (n —r + p,n — s + q), since ¥

is of type (s,r) and sy is then of type (n — r,n — s) by Proposition 1.1.

Therefore ¢ A x is a 2n-form if and only if r = p and s = ¢. Otherwise,
@ A *y is identically zero. This proves the proposition.

Q.E.D.

Using the Hodge inner product, it will be very easy to compute the adjoints
of various linear operators acting on £*(X) (cf. the computation of Lx in
Sec. 1). First we want to modify the %-operator in a manner which will be
convenient for this purpose. On an oriented Riemannian manifold we define

% &5 (X) — E%(X)

by setting *(¢) = *¢@. Thus * is a conjugate-linear isomorphism of vector
bundles,

%1 AP T*(X), —> A" PT*(X),,
where m = dimg X. Suppose that X is now a Hermitian complex manifold
and that E —> X is a Hermitian vector bundle. Let

. E— E*

be a conjugate-linear bundle isomorphism of E onto its dual bundle Ex*. The
mapping 7 depends on the Hermitian metric of E and is defined fibrewise
in a standard manner. We then define

%2 AP THX), @ E — A PT*(X), ® E*
by setting
*e(p ®e) = x(p) @ T(e)
for ¢ € APTF(X), and e € E,. Thus % is a conjugate-linear isomorphism
of Hermitian vector bundles. We recall that we defined " (X, E) to be the
sections of A"T*(X).® E and that, moreover, there is a decomposition into
bidegrees
&(X,E) = Z eri(X, E).
ptq=r
Thus we note that first the Hodge inner product on £*(X) can be written as

(%llf):/fp/\iw,
X

and we extend this to a Hodge inner product on £*(X, E) by setting

(2.2) (0 ) = / o N EY

if , ¥ € & (X, E). It is easy to see that ¢ A xgyy does make sense and is
a scalar 2n-form which can be integrated over X (where n = dimcX). In
fact, if we let (,) represent the bilinear duality pairing between E and E*,
then we set, for ¢ € APT*(X)., e € E., ¥ € A" PT*(X)., f € EF,

@R)AW® f)=pAYele, f) € AN"THX),.
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By using a basis for E and a dual basis for E*, we can extend this exterior
product to vector-bundle-valued differential forms, and it is easily checked
that the resulting exterior product is independent of the choice of basis.
Thus (2.4) defines what we shall call a Hodge inner product on £*(X, E).
Then it is easy to see that %; preserves the bigrading on &*(X, E), and
that, in fact, N
*¥g: EPU(X, E)—> EP"I(X, EY)

is a conjugate-linear isomorphism. It is then clear that Proposition 2.2
extends to this case.

We are now in a position to compute the adjoints of various operators
with respect to the Hodge inner product. Moreover, all adjoints in this and
later sections of the book will be with respect to the Hodge inner product.

Proposition 2.3: Let X be an oriented compact Riemannian manifold of
real dimension m and let A = dd* + d*d, where the adjoint d* is defined
with respect to the Hodge inner product on £*(X). Then

(@) d* = (=" Hxdx = (=)™ +lxdx on EP(X).
(b) *A = Ax, xA=Ax

Proof: The basic fact we need is that x* = w, as defined in Sec. 1.
Suppose that ¢ € €7~!(X) and that ¢ € £”(X). Then we consider

(do,¥) = / do A xyr
X

=/d<<pm‘<w>—<—1>ﬂ/wdw,
X X

by the rule for differentiating a product of forms. Moreover, by Stokes’
theorem, we see that the first term vanishes, and hence we obtain (noting
that %% = %% = w, since * is real)

(dp. ) = (1) / o ARG By

X
:(—I)P/go/\i(iwdi)w
X

= (=" (g, xdxy),

and thus we have
d* = (=1)""Hidx,

and since d is real, we also obtain
d* = (=)™t ydx,
To prove (b), we compute, for ¢ € £7(X),
x A = (=) (xdsdx + (—1)"sxd*d) @
Axp = (=)= dydss + (—1)"sdxd%) @,
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and so it suffices to show that (recall that w = *x)
wdxdy = dxdwe.

But this is simple, since w = ) (—1)?*""I1,, and thus the right-hand side
is d+d(—1)?*"Pp, whereas the left-hand side has degree m — p, and so
wdxdg = (—1)" PP dxdep = (—1)" P dxd .
Q.E.D.

We have a similar result for the Hermitian case. Note that *z, is defined
in the same way as ¥z by using t7': E* — E.

Proposition 2.4: Let X be a Hermitian complex manifold and let E — X
be a Hermitian holomorphic vector bundle. Then

(a) 9: &r9(X, E) — EP4t1(X, E) has an adjoint 8* with respect to the
Hodge inner product on (X, E) given by
3" = —%p0%p.
(b) If 0 =93*+9*d is the complex Laplacian acting on £**(X, E), then
Oxp = %£0.

Proof: In this case we also have %g%gx = w = Y (—1)”II,, a simpler
expression since the real dimension of X is even. The proof of (a) then
follows as before, with minor modification. Suppose that ¢ € €7971(X, E)
and that ¥ € £77(X, E). Then we have that ¢ A%y is a scalar differential
form of type (n,n — 1), and hence d(¢p A *g¥) = d(p A *g¥). Moreover,

@ AFpp) =09 Axpy + (=1 g A dRp Y
Substituting into the inner product, we obtain, using Stokes’ theorem as in
the proof of Proposition 2.3,

(3g. ) = (—1)””/ o A 3Fpy
X
= (_1)"+q/¢ A % (Wi g 0% pYr)
= - / @ N >T<E(>T<E*é>_k15¢)

= (p, —%p< %),
and hence (a) is proved. The proof of (b) is exactly the same as in Propo-
sition 2.3 (Note that (0 acting on £*(X, E) and &*(X, E*) denotes two

different operators).
Q.E.D.

Remark: We note that only 9 acts naturally on £7%(X, E) for a nontrivial
holomorphic vector bundle E, whereas 9 and hence d do not, since they
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do not annihilate the transition functions defining E. However, in the scalar
case, we have 9: £€79(X) —> EPF14(X), and by the same calculation as above
we obtain that 9* = —%0* and that (0 = 99* + 0*0 commutes with %, exactly
the same as the d-operator case.

Using the above results we can derive two well-known duality theo-
rems. We first remark that a finite dimensional complex vector space E is
conjugate-linearly isomorphic to a complex vector space F if and only if
F is complex-linearly isomorphic to E*, the dual of E (and the bilinear
pairing of E to F can be obtained from a Hermitian inner product on E).

Theorem 2.5 (Poincaré duality): Let X be a compact m-dimensional ori-
entable differentiable manifold. Then there is a conjugate linear isomorphism

o: H(X,C) — H""(X,0),
and hence H" " (X, C) is isomorphic to the dual of H" (X, C).

Proof: Introduce a Riemannian metric and an orientation on X and let
* be the associated x-operator. Then we have the commutative diagram

E(X) —> & (X)
J/ Ha ¢ Hy
H(X) —= H""(X)
E E
H (X,C) — H" 7" (X, 0,

where H, is the projection onto the harmonic forms given by Theo-
rem [V.4.12, and the mapping * maps harmonic forms to harmonic forms
since Ax = %A, as we saw in Proposition 2.3. Moreover, the de Rham
groups H' (X, C) are isomorphic to H"(X) (ExampleIV.5.4), and o is the
induced conjugate linear isomorphism.

Q.E.D.

Remark: We could have restricted ourselves to real-valued differential
forms and obtained the same result. Also, the more general Poincaré duality
theorem of algebraic topology is true with coefficients in Z and is indepen-
dent of any differentiable structure on X, but one needs a different type of
proof for that (see, e.g., Greenberg [1]).

Corollary 2.6: Let X be as in Theorem 2.5. Then
b (X)=0b,_(X), r=0,...,m.

Our next result is more analytical in nature and depends very much on
the complex structures involved, in contrast to the Poincaré duality above.
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Theorem 2.7 (Serre duality): Let X be a compact complex manifold of
complex dimension n and let E —> X be a holomorphic vector bundle
over X. Then there is a conjugate linear isomorphism

o: H' (X, Q(E)) — H" (X, " "(E")),
and hence these spaces are dual to one another.

Proof: By introducing Hermitian metrics on X and E, we can define
the xg operator. Then we obtain the following commutative diagram,
*E
&r4(X, E) —> &nrn-4(X, E¥)
| Hs | He
*E
HPUX, E) —= IOP"I(X, E¥)
e r I
HP9(X,E) — H"P"9(X,E")
e N
H" (X, Q°(E)) — H" (X, Q" "(E")),
which proves the result immediately. Once again, *; maps harmonic forms
to harmonic forms by Proposition 2.4, and the {H”?(X, E)} are the Dol-
beault groups [the cohomology of the complex (£7*(X, E), )], which are
isomorphic to H7(X, ”(E)), as we saw in Theorem I1.3.20.
Q.E.D.

Remark: Serre proved this also in the case of noncompact manifolds,
under certain closed range hypotheses on 9 and by using cohomology
with compact supports, i.e., HI(X,R"(E)) is the topological dual of
H" (X, Q"(E*)), where H?( ) denotes cohomology with compact sup-
ports. In our case we have finite dimensional vector spaces (due to the
harmonic theory), in which case Serre’s hypothesis is fulfilled and the com-
pact support is automatic. Serre’s proof (in Serre [1]) used resolutions of
QP(E) by both C* forms and by distribution forms, and he was able to
utilize the natural duality of these spaces to obtain his results. The proof
above is due to Kodaira [1].

Corollary 2.8: Let X be a compact complex manifold of complex dimension
n. Then

(@) b.(X)=by (X),r =0,...,2n.

(b) w1(X)=h""P"19X),p,q=0,...,n.

3. Representations of s[(2, C) on Hermitian Exterior Algebras

In this section we summarize the finite-dimensional complex representa-
tion theory for the Lie algebra sl(2, C) of 2 x 2 complex matrices with trace
zero, and then we will apply this theory to specific representations arising
from Hermitian exterior algebras as in Sec. 1. This representation theory is
available in various references (e.g., Serre [3], Varadarajan [1]), and we will
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survey the principal ideas needed for the applications we have in mind. We
will use some elementary facts and terminology concerning Lie groups and
Lie algebras as is found in any introduction to the subject (e.g., Chevalley [1],
Helgason [1], Varadarajan [1]), such as the Lie algebra of a Lie group, and
the associated exponential mapping, invariant measure on Lie groups, etc.,
although we will be using these concepts only for specific low-dimensional
matrix groups and matrix algebras.

We recall that a Lie algebra is a vector space 2 equipped with a Lie
bracket product [ , | which is anticommutative, and which satisfies the Jacobi
identity

(X, 1Y, Z]+ Y, [Z, X]1 + [Z,[X, Y]] = 0.

An algebra of matrices equipped with the commutator Lie bracket is the
prototypical example of a Lie algebra. A representation of a Lic algebra 2
on a complex vector space V is an algebra homomorphism

7: A — End(V),

where End(V) is the Lie algebra of endomorphisms of V equipped with
the commutator Lie bracket [A, B] = AB — BA. If n =dimV < oo, then
we say that the representation has dimension n. If dimV = oo, then we
say that s is an infinite-dimensional representation. A representation 7 is
irreducible if there is no proper invariant subspace Vy # 0 of V. Here V is
a proper invariant subspace if 0 # V, # V, and

a(X)Vo C Vy, forall X e

If 7, and 7, are representations on V; and V,, respectively, then 7 = 7| @ 7,
is a representation of 2 on V; @V, in a natural manner. Two representations
m, and m, are equivalent if there is an isomorphism S: V|, — V, so that
m = S~!'m,S. A representation 7 is completely reducible if it is equivalent to
a direct sum of irreducible representations. A representation of a Lie group
(e.g., a matrix group) G on a finite-dimensional complex vector space V is
a real-analytic homomorphism p: G — GL(V), where GL(V) denotes the
Lie group of nonsingular endomorphisms of the vector space V. In this
case, onc has the same notions of irreducibility, complete reducibility, etc.
as discussed above for representations of Lie algebras.

The Lie algebra sl(2, C) is, by definition, 2 x 2 complex matrices with trace
zero. One finds that s[(2, C) is the Lie algebra of the Lie group SL(2, C),
the group of 2 x 2 matrices with complex coefficients and determinant equal
to 1. There is an exponential mapping

3.1 exp: sl(2,C) — SL(2,0)
given by

o0
expX =e* = ZX"/n!,
n=0
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which is norm convergent, and where, for ¢t € C,

eX=T1+1tX+0(t)P,
(3.2) X =1 +t(X+Y)+0(t],
eXeMe X = I +2([X,Y]) + O(t]),

which indicates the basic relationship between the group law in SL(2, C)
and the Lie bracket in s((2, C).

Now consider the subgroup SU(2) of SL(2,C) consisting of unitary
2 x 2 matrices of determinant one. It follows readily from (3.2) that su(2),
the corresponding Lie algebra of SU(2), consists of skew-Hermitian 2 x 2
matrices of trace zero, i.e, X + X* = 0,¢tr(X) = 0, where X* = "X is
the Hermitian adjoint. Thus we have the following diagram of groups and
algebras, where i is the natural inclusion:

(3.3) su2) — > si(2.C)

i/ exp i/ exp

SUQ) —= SLQ.C).

For reference, we will write down explicit generators for these algebraic
objects. First we note that s[(2, C) has dimension 3 and a basis is given by

0 1 0 0 1 0
PR (I R R Y
One checks that the commutation relations
(3.5) [X,Y]=H, [H X]=2X, [HY]=-2Y

hold. We see easily that su(2) is a real form of s[(2, C) (i.e., as vector spaces,
502, C) = su(2) ®r C), and has a basis (over R) given by

iH, X-Y, i(X+7Y).

We note that i(X 4 Y) generates a one-parameter subgroup of SU(2) given
by
cost isint

explit(X +Y)] = |:l sint CcoSst

], t e R.

This can be checked by a direct computation or by noting that both
I-parameter subgroups have the same generator, namely

. 10 1 d [ cost isint
l(X+Y)_l[1 O}_E[isint cost}

t=0
Let

(3.6) w=exp[lin(X +Y)] = [(l) 6] ,
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and we see that conjugation by w in sl(2, C) gives rise to a reflection with
respect to the above basis (the Weyl group reflection). Namely,

wHw_lz—H, wXw ™' = s wYw™ ' = X.

We return now to diagram (3.3). For each of the algebraic objects in
(3.3) one considers representations on a complex vector space V, as we
have done before:

[su(2) — End(V)]r <= [sl(2, C) —> End(V)]c
(3.7 a 4 a?
[SU2) — GL(V)]g <= [SL22,C) — GL(V)]c

Here [su(2) — End(V)]g denotes R-linear algebra homomorphisms,
[sl(2, C) — End(V)]c denotes C-linear algebra homomorphisms, [SL(2) —
GL(V)]r denotes real-analytic group homomorphisms, and [SL(2,C) —
G L(V)]c denotes complex-analytic group homomorphisms. The mappings r;
and r, are the natural restriction mappings, and d is the derivative mapping,
recalling that the Lie algebra of a Lie group is the tangent space to the Lie
group at the identity element, and noting that the derivative of a representa-
tion of a Lie group is indeed a representation of the associated Lie algebra.
We now have the following proposition.

Proposition 3.1: The mappings ry,r, and d in (3.7) are all bijective, i.e.,
there is a one-to-one correspondence between representations of SL(2, C),
s1(2,C), SU(2) and su(2).

Proof:  First we see that ry is bijective since sl(2, C) is the complexification
of su(2), and R-linear homomorphisms defined on su(2) extend naturally
and uniquely as C-linear homomorphisms on sl(2, C). The mappings d are
bijective since SL(2, C) and SU (2) are both connected and simply-connected
[SL2,C) = S§* x R?, SU(2) = S?], thus insuring that the inverse of exp
(the “logarithm™) is well-defined on SU(2) and SL(2, C). The diagram is
commutative, and we conclude that r, is bijective. In fact, if

p: sl(2,C) — End(V)
is given, and if g = X € SL(2, C) where X € s[(2, C), then the representation
w: SL2,C) — GL(V)
corresponding to the given p is of the form
(3.9) w(eX) = P,
It is clear that dm = p.
Q.E.D.

Thus we have that representations of s[(2, C) are in one-to-one correspon-
dence with representations of SU(2), a compact Lie group. We now have
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the following important theorem of H. Weyl concerning complete reducibil-
ity of representations of compact Lie groups (the “unitary trick”). We state
the theorem in full generality, but will use it only for G = SU(2).

Theorem 3.2: Let G be a compact Lie group, and let p: G — GL(V) be
a representation on a finite-dimensional complex vector space. Then p is
completely reducible.

Proof: Choose a basis for V so that V = C". Let dg be the natural
left invariant measure on the Lie group G which can be constructed from
left invariant differential forms dual to the left invariant vector fields which
comprise the Lie algebra of G (see Helgason [1], Chapter X, §1). Then

M(g) = p(g)p(8)"
is a Hermitian positive definite matrix for each g € G. Define

M=fM@@,
G

and it follows that M is Hermitian positive definite also. Then consider

p()Mp(g)" = / p(§)p(D)p(x) p(g)dr
G
=/p(gr)p(gf)*dr
G

= / p(m)p()'dt =M,
G

using the invariance of dt under the action of G on itself by left translation.
Since M is positive definite, we can write

M = NN*
where N is positive definite. Then we see that 5 = N~!pN is equivalent to
p and moreover

p()H() = (N"'p(@N)N~"p(g)N)*

=N""p(g)NN*p(g)* (N

— NflM(Nfl)*

=1,
and thus p(g) is a unitary matrix for all ¢ € G. Now we check that p
is completely reducible. Suppose that V; is any subspace of V invariant
under the action of g. Then let Vi~ be the orthogonal complement to V,
with respect to the usual Hermitian metric on C". Then p(V,) C Vp, and it
follows immediately that 5(V;-) C V;*, since p(g), being unitary, preserves

the inner product in C" for each g € G.
Q.E.D.

Corollary 3.3: Let p be a representation of s[(2, C) on a finite-dimensional
complex vector space, then p is completely reducible.
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Proof:  This follows immediately from Proposition 3.1, Theorem 3.2 and
the fact that the bijections in (3.7) are natural and preserve irreducibility
and direct sums.

Q.E.D.

Now we know that any representation p of s[(2, C) on a finite-dimensional
complex vector space V is the direct sum of irreducible representations. We
now turn to an explicit description of these irreducible representations,
which can be characterized, up to equivalence, by the dimension of the
representation space, as we shall sce. We start with a definition.

Definition 3.4: Let p be a representation of sI(2, C) on a finite-dimensional
complex vector space V. Let V* be the eigenvectors of p(H) with eigenvalue
A, Le., for A € C,

V*={veV: p(H)v = Iv}.

We say that v € V* has weight A. A vector v € V is said to be primitive of
weight A if v is nonzero, v € V* and p(X)v = 0.

We now have some elementary lemmas which lead up to the basic canoni-
cal form for a representation of s[(2, C). We assume a fixed finite-dimensional
representation p on sl(2, C) on a complex vector space V.

Lemma 3.5:

(a) The sum ), V" is a direct sum,
(b) If v is of weight A, then p(X)v is of weight A + 2 and p(Y)v is of
weight A — 2.

Proof: (a) is simply the assertion that eigenvectors corresponding to
different eigenvalues are linearly independent. For (b) we observe that

p(H)p(X)v = (p(H)p(X) — p(X)p(H))v + p(X)p(H)v
= p([H, XDv + Ap(X)v
= p2X)v+ rp(X)v
=0 +2)pX)v.
Similarly, p(H)p(Y)v = (A —2)p(Y)v.
Q.E.D.

Lemma 3.6: Every representation p of sl(2,C) on a finite-dimensional
complex vector space has at least one primitive vector.

Proof: Let vy be an eigenvector of p(H), and consider the sequence of
eigenvectors of p(H)

vy, p(X)vg, p(X)*vo, ..., p(X) vy, .. ..
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The nonzero terms in this sequence are linearly independent, since they are
eigenvectors with differing eigenvalues (Lemma 3.5), so the sequence must
terminate, and hence for some fixed k, p(X) vy = 0, p(X)* vy # 0, and
thus v = p(X)* v, is a primitive vector.

Q.E.D.

We now have the basic description of an irreducible representation of
5[(2, C) on a finite-dimensional complex vector space.

Theorem 3.7: Let p be an irreducible representation of sl(2, C) on a finite-
dimensional complex vector space V. Let vy € V be a primitive vector of
weight A for the representation p. Then, letting v_; = 0, and setting

v, = (1/n)p(Y")vy, n=01...,m,...,

one obtains, for n > 0,

(a) IO(H)vn = ()" - 27’1)1)",
(b) p(Y)v, = (n + l)vn+la
© pX)vu=@A—n+ Duv,.

Moreover, A = m, where m + 1 = dimc¢V, and
p(Y"vy =0, n>m.

Proof: (a) asserts that v, is of weight A —2n, which follows immediately
from Lemma 3.5. (b) is clear from the definition of v,, while (¢) follows
by induction on n. Namely, for n = 0, we have p(X)vy = 0, since v, was
primitive, and v_; = 0. Suppose we know (c) for n — 1, then we compute

np(X)v, = p(X)p(Y)v,-1 = p(Y)p(X)v,_1 + p([X, YDv,_y
=X —n+2)p(Y)v,_ + p(H)v,
=A—n+2)n—Dv,1+ A —2n+2)v,_;

=n( —n+ Du,-y,
and we obtain (c) after dividing by n.

We now show that X is necessarily an integer. Since V is finite-dimensional,
there is an integer m > 0 such that

Vo, o vvs Uy are nonzero
U1+« s Ungky oo = 0

recalling that the nonzero v;’s are eigenvectors of p(H) with differing
eigenvalues. Now apply (c) to v, obtaining

0=pX)vm =0 —0m+1)+ Do,
= ()" - m)vma

and since v,, # 0, it follows that A = m.
Let V,, be the vector space spanned by {v, ..., v,}. Then we claim that
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V,, is invariant under the action of p on V. Suppose v = > " ja,v,, «; € C,
then m
p(H) =), (m —2n)v,

n=0

PV = an(n+ Dvy
n=0
p(X)v = Zan(m —n+ Dv,_,
n=0
so p(sl(2,C))V,, C V,. Thus V,, is a nonzero invariant subspace, and since
o 1s assumed irreducible, it follows that V = V,,, and that m+1 =dim V.
Q.E.D.

Remark: We see that the basis {v,} in Theorem 3.7 gives a canonical
form for the matrices representing the linear mappings p(H), p(Y) and p(X)
acting on V. Namely

m 0 ... 0
0 m-2 :
p(H) = -
0
_0 0 -m
[0 m 0 oo 07
0 o om—1 :
p(X3 =1 . IR |
L 0 0]
_ 0 0
1
p(Y) =
0 .
: m—1 o0
[0 ... 0 m 0|

which for m = 1 gives the original 2 x 2 matrices in (3.4), showing that
they are in the same canonical form.

Next we see that there is, up to equivalence, only one irreducible repre-
sentation of dimension m + 1. Somewhat later we will describe an explicit
example of an (m + 1)-dimensional irreducible representation, arising from
symmetric tensor products.
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Theorem 3.8: Let V be a complex vector space of dimension m + 1, with
m >0, and let {v, ..., v,} be a basis for V. Then define a representation
p of s[(2,C) on V by setting

(a) P(H)Un = (m - 2}’1)1),,,

(39) (b) p(Y)vn = (I’l + l)er—lv
© pX)v, =(m—n+ v,,
where n =0, ..., m, and v_; = v,,4; = 0. This representation is irreducible,

and any irreducible complex representation of dimension m+1 is equivalent
to this one.

Proof: One checks readily that the mapping p: sl(2,C) — End(V)
given by (3.9) is indeed a representation. Suppose now that V; is a nonzero
subspace of V invariant under p. Then there is an eigenvector of p(H)
contained in V. The list of eigenvectors of p(H) in (3.9a) is complete,
so V, must contain one of the vectors v, for some k. But then applying
(3.9¢c) to v, we see that vy € V. Then using (3.9b) we see that V; must
contain v,,n =0, ..., m. Thus V, = V, and p is irreducible. It is clear from
Theorem 3.7 that an arbitrary irreducible representation of dimension m + 1
is equivalent to this one.

Q.E.D.

Corollary 3.9: Suppose p: sl(2, C) — V is an irreducible representation of
dimension m + 1,m > 0. Let ¢ € V be an eigenvector of p(H) of weight
n; then there exists a primitive vector of weight N + 2r, for some integer
r > 0, so that
¢ =p¥) ¢,
and where
(m —r)!

@wo = p(X) @.

m!r!
Proof: Let {vg,...,v,} be a basis for V satisfying (3.9) for the given
representation p. Then we see that for r fixed, 0 < r < m, we have
p(X)vr = (m —r+ 1)Ur715
P(X) v, = (m —r +1D)(m —r +2)v, 2,
etc., and thus
m!
pX)v,=m—r+1)---(myvy = ———p.
(m—r)!
Then applying the second “ladder operator,” we see that

. _ m!
p(M)p(X) v, = =l r)!vl’

m! 2

P(Y)zp(X)rUr = mv

25
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etc., and thus

m!lr!
p(Y)rp(X)rvr = VU
(m—r)!
and thus we obtain the useful identity
(m—r)! , .
(3.10) v = ————p () p(X)"v,.
Now suppose that ¢ is any eigenvector of p(H). Then ¢ is a multiple of
one of the eigenvectors {v, ..., v,} above, say, ¢ = av,. Then it follows
from (3.10) that
(m —r)! . .
= #P(Y) p(X) o,
and letting
(m—r)! ;
g = ———pX)p,
m:.:

we see that ¢, is primitive, and the corollary is proven.
Q.E.D.

We now introduce a specific representation of SL(2, C) and its derived
representation of s[(2, C). Consider C? as column vectors, and let

el ]

be standard basis vectors. Then SL(2, C) acts on C? by left matrix multipli-
cation, and we call this representation ;. Then if we consider §™(C?), the
m-fold symmetric tensor product of C? with itself, we define m,, = S" (7)),
where each matrix 7, (g) is the multilinear extension of m;(g) = g to §"(C?),
and we note that dim §”(C?) = m + 1. The representation 7, induces a
derived representation p,, = dm,, of s[(2, C) on $"(C?). We note that p; is
simply matrix multiplication on the left by elements of s[(2, C) [just as for
the Lie group SL(2, C), whereas p,(g) = dm,(g) is the extension of the
linear mapping p,(g) to S™(C?) as a derivation, which is easy to check.
Thus in particular we obtain the following results:

pi(Hvig=vi9, pi(X)vipo=0, pi(Y)vio=011,

etc., and this representation satisfies the relations in (3.9) for m = 1. Now
define
Uk = V75500, 0 <k <m,

m + 1 elements of §”(C?). Then {v,,,} is a basis for §”(C?). Moreover, one
can compute easily that

Iom(H)vm,k = (m - 2k)vm,kv 0 < k <m,

pm(X)vm,O - 0»
lom(Y)vm,m = 07
pm(X)Um,k = kvm.k—l’ 1 S k S m,

pm(Y)vm.k = (m - k)vm,k+ls 0 =< k <m— 1.
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It is clear from these relations that any basis vector v,,, is expressible as
powers of p,,(X) and p,, (Y) acting on v, ¢, which we see is a primitive vector
of weight m. Thus v,, o generates S"(C?) by the action of p,,, and thus p,,
is irreducible, and hence equivalent to the representation in Theorem 3.8.
In fact, if we set

Pk = /Om(Y)kvm,Ov

we see that |
m.: m—k .k

= mvl,o Vi1
from which follows the irreducibility.

Now let us compute the action of w, the Weyl element in SL(2, C), on
or. We see that

(%3

7Tm(w)(pk == Lﬂm(u))(vl 0)'n7k(v1 l)k
(m —k)! ' ’
m!
= msm(71'1(w))(Ul,o)mfk(Ul,l)k'
But
i (w)vy o = vy
i (w)vy = iv,
and hence ' X!
T (W) = l"’m%ﬁw
Thus we obtain
k!
(3.11) T (W) o (V) g = i" ————pu (¥)" 0.
m—h)!

Now we note that the identity (3.11) which involves both the representation
of SL(2,C) and sl(2, C) was derived from this particular explicit represen-
tation, but we see from its form that it will be valid on any irreducible
representation of SL(2, C) and sl(2, C) on a vector space of dimension m+1.

Now consider a specific representation of s[(2, C) on the exterior algebra
of forms on an Hermitian vector space E. We will use the notation and
terminology of Sec. 1. Let E be a fixed Hermitian vector space of complex
dimension n, and associate to E the algebra of forms AF, and the operators
L and L*. We introduce the notation:

A:=L"
2n

B:=Y (n—pIl,.
p=0

We then define a representation

a: sl(2,C) — End(AF)
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by setting

a(X)=A, aY)=L, a(H)=B.
We see by Proposition 1.1 that « is indeed a representation of SL(2, C), since
the commutation relations [B, L] = —2L,[B, A] =2A, and [A, L] = B are
easy to verify.

Definition 3.10: A p-form ¢ € A?F is said to be primitive if Ap =0, i.e.,
if a(X)p =0.

Remark: Recall that B = Zi”: o(n — p)IT,, and thus any homogeneous
form of degree p is an eigenvector of «(H) of weight n— p. Hence a primitive
p-form is a primitive vector for the representation « of weight n — p.

If ¢ is a primitive p-form, then the action of o generates a subspace
F, C AF of dimension n — p + 1 on which « acts irreducibly. Moreover,
the action of « leaves the real forms AgxF invariant since L, A, and B
are real operators. The decomposition of Ag F into irreducible components
is called the Lefschetz decomposition of the exterior algebra, and this is
compatible with the decomposition F = @ AP F, since L, A, and B are
bihomogeneous operators. This is elaborated in the theorems which follow.
By Proposition 3.1, we see that o induces a representation of SL(2, C) on
AF, for which we will use the notation m,. We can restrict 7, to SU(2),
and we observe that m,|sy) is unitary, which follows from the fact that
alsyu@) are skew-Hermitian operators, i.e.,

a(iH)=iB, o(i(X+Y)=i(A+L), a(X-Y)=A—-1L.

The following theorems are consequences of the representation theory of
sl(2, C) for the specific representation o on the Hermitian exterior algebra
AF. The first results can be proved directly without appealing to represen-
tation theory, as is done in Weil [1], but we prefer to use the representation
theory as it gives more insight into the major results (cf. Chern [3] and
Serre [3]. We can then give Hecht’s elegant proof of the fundamental Kahler
identities using the language developed here. Let (x)* = max(x, 0).

Theorem 3.11: Let E be an Hermitian vector space of complex dimension 7.

(a) If ¢ € APF is a primitive p-form, then Li¢9 =0,g > (n — p+ DT,
(b) There are no primitive forms of degree p > n.

Proof: Let ¢ be a primitive p-form, and let F, be the subspace of AF
generated by the action of s[(2,C) on ¢ by the representation «. Then
p(H)p = me, where dim F, = m+1. But p(H)p = (n— p)p, som =n— p.
Thus p(Y)?¢ = L1 =0, for ¢ > (n — p + 1)*, by Theorem 3.7. Part (b)
is a simple corollary of the fact that dim F, =n — p + 1.

Q.E.D.
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We will refer to the following theorem as the Lefschetz decomposition
theorem for an Hermitian exterior algebra.

Theorem 3.12: Let E be an Hermitian vector space of complex dimension
n, and let ¢ € A’F be a p-form, then

(a) One can write ¢ uniquely in the form
(3.12) p= > Lo,
r>(p—n)t

where, for each r > (p — n)™, ¢, is a primitive (p — 2r)-form. Moreover,
each ¢, can be expressed in the form

(3.13) ¢ =Y a,L'A" 9, a,€Q.

(b) If L™¢ =0, then the primitive (p — 2r)-forms ¢, appearing in the
decomposition vanish if » > (p —n +m)™, ie,

(p—n+m)*

p= Y Lo,

r=(p—n)*

(¢) if p<n,and L" ¢ =0, then ¢ = 0.

Proof: The representation space V = AF of the representation « decom-
poses into a direct sum of irreducible subspaces V=V, ®--- @ V,. Let ¢
be a p-form, then

o=y 4ty
Y/ € V;. Then each / is an eigenvector of p(H) of weight n — p, and
hence by Corollary 3.9, we see that

Ip.] = Lrj Xj5
where x; is a primitive (p — 2r;)-form, and

Collecting the primitive forms of the same degree, we obtain a decomposition
of ¢ of the form
0= 2. Lo

r=(n-p)*t
where each ¢, is primitive of degree (p — 2r).
To see that the decomposition is unique, we suppose that

(3.15) 0=¢y+ Lo +---+ L"@,,

where each ¢; is primitive j =0, ..., m > 1. We note that it follows from
Theorem 3.7 that

(3.16) A Lroe =, k=1,....m
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for a rational nonzero constant ¢, depending only on p, k and n. Applying
A™ to (3.15) and using (3.16) we find that

0= A"gy+ A" " (AL)g, + - -+ A(A"'L" Vg, + A"L" @,

which implies immediately that ¢,, = 0, contradicting our assumption that
¢, Was primitive. Thus the decomposition (3.12) is unique.

To see that (3.13) holds we proceed in a similar manner. Let the p-form
¢ have the decomposition

p=¢o+ Lo+ + L"pn,
where ¢; are primitive (p — 2j)-forms. Then
Ao = A"y + A" N(AL)g, + -+ A"L" g,
=0+ +0+cpnu,

and so
on = (1/cn) A" p.
By induction from above, we get formulas of the type (3.13) for each
;,j=0,...,m.
Parts (b) and (c) follow simply from the uniqueness. Namely, for part (b),

we see that
0= me — Z Lm+r§0r'

r=(p—n)*
Since ¢, is primitive, it follows from Theorem 3.11 that Li¢, = 0 if g >
(n — (p —2r) + )T, which implies that L™, = 0 if » < (p —n+m). Thus

we have
0= Y Ue= Y L.

r=(p—n+m)* q=(p+2m—n)*
The total degree of each term is 2m + p, and thus we have a primitive
decomposition of the zero form of degree p + 2m, from which it follows
that ¢,_, = 0,9 = (p+2m —n)*, ie., ¢, =0,r > (p —n+m)*, as desired.
Finally, part (c) is a special case of part (b).
Q.E.D.

Corollary 3.13: Let ¢ be a p-form in AF. Then a necessary and sufficient
condition that ¢ be primitive is that both (a) p < n and (b) L" ?*'p = 0.

This corollary is a simple consequence of the Lefschetz decomposition
theorem (Theorem 3.12).

We now want to prove some fundamental results concerning the relation-
ship between the operators x, L and A which are important in the theory
of Kéahler manifolds. The development we give here is due to Hecht [I]
and differs from the more traditional viewpoint of Weil [1] in that a global
representation of both SL(2,C) and sl(2,C) on the Hermitian exterior
algebra is utilized, leading to some simple ordinary differential equations
which simplifies some of the combinatorial arguments found in Weil [1].
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Let E now be an Hermitian vector space with fundamental form

Q= qu A Vs
n=1

given by (1.9) where {x,, y,} is an orthonormal basis for E’, as before. Now,
if  is any p-form in AF, we let

ey :=nAe
be the operator acting on AF given by wedging with 5. If 5 is a real 1-form,
then we check easily that

(3.17) e*(n) = xe(n)*,
and if {ej, ..., ey} is a real oriented orthonormal basis for E’, we see from
Sec. 1 that

e*(ej)ej, N Nej)=e;p N Nej,
(3.18) . ! ) } :
if ji&{j,...,Jji}, and 0 otherwise.

We note that

n

L=e@) =) e(x)e(,)

n=1

A=e"(R) =) e (e (x).
=1

It is clear that
(3.19) [L,e(n)] =0, for any 5 € AF,
since £ is a 2-form. On the other hand, we claim that
(@ [A,e(x)]=e" (),
(®)  [A, e(y)] = —€"(x),
for w = 1,...,n. We note that (3.20b) follows from (3.20a) by reversing

the role of x,, y, in the definition of the operator L. To see that (3.20a)
holds we consider

[A, el =) e (e (xue(x)) —e(x)) Y e*(v)e" (x,)
(3.21) s st

= e (y))e (x))e(x;) —e(xj)e(yp)e* (x)),
since e(x;) commutes with e*(x,) and e*(y,) for u # j, which follows
readily from (3.18). Now we consider the action of both [A, e(x;)] given
by (3.21) and e*(y;) on monomials, i.e., multiples of products of x;’s and
y;’s. Then we see that if ¢ is a given form, then
V=v1+x; A2+ Y AP+ x5 Ay A Y,

where ¥, ¥, Y3 and ¥4 do not contain x; or y; or a wedge factor. It
follows readily that

(3.20)

[A,e(x)]Yy =3 —x; Ay
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and also that
EONY =3 —x; Ay,
so (3.20b) follows.
Now suppose that  is a (1, 0)-form. Then
(A, e()] = —ie* (),
(A, e(m] =ie* ().
Moreover, if g is a real 1-form, then
(3.23) (A, e())] = —Je ()T .

We see that (3.22) follows from (3.20), since it suffices to consider the special
case of § = x; +iy;. To see that (3.23) is true, we simply note that any
real 1-form can be written in the form 5 = ¢ + @, where ¢ is of type (1,
0), and then one checks that
—ie*({) = —Je" @I,
ie*(n) = —Je*(J "

(3.22)

With these preparations made, we now want to prove two basic lemmas
due to Hecht [1]. We introduce the following operator on AF induced by
the action of SL(2, C) on AF by the representation 7,. Let

# = m,(w) = expGira(X +Y)) = exp(3im (A + L)).

The first lemma shows us that # is closely related to the * operator.

Lemma 3.14: Let 5 be a real 1-form. Then
(3.24) He(m# ' = —iJe (n)J .
Proof: We set, for r € C,
e;(n) = exp(ita(X +Y))ce(n)* exp(—ita(X +Y)),
= exp(it[A + L])*e() * exp(—it(A + L)),

and we note that e, () = #e(n)# . We will see that ¢,(n) satisfies a simple
differential equation with initial condition ey(n) = e(n), which can be easily
solved, and evaluating the solution at r = %rr will give the desired result.
First we let

ad(X)Y = [X, Y]

for operators X and Y. Then one obtains

(3.25) e(n) =Y _(1/kDadklit (A + L)le(n).

k=0

This follows from the fact that if ¢ is any representation of SL(2, C) on
V, then (cf. (3.8))

O_(eA) — el
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i.e., representations commute with the exponential mapping. In this case
o is conjugation by m,, and do is given by ad(x) (cf., Helgason [1] or
Varadarajan [1]), and ada(X +Y) = ad(A + L).

Now ad*(A + L) is a sum of monomials in ad(A) and ad(L). Since
AL = LA+ B,ad(L)e(n) =0, and ad(—B)e(n) = e(y) (since n is of degree
1), we see that ¢,() can be expressed in the form

e(m) =Y a(t)ad“(A)e(n),

t=0
where a;(t) are real-analytic functions in ¢t. Now (3.23) implies that
ad*(A)e(n) =0, for k > 2, since A commutes with J and e*(y). Thus

(3.26) e.(n) = ao(t)e(n) + ai(t)ad(A)e(n).
Let f'(t) denote differentiation with respect to f. Then we see, by
differentiating (3.25), that e,(n) satisfies the differential equation

(@) e/ =i(ad(A)+ad(L))e(n).
(d)  e(m) = e(m).
We can solve (3.27) by using (3.26). Namely, we have
(3.28) e (n) = ay()e(n) + aj(t)ad(A)e(n)
must equal
i(ad(A + L))lao()e(n) + ar()ad(A)e(n)]
= iao()ad(A)e(n) + iar(t)ad (L)ad (A)e(n),
using the fact that ad?(A)e(y) =0, and ad(L)e(y) = 0. But
ad(L)ad(A)e(n) = ad([L, ADe(n) + ad(A)ad(L)e(n)

=ad(—B)e(n) = e(y),

(3.27)

and thus (3.28) must equal
iag(t)ad(A)e(n) +iai(t)e(n).

This will be satisfied if

ay(t) = ia (1),

aj(t) =iay(t).
Then letting ay(t) = cost,a;(t) =i sin ¢, we find that
(3.29) e;(n) =cos t e(n)+i sin t ad(A)e(n)
is the unique solution to (3.27). Letting t = %n in (3.29) yields

exp =1i[A, e(m)],

which by (3.23) gives (3.24) as desired.
Q.E.D.

The next lemma shows the precise relationship between * and # acting
on p-forms.
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Lemma 3.15: Let ¢ € A?F, then
*Q = i”z_”J_l#go.
Proof: The x-operator satisfies
(3.30) *1 =vol = (1/n))L"(1),
(3.31) xe(n) = (=1)e" (),

as an operator on A”F for any real 1-form 5. Relation (3.30) is clear. To
see (3.31), let ¢ € APF, and write

xe(m)p = xe(n)xx '@ = (—1)*" e (n)*p.

Now = is the only linear operator on AF satisfying both (3.30) and (3.31), as
the forms obtained from 1 by repeated application of e(5) span AF. Now let

F =i yg
be an operator defined on AP F. We recall from (3.11) that

(3.32) #a(Y) o = i" s (Y)" g,

(m — k)
where ¢, is primitive of weight m. But ¢y = 1 is a primitive 0-form of
weight n, so we have, using (3.32) for £k =0,

#1 = (i"/n))L"(1).

Thus
¥l =i"@G"/n)L"(1) = vol.

Similarly, if n € ALF, and ¢ € APF, we see that
Fe()g = iPTV " T e (),
— PP T e (n)#
— P )Per(n)J g,
= (=Dre"(m*p,
thus verifying (3.31) for %. Thus * = %.
Q.E.D.

We now have an important relation between x and L" acting on primitive
p-forms (cf., Weil [1]), the proof of which is due to Hecht [1].
Theorem 3.16: Let ¢ be a primitive p-form in AP F, then
!
xL @ = (—1)”<”+1)/2;L"”’”'Jg0, 0<r<n-p.
n—p-—r)!

Proof: Let F, be the subspace of AF generated by {L"¢},0 <r <n—p.
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Then 7|, is an irreducible representation of SL(2, C), and we see by (3.32)

that |
) r! )
#Lrw — " Ln—p—)go.
nm—p-—nr)!

Hence, by Lemma 3.15,
*Lr¢ — l-(p+2r)2—nJ—1#Lr(p

r'

— ipzfnjflinfp : Ln—p—rw
n—p-—r)!

_ _p27[, —152 r! n—p—r

=i J7) —(n— —r)!L Jo

p

_ PPp_ 1\ r! n—p—r

=P r(=1) (n_p_r)!L Jo

— (_1)p(p+1)/2 r! L"_p_’Jgo.
(n—p—nr)!

Q.E.D.

4. Differential Operators on a Kéhler Manifold

Let X be a Hermitian complex manifold with Hermitian metric 4. Then
there is associated to X and % a fundamental form €, which at each point
x € X is the form of type (1, 1), which is the fundamental form associated
as in (1.5) with the Hermitian bilinear form

hy: Ty(X) x T(X) — C,
given by the Hermitian metric.

Definition 4.1: A Hermitian metric 4 on X is called a Kdhler metric if the
fundamental form € associated with % is closed; i.e., dR = 0.

Definition 4.2:

(a) A complex manifold X is said to be of Kdihler type if it admits at
least one Kahler metric.

(b) A complex manifold equipped with a Kdhler metric is called a Kdhler
manifold.

We shall see later that not every complex manifold X admits a Kéhler
metric. On a complex manifold a Hermitian metric can be expressed in
local coordinates by a Hermitian symmetric tensor

h=Y"hu()dz, ®dz,,

where h = [h,,,] is a positive definite Hermitian symmetric matrix (depending
on z); i.e., h = 'h and ‘ihu > 0 for all vectors u € C". The associated
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fundamental form is then, in this notation,

i -
Q= > hu(@)dz, A dz,.
In the notation of Chap. III,

ad ad
h/w(z) =h (av 8_21;) (Z)

Let us first give some examples of Kdhler manifolds.

Example 4.3: Let X =C" and let h =} dz, ® dz,. Then

Q= %Zdzﬂ Adz, = dx, Ady,,
n=l1 n=l1
where z, = x, +iy,,u =1,...,n, is the usual notation for real and imag-
inary coordinates. Then, clearly, d = 0, since £ has constant coefficients,
and hence 4 is a Kdhler metric on C".

Example 4.4: Let w,...,w;, be 2n vectors in C" which are linearly
independent over R and let T' be the lattice consisting of all integral linear
combinations of {w, ..., wy,}. The lattice T acts in a natural way on C" by
translation, z - y +z, if y € T. Let X = C"/T be the set of equivalence
classes with respect to I', where we say that z and w are equivalent with
respect to I if z = w + y for some y € T. By giving X the usual quotient
topology, we see that X is in a natural manner a complex manifoldt and
that its universal covering space is C". We call X a complex torus, and X
is homeomorphic to §' x --- x S!, with 2n-factors. The Kihler metric 2 on
C", given above, is invariant under the action of T on C”; i.e., if y € T gives
a mapping y: C* — C", then y*h = h, where y* is the induced mapping
on (covariant) tensors. Because of this invariance, we can find a Hermitian
metric 2 on X so that if 7: C" — C"/T is the holomorphic projection
mapping, then 7*(h) = h. This is easy to see, and we omit any details here.
Moreover, 7 is a local diffeomorphism, and hence in a neighborhood U
of a point z € C", we have 7y := 7|y is a biholomorphic mapping. Hence
(T Yenly = ﬁ|ﬂ<y), and similarly for the corresponding £ and Q. Since d
commutes with (; h*, we have

d®|,w) = (r;")*d®|y = 0.
Then h defined on X is a Kihler metric, and all complex tori are then
necessarily of Kéhler type.

Example 4.5: One of the most important manifolds of Kéahler type is
P,. Let (%, ...,&,) be homogeneous coordinates for P,, and consider the
differential form €,

l, |E|2 i dat AN dé/l. - ioéu‘fvdgu A déu

~ =0 M=
Q=-—"
2 &1*

tSee Proposition 5.3 for a proof of this fact.
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where we have let [§|* = &+ - -+£&7, as usual. This form is the homogeneous

representation for the curvature form of the universal bundle over P, with

the standard metric on the frame bundle [except for sign; see equation (4.3)

in Chap. IIT]. In particular, then, € defines a d-closed differential form

on P, of type (1, 1). In terms of local coordinates in a particular coordinate
system, for example, .
J

&’

w; j=1,...,n,

we can write € as

(I +|w? Y. dw, Adw, — Y. w,w,dw, Adw,
n=1

1 o=l
Qu) = -
=3 (1 + [w]?)?

Thus the associated tensor
h= (D" huWdw, ®db,)(1 + w7

has for coefficients (ignoring the positive denominator above)

h;w(w) =(1+|w|2)6uu_ﬂ)uwua M,V = I,...,n.

It is easy to see that h= [h,,] is Hermitian symmetric and positive definite.
In fact, suppose that u € C". Then

tﬁl’;u = Zhuvuu’/_‘v = Z(l + |w|2)8;wuuﬁu - (Z II),U.M;L)(Z wvﬁu)
I v

L,V n,v
= |ul® + luPlwl* — (@, @) (w, ),
letting (,) denote the standard inner product in C". Hence by Schwarz’s
inequality we have -
"hu > |ul?,

and hence h is positive definite. It then follows that 4 defines a Hermitian
metric on P, (which is called the Fubini-Study metric classically). Since € is
a closed (1, 1)-form on P,, as noted earlier, we see that 4 is, in fact, a Kahler
metric. This Kdhler metric is invariant with respect to transformations of
P, induced by unitary transformations of C"*! — {0} onto itself, a property
which will not concern us too much but which is important from the point
of view of homogeneous spaces.

The next proposition combined with the above basic examples gives many
additional examples of Kahler manifolds.

Proposition 4.6: Let X be a Kéhler manifold with Kdhler metric 4 and
let M be a complex submanifold of X. Then & induces a Kéhler metric on
M, and with this metric M becomes, therefore, a Kdhler manifold.

Proof: Let j: M — X be the injection mapping. Then i, = j*h defines

a metric on M, and j*Q = R, is the associated fundamental form to

hy on M. Since d ) = j*d® = 0, it is clear that 2, is also a Kéahler
fundamental form.

Q.E.D.
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In terms of the differential operators d, 9, and d on a Hermitian manifold,
we can define the following Laplacian operators,

A =dd* +d*d
0=090"+9%0
O=1090" 4 0*0,

of which the first and last will play an important role in our study of Kéhler
manifolds later in this chapter. Note that O is the complex conjugate of
the operator O, thus justifying the notation. What can we say about the
relation between the Laplacians A and 0? In general, not too much,t but
on Kéhler manifolds there is a striking relationship. Recall that an operator
P: &%(X) — &*(X) is said to be real if P¢ = P@, ie., P = P.

Theorem 4.7: Let X be a Kéhler manifold.f If the differential operators
d,d*, d,9% 0,0* 0,0, and A are defined with respect to the Kéhler metric
on X, then A commutes with *,d, and L, and

A =20=200
In particular,

(a) O and O are real operators.
(b) A|gl),q2 Sp,q —> Ep,q.

Remark: Neither (a) nor (b) of the above theorem are true in general
and these properties will imply topological restrictions on Kéhler manifolds,
as we shall see in the next section.

To prove Theorem 4.7, we shall first develop some consequences of the
representation theory from Sec. 3 as applied to the study of the interaction
of the operators d and 9 and their adjoints. The operators L and L* will be
used as auxiliary tools in this work§ and we shall also use the concept of
a primitive differential form on a Hermitian complex manifold X. We shall
say that ¢ € E7(X) is primitive if L*¢ = 0, and we shall denote by £7(X)
the vector space of primitive p-forms. All the results of Sec. 1 concerning
primitive forms on an Hermitian vector space then apply to the primitive
differential forms.

We also define the operators

d.=J'd] =wJdJ
& =J'a"J =wJd"J,

TThere is a relationship which involves the forsion tensor; cf. Chern [2] or Goldberg [1].

iNote that we do not necessarily assume compactness here. In the noncompact case,
we assume that the formal adjoints are given by 8* = —%d%, etc. (cf. Propositions 2.2 and
2.3), which would be the formal L2-adjoints for forms with compact support on an open
manifold.

§Note that L* = wxLx (cf. Sec. 1) can be shown to be identical with the L2-formal
adjoint of the linear operator L [for the Hodge metric on A*T*(X)] in the same way that
8* = —%0% is derived as in Proposition 2.3.
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a twisted conjugate to d. These are real operators which are useful in
applications involving integration and Stokes’ theorem, and this is one reason
for introducing them. For instance, if we let d, act on a function ¢, we have

do=wJdJy
= (—=1)J (3¢ + dp)
= (=D (idp — i0gp)
= —i(0 — d)g,

and we could use this last expression for d. as a definition. From
d., = —i(0 — 9), it follows immediately that
(4.1) dd. =290,
which is a real operator of type (1, 1) acting on differential forms in £*(X).

We now have an important theorem concerning the commutators of these
various operators.

Theorem 4.8: Let X be a Kédhler manifold. Then

(@) [L,d]=0,[L",d"]=0.
(b) [L,d*]=d.,[L*,d] = —d;.

Proof: Part (a) is simple and follows from the fact that the fundamental
form 2 on X is closed, the basic Kadhler assumption. The second part of (a)
is the adjoint form of the first part. Similarly, the second part of (b) is the
adjoint statement of the first part, and the first statement holds if and only
if the second statement holds. Let us show then that

L*d —dL* = —J'd*J.
Letting L* = A as before, we see by Proposition 2.3 that
d* = (—1)""'xdx~!, acting on p-forms.
Now let ¢ be a p-form on X; then we find that, from Lemma 3.15,
#o = i’p2+”J>|<go,
#4%0 _ i(2n7p)27n*71]71(p _ ipzfn*fljflgo.
Therefore we see that
#d# g = i T g
=i i Jxdx' T g
4.2) =i J[(—=D)" xdx T e
=iJd"J .
Now let
d, = explita(X + Y)] od o exp[—ita(X + Y)]
= explit (A + L)] od o exp[—it(A + L)].
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Just as in the proof of Lemma 3.14, we have

oo

d, =Y (1/kYad"[it(A + L))d
k=0
and, since ad(L)d = 0, by the Kiahler hypothesis,
(4.3) d, =Y a(t)ad" (A)d,

k=0
where a,(t) are real-analytic functions of t. Now d,,, is an operator of
degree —1, which implies that

4.4) dypp = ay(/2)ad(A)d,
since all other terms in the expansion (4.3) are operators of degree
+1,-3,-5,..., etc., and the expansion clearly has only a finite number

of nonzero terms. But then it follows from (4.2) and (4.4) that iJd*J ™' is
proportional to ad(A)d, and hence that ad*(A)d = 0 for k > 2, since A
commutes with d* and J. Thus

d; = ap(t)d + a,(t)ad(A)d,
and just as in the proof of Lemma 3.14, we conclude that
d, = (cost)d +i(sint)ad(A)d,

and now the theorem follows by letting ¢ = 7 /2 and observing that Jd*J ' =
—JtaxJ.
Q.E.D.

Corollary 4.9: Let X be a Kéhler manifold. Then
[Lvdc] = 07 [L*»dj] = 01 [Ladc*] = _ds and [L*»dc] =d".
Proof: This follows easily from Theorem 4.8, since the operator J com-

mutes with the real operators, L, L*, and so (d.). = —d and (d}). = —d*.
Q.E.D.

Considering the bidegree structure of the differential forms, we obtain
the following corollary to Theorem 4.8.

Corollary 4.10: Let X be a Kdhler manifold. Then
[L,0]=[L,d]=[L*0*]=[L*0"]=0
4.5) [L,3*]=id,[L,03"]=—id
[L*, 8] =id*, [L*, 3] = —id".
d*d, = —d.d* = d*Ld* = —d_.L"d,
dd* = —d*d = d*Ld* = —dL*d

(4.6) _ _ o
00" = —0%0 = —i0"Ld* = —idL*0

90" = —9%0 = i9*Lo* = idL"*d.
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Proof:  Equations (4.5) follow from Theorem 4.8 by comparing bidegrees
and using the fact that d. = i(d — 9).
To obtain (4.6) we use, for example, d* = [L*, d.] as follows:

d*d. = L*d.d, —d.L*d, = —d.L*d.
—d.d* = —d,L*d, + d.d.L* = —d,L*d,,

and so
d*d, = —d.L*d, = —d.d*.

Similarly for the others, setting d. = [L, d*], etc.
Q.E.D.

Using the above results, we are now in a position to prove Theorem 4.7
concerning the Laplacians on a Kahler manifold.

Proof of Theorem 4.7: 1t is clear from the definition of d* and A that A
commutes with d and *. So we have to see that LA — AL vanishes. We have

AL — LA =dd*L +d*dL — Ldd* — Ld*d
=dd'L+d*Ld —dLd* — Ld*d
= —d[L,d*]—[L,d"]d,
and substituting, from Theorem 4.8, we obtain
AL — LA =—dd.—dd.

It follows from (4.1) that dd, = —d.d, since 99 + 99 = 0; thus we obtain
AL—-LA=0.

To prove the relationship between A and the other Laplacians, we write,
using Corollary 4.9,

A =dd*+dd=d[L*d.]+[L*d.]d
=dL*d, —dd.L*+ L*d.d —d.L"d.

Note that all the information about the metric in the operator A is con-
tained in the operator L*, since d and d. depend only on the differentiable
and complex structure, respectively. Multiply on the left by J~' and on the
right by J; we obtain

A.=—d.L*d +d.dL* — L*dd, + dL*d,.

But since d.d = —dd., we have that A = A_, in a trivial manner.
We now write (noting that 20 = d + id,, etc.)

4(00" +9%0) = (d +id,) (d* —id})
+ (d* —id}) (d +id,)
= (dd* + d*d) + (d.d’ +d’d,)
+i(dd* +d*d;) — i (dd: + d’d).
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By (4.6) in Corollary 4.10, we see that the last two parentheses vanish. We
also have
A =J'AJ =J7"dd* T +J7'd*dJ
=dd’ +dd..
Therefore we have
4O0=A+A.+0
=2A.
Thus, 200 = A. The other assertion is proved in a similar manner. The fact
that A is of bidegree (0, 0) follows now trivially from the fact that [J is of
bidegree (0, 0). Similarly, since A is a real operator, (J and [ must also be
real operators.
Q.E.D.

Corollary 4.11:  On a Kéhler manifold, the operator A commutes with J,
L*,d,9d,0,0*% and d*.

Since L* commutes with A on a Kahler manifold, we have an analogue
to Theorem 3.12. On a Kiahler manifold X, A-harmonic differential forms
are the same as, by Theorem 4.7, (J-harmonic or O-harmonic forms, and
we shall say simply harmonic forms on X, to be denoted by H"(X) and
Hr4(X) as before. We shall denote by H;(X) and H}?(X) the primitive
harmonic r-forms and (p, q)-forms, respectively; i.e., H;(X) is the kernel
of the mapping L*: H'(X) — H ~2(X) and H¥(X) is the kernel of the
mapping L*: HP9(X) — HP~14~1(X). These maps are well defined since
L* commutes with A.

Corollary 4.12: On a compact Kdhler manifold X there are direct sum
decompositions:
K (X) — Z Lsg_(gfls (X)
s>r—n)t
HX) = Y LHTTX).

s=(p+g—m)T
This result follows immediately from the primitive decomposition theorem
(Theorem 3.12) and the fact that A commutes with L and L*.

Our last corollary to the Lefschetz decomposition theorem is the following
result, also due to Lefschetz.

Corollary 4.13: Let X be a compact Kéhler manifold, then
L"P =e(R""): H(X,C) — H* (X, C)
is an isomorphism, where € is the Kéhler form on X.
Remark: This implies the Poincaré duality theorem (Theorem 2.5) in this

context, and is referred to in algebraic geometry as the “strong Lefschetz
theorem” (cf., Grothendieck [1]).
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Proof: This is an immediate consequence of part (c) of the Lefschetz
decomposition theorem (Theorem 3.12), where we represent the cohomology
groups by harmonic forms as in Corollary 4.12.

Q.E.D.

Remark: The basic result of this section is Theorem 4.7, and we shall
develop its consequences in the next section. The derivation of this result was
based on Theorem 4.8 and its corollaries, and this depended in turn on the
representation theory of Sec. 3. However, the statement of Theorem 4.7 does
not involve the representation theory, and there are alternative methods of
deriving Theorem 4.8 (from which then follows Theorem 4.7) which do not
involve this concept. One basic approach is the following one. Suppose that

i -
Q= 5 Z:h,w(z)dzM AdzZ,

is the fundamental form on a Kéhler manifold for z near 0 in some appro-
priate coordinate system. By a linear change of coordinates, one can obtain
easily that the matrix h(z) = [h,,(z)] is the identity at z =0

h;w (0) = Slw

or
h(z) =14+ O(|z]).

By using the fact that d = 0, one finds easily that the coefficient matrix

satisfies the differential equations

0h 0Ny,
&Wm=8;@» Wk =1,....n

@7 ah A 8h#
E?@=Eg%a wov ko =1,....n.

A v

By making a new (quadratic) change of variables of the form
. 1
=ty Z AlpZaZp,
a.p

where [Agﬁ] is a symmetric (in «, 8) complex matrix (for fixed ©), one can
choose the coefficients Aj,; [by using the differential equations (4.7)] so that

dhyg,
024

Aty = —

(0),

and it will follow that
h(z) =1+ 0(z);

i.e., all the linear terms in the Taylor expansion of # at 0 vanish. Such a
coordinate system is called a geodesic coordinate system. At the point 0,
one can derive Theorem 4.8 by ignoring the higher-order terms, since in the
commutator only first-order derivations of L and L* will appear. Then one
is reduced to proving the commutator relations in C" with the canonical
Kéhler metric as in Example 4.3. This is not difficult but will involve a sort
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of combinatoric multilinear algebra similar to that developed in Sec. 1 in
going back and forth between the real and complex structures.

One can also prove the Lefschetz decomposition theorem for differential
forms on a Kihler manifold independent of the representation theory of
sl(2, C), per se, and then use this to prove the basic Kihler identities. This
is the approach followed by Weil [1].

5. The Hodge Decomposition Theorem
on Compact Kihler Manifolds

In this section we shall derive the Hodge decomposition theorem for
Kéhler manifolds and give various applications. Let X be a compact complex
manifold. Then we have the de Rham groups on X, {H" (X, C)}, represented
by d-closed differential forms with complex coefficients, and the Dolbeault
groups on X, {H"9(X)}, represented by d-closed (p,q)-forms (Sec. 3 in
Chap. II). We have seen that these vector spaces are finite dimensional
(Sec. 5 in Chap. IV). Moreover, there is a spectral sequence relating them
(Frohlicher [1]). However, in general, if ¢ is a d-closed (p, ¢)-form on X,
then ¢ need not be d-closed, and, conversely, if ¢ is a d-closed r-form on
X and ¢ = "0 + "M ... 4 4% are the bihomogeneous components
of 1, then the components ¥ need not be d-closed. On manifolds of
Kahler type, however, such relations are valid, as we see in the following
decomposition theorem of Hodge (as amplified by Kodaira).

Theorem 5.1: Let X be a compact complex manifold of Kahler type. Then
there is a direct sum decompositionf

(5.1) H'(X,C) = Z H™ (X)),
ptq=r

and, moreover,

(5.2) HP(X) = H"P(X).

Proof: We shall show that
H(X) = ) HMX),

ptq=r

and then (5.1) follows immediately. Suppose that ¢ € H"(X). Then Agp =0,
but 200 = A, by Theorem 4.7, and hence Uy = 0. But ¢ = ¢"0 4 .- 4 ¢°"
(writing out the bihomogeneous terms), and, moreover,

szﬁwr,o_i_”._‘_ﬁwo.r'

fStrictly speaking, there is an isomorphism H"(X,C) = Z/9+q=r HP49(X), and it is
easy to verify that the isomorphism is independent of the choice of the metric. We shall
normally identify H?9(X) with its image in H” (X, C) under this isomorphism. When both
the Dolbeault groups and the de Rham groups are represented by harmonic forms for the
same Kéhler metric, then we have strict equality, as we see in the proof of the theorem.
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Since O preserves bidegree, we see that Oy = 0 implies that Cp™* = - =
Og%" =0, and therefore there is a mapping

T H(X) — > HX)
ptq=r

given by ¢ — (¢, ..., ¢*"). The mapping is clearly injective, and, more-
over, if ¢ € H74(X), then Op = 1Ag = 0, which implies that ¢ € H7*7(X),

and thus 7 is surjective, proving (4.1).
Assertion (5.2) follows immediately from the fact that O is real (Theo-
rem 4.7) and that conjugation is an isomorphism from £77(X) to £97(X).
Q.E.D.

Remark: One can also prove Theorem 5.1 by showing that the spectral
sequence relating the Dolbeault and de Rham groups degenerates at the
E, term (see Frohlicher [1] and the appendix to Griffiths [4]). This proof
also makes heavy use of the differential operators A, 0 and the harmonic
representation of the de Rham and Dolbeault groups. This approach, via
spectral sequences, deserves mention because there are examples, namely
K-3 surfacest where one does not know (yet) whether they are Kéhler in
general or not.i However, one can show by other means that the spectral
sequence degenerates, and one still obtains a Hodge decomposition, and
this in turn is useful in the study of the moduli problem for K-3 surfaces.

As a consequence of the Hodge decomposition theorem, we have the
following relations for the Betti numbers and Hodge numbers of a Kéihler
manifold. Recall that we set (see Sec. 5 in Chap. 1V)

b.(X) =dimcH" (X, C), h"1(X) = dimcH”?(X).
Corollary 5.2: Let X be a compact Kidhler manifold. Then

@ b(X) =3, hP(X).

(b) hP4(X) = heP(X).

(¢) b,(X) is even for ¢ odd.

(d) A"(X) = 1b/(X) is a topological invariant.

These results are a simple consequence of the preceding theorem. We shall
see shortly that there are examples of compact complex manifolds X which
violate property (c), and hence such manifolds are not of Kéhler type. Thus
Corollary 5.2 places topological restrictions on a compact complex manifold
admitting a Kahler metric. We already know that any such manifold always
admits a Hermitian metric.

TA K-3 surface is a compact complex manifold X of complex dimension 2 such that
(a) H'(X,0x) =0 and (b) A2T*(X) = K, the canonical bundle of X, is trivial; see, e.g.,
Kodaira [3] and Safarevi¢ [1], Chap. 9.

iIn 1983 Yum-Tong Siu showed that K-3 surfaces are Kahler (Y.-T. Siu, “Every K-3
Surface is Kéhler,” Invent Math. 73 (1983), no. 1, pp. 139-150.
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The simplest example of a non-K&hler compact complex manifold is given
by a Hopf surface, which we shall now construct. First, we recall one of the
basic ways of constructing compact complex manifolds in general, namely,
“dividing a given manifold by a group of automorphisms,” an example being
the complex tori considered in Sec. 4. Let X be a complex manifold and let
I’ be a subgroup of the group of automorphisms of X (an automorphism of X
is a biholomorphic self-mapping of X onto itself). We say that T is properly
discontinuous if for any two compact sets K, K, C X, y(K,) N K, # @, for
only a finite number of elements y € I'. The group T is said to have no
fixed points if for each y € T — {e} (e = identity in T) y(x) # x for all
x € X. We let X/T be the set of equivalence classes with respect to the
action of the group I'; i.e,, x and y € X are equivalent (with respect to I')
if x = y(y) for some y € I'. Let X/I" have the natural quotient topology
given as follows: A basis for the open sets in X/T is given by the projection
of the open sets in X under the natural projection mapping 7: X — X/T.

Proposition 5.3: Let X be a complex manifold and let I be a properly
discontinuous group of automorphisms of X without fixed points. Then
X/T is a Hausdorff topological space which can be given uniquely a com-
plex structure, so that the natural projection mapping 7: X — X/I is a
holomorphic mapping, which is locally biholomorphic.

Proof: Let N be any compact neighborhood of a point x, € X. Then
there exists only finitely many elements y € I' so that y(xy) € N. This
follows immediately from the definition of properly discontinuous, letting
K, and K, = N. Thus for each point xy € X there exists an open neigh-
borhood N, so that y(Ny) N Ny = & for all y € T — {e}. Then, clearly,
y(Ny) will be a neighborhood of y(xy) with the same property; i.e., ¥ (No)
is the only translate of Ny, by I that meets y(Ny). Let yo = m(x¢). Then,
clearly, Wy = m(Ny) = (U, ery(Ny)) is a neighborhood of yy. If y; # yy is
a second point in X/T, then letting x; be any point in 7w ~'(y;), we can find
a neighborhood N; of x| so that: (a) y(X,) € N, for all y € T —{e} and (b),
NiNy(No) = @, for all y € I'. Thus 7 (U, cry(Ny)) is an open neighborhood
W, of y; which does not intersect Wy, and hence X/T is Hausdorff. We can
use these neighborhoods as coordinate charts near the point y,. Namely, N,
is homeomorphic to W, under 7 since 7|y, is one-to-one, open, and contin-
uous. Moreover, if W, and W, are two such coordinate systems near y, and
yi and Wy, N W, # &, then there exists a y € T so that the corresponding
y(Ng) N Ny # &, and thus the overlap transformation will be of the form

Y Ingy—1avpt No N y ' (N)) — y(No) N Ny,

which is a biholomorphic mapping. Hence we have a complex structure,
and the mapping 7 is clearly holomorphic and locally biholomorphic. The
uniqueness is easy to verify, and we omit the proof.

Q.E.D.
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Classical examples of complex manifolds constructed in this manner are

(a) Riemann surfaces of genus g = 1 (elliptic curves), where X = C and
I' is a two-dimensional lattice in C generated by two periods independent
over R.

(b) Complex tori (see Example 4.4). (a) is a complex torus of one
complex dimension.

(c) Riemann surfaces of genus g > 1, where X = unit disc in C and
I' is a properly discontinuous fixed point free subgroup of the group of
automorphisms of X (which are all fractional-linear transformations of the
unit disc onto itself, i.e., Mobius transformations).

Remark: 1f we omitted the assumption that I' had no fixed points in
Proposition 5.3, then X/I' can still be given a complex structure as a
complex space (a generalization of a complex manifold) with singularities
at the image of the fixed points (see Cartan [1] for a proof of this).

To construct an example of a Hopf surface, we proceed as follows. Con-
sider the 3-sphere S° defined by {z = (z1,22) € C?: |z1)* + |z2]> = 1}, and
then we observe that there is a diffeomorphism

f: 83 x R— C? — {0}
given by
@, 22,1) = (e'z1,€'22)
for (z1,22) € 8* € C2,t € R (i.e., we are shrinking and expanding S* in

C? by the parameter ¢ exponentially). The infinite cyclic group Z acts on
$3 x R in a natural manner, namely,

(ZI’Z27Z)—) (leZth"i_m)v fOI‘mGZ,

and it is clear that the quotient space under this action (defined as above)
(S xR)/Z is diffeomorphic to $3 x S!. Under the diffeomorphism f we can
transfer the action of Z on S* x R to an action of Z on C? — {0}. Namely,

(21,22, m) = (€"21,€"22)

for (zy, z2) € C*—{0} and m € Z. Moreover, for a fixed m € Z, the mapping
above is an automorphism of C?—{0}. Thus the action of Z on C>—{0} is the
action of a subgroup T’ of Aut(C?>—{0}), which, it is easy to check, is properly
discontinuous without fixed points (the orbit of a point under T is a discrete
sequence of points with limits at 0 and oo). Since the action of the groups Z
and T commutes with the diffeomorphism, we have the commutative diagram

f
SxR — C2—-{0}
b
(8 xR)/Z — (C*—{0h/T

ll2 II2
$3x ! X,
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where the vertical arrows are the natural projections. By Proposition 5.3
we see that X is a complex manifold which is diffeomorphic under f to
$3 x §' (and this is compact). An integral basis for the homology of $* x S!
is given by the factors S', S* in those dimensions, and we have the Betti
numbers

bo(X) = bi(X) = b3(X) = bs(X) =1

by(X) =0.

In particular, b;(X) = 1, and hence X cannot be Kéhler, since odd degree
Betti numbers must be even on Kahler manifolds. A deep result of Kodaira
[4] asserts that any compact complex manifold which is homeomorphic to
S' x §* is of the form (C? — {0})/T for some appropriate T' chosen in a
manner similar to that of our example. Such manifolds are called Hopf
surfaces.

We would like to give one last important example of Kéhler manifolds.

Theorem 5.4: Every complex manifold X of complex dimension 1 (a
Riemann surface) is of Kahler type.

Proof: Let g be an arbitrary Hermitian metric on X. Then it suffices
to show that this metric is indeed a Kéahler metric. But this is trivial, since
the associated fundamental form  is of type (1, 1) and therefore of total
degree 2 on X. Since X has two real dimensions, it follows that d@2 = 0,
since there are no forms of higher degree.

Q.E.D.

Suppose that X is a compact Riemann surface. Then we have, by the
Hodge decomposition theorem for Kahler manifolds,
H' (X,C) = H°(X) ® H*'(X).
Moreover, h1°(X) = h%!(X), and hence 2h"°(X) = b;(X). Thus A"°(X) is a
topological invariant of X, called the genus of the Riemann surface, usually
denoted by g.

6. The Hodge-Riemann Bilinear Relations
on a Kihler Manifold

In this section we want to study the structure of the de Rham groups on
a Kéhler manifold. If X is a Kdhler manifold, then the fundamental form
® on X determines the Lefschetz decomposition,

(6.1) H'(X.O)= » L'H™(X.C),

s>(r—n)t
where H’ (X, C) is the vector space of primitive cohomology classes of degree
r. This follows immediately from the harmonic forms representation of the
de Rham group and Corollary 4.12. Since we represent the cohomology ring
H*(X, C) by differential forms, we shall write & A 5 for the product of two
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cohomology classes, where we mean by this the following: If ¢, ¢ € Z*(X, C),
the d-closed differential forms, and [¢], [¥/] are the classes of ¢ and v in
H*(X, C), then [¢] A [¥] is defined by [¢ A ¥], and it is easy to verify that
this cohomology product is well defined and, moreover, satisfies £§ Ay =
(—1)des &degny A £ If @ is the fundamental form on X, let w = [R]; then
we define
L. H(X,C) —- H*(X, O)

by L() = w A &. Thus the Kéhler structure on X determines the linear
mapping L on cohomology. However, the mapping L depends only on the
class w and not on the differential form representing it (nor on the metric
inducing ); any cohomologous differential form would give the same result.
The existence of a Kéhler metric therefore implies the existence of a linear
mapping L: H*(X, C) — H*(X, C), which is real, i.e., L is actually defined
on H*(X, R), and, moreover, the above Lefschetz decomposition (5.1) holds.
The primitive cohomology classes H!(X,C) C H' (X, C) are those satisfying
L'+ =0, as before. The point we wish to make here is that the existence
of L and of the decomposition (6.1) is a topological necessity that a (say,
differentiable or topological) manifold admit a Kéahler complex structure.
This is analogous to and related to the requirement that odd degree Betti
numbers must be even for Kidhler manifolds.

Suppose that such an L exists on a compact oriented differentiable
manifold of real dimension 2n, i.e.,

L: H(X,R) > H(X,R), r=0,...,2n -2
and
H (X,R) = Z L'H>(X,R),
s>(r—n)t

where H? (X, R) is the kernel of the mapping
L HP(X,R) - H* "**(X,R), p <n,

and L is extended to the complexification by linearity. We want to introduce
a bilinear form on H" (X, R) as follows: For &, 5§ € H (X, R), we let

62 Qem= Y e [,
s2(r—n)* X

where & = > L*¢, and n = )_ L'y, are the primitive decompositions of &
and 5, respectively. In the case where X is a Kéhler manifold, the quadratic
form above is well defined by the fundamental form 2. However, we do not
assume for the present that X is Kédhler to emphasize the topological nature
of the quadratic form Q above. Such a quadratic form was first introduced
by Lefschetz in the context of a projective algebraic variety and then reinter-
preted in the same context (for a projective algebraic manifold) by Hodge for
de Rham cohomology represented by harmonic differential forms. The qua-
dratic form Q is a sort of intersection matrix for cycles in X, and the signs
reflect the decomposition induced by L. As we shall see, O will have many
important properties and applications, but first we want to discuss it from
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an intuitive and geometric point of view. Suppose that dimgX = 2. Then
we have, for H'(X, R),

Q<s,n>=—/sm;,

since H'(X,R) = H}(X,R) and n =r = 1. Thus, if {&,} is a real basis for
H'(X,R) and if we let {£,} be a dual basis for H'(X, R)x = H,;(X, R), then
{€,} can be represented by geometric 1-cycles on X, which in turn can be
represented by an algebraic sum of oriented closed curves T', on X. Then the
matrix Q(&,, &) = Qqp can be represented by (and is the same as) the inter-
section matrix (I',-Tg), which is defined by I', - T's = the algebraic sum of the
number of intersections of I',, with I'z, assuming that they are in general posi-
tion, meeting only in a finite number of points. The sign of the intersection
number is given by whether the local orientation of the intersecting curves
agrees or disagrees with the orientation of X. This was, in fact, the context
in which Lefschetz worked (see Lefschetz [1] or Hodge [1], where higher-
dimensional intersections are also considered). The interaction between the
two points of view is very important (especially in algebraic geometry), but
in this book we shall restrict ourselves primarily to a discussion of the coho-
mology groups H*(X, C), defined by differential forms, and deduce what
we can from the existence of a Kéhler metric and other considerations.

Suppose now that X is a compact Kéahler manifold with fundamental
form € and that we have the Lefschetz decomposition as given by (6.1)
and the quadratic form Q defined by (6.2), which we extend to H" (X, C)
by complex-linearity. Since X is a Kéhler manifold, there is a bigrading on
H*(X, C) induced by the complex structure; i.e.,

H'(X,0) = ) H"(X),
ptq=r
given by the Hodge decomposition, Theorem 5.1. The linear operator J =
ZM i?P7911, , is well defined on H" (X, C), where I1, , denotes projections
onto H”9(X) (¢f Sec. 1). Then we have the following theorem.

Theorem 6.1: Let X be a compact Kidhler manifold with fundamental form
€ and with the associated quadratic form Q defined by (5.2). Then Q is
a nondegenerate real bilinear form with the following properties: If & and
n € H' (X, C), then

(@ QE.m=(D"0®mé&).
() QW& Jn) = Q¢ .
(© Q¢ . Jp =0, JE).
(d) Q. J8) >0, if & #0.

Proof: Property (a) is obvious from the definition of Q. Property (d)
has as a consequence that the quadratic form Q is nondegenerate, since
Q(&, Jn) is the composition of the bilinear form Q with two isomorphisms
of H"(X, C) onto itself. In a matrix representation of this composition we
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would have the product of the matrices, and since the composition is a
positive definite Hermitian symmetric form, it must have a nonzero deter-
minant. Thus Q0 must have a nonzero determinant with respect to some
basis and hence is nonsingular.

To show property (d), we note that we can rewrite

0c. = Y e Lensr,
X

s>(r—n)t

where the {c¢;} are positive constants. This follows from Theorem 3.16.
Namely, in this case we have (recall that degree 5, = r — 2s)

*ans — (_1)[r(r+l)/2]+schsLn7r+s Jr’s,

where ¢, is a positive constant. Thus we obtain, with ¢, > 0,

06 1B = Y o LsnsLE.
s>@r—n)t X
and this is > 0 since & # 0 implies at least one of the L*&; # 0 and hence the
sum is positive, by the positive definite nature of the Hodge inner product.

The proofs for properties (b) and (c) are similar and will be omitted.
Q.E.D.

Property (a) in Theorem 6.1 tells us that Q is either symmetric or skew-
symmetric depending on whether Q is acting on cohomology of even or
odd degree. It is well known from linear algebra that there are canonical
forms for such quadratic forms. Namely, for r odd, there exists a basis {&,}
for H"(X, R) so that if we let Q(&,, &) = Qup, then the matrix [Q,s] has
the form

(63) [Qup] = [_Olg H ,

where g = %b,.(X ) and I, is the g x g identity matrix [note that it is necessary
that b,(X) be even in this case]. Similarly, if » is even, then there is a basis
{&,} of H"(X,R) so that

(6.4 [Qup] = [’O’ _OIJ ,

and h — k is the signature of the quadratic form Q.

Our next results will show that the subspaces of H"(X,C) on which
Q is positive or negative definite are very much related to the bigrading
of H"(X,C) given by the Hodge decomposition. First, however, we want
to discuss the distinction between primitive and nonprimitive cohomology
classes. We shall be interested primarily in the de Rham groups H" (X, C)
for r < n, since by Poincaré duality the vector spaces H*~" (X, C) for r < n,
are conjugate-linearly isomorphic to H" (X, C) and, in effect, do not contain
any new information.
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Let us compute the primitive cohomology of a simple space, X = P, (C).
We have seen before that

bO(Pn) == bZn(Pn) =1
bl(Pn) == b2n71(Pn) = 07

as is most easily seen by a cell decomposition, and the generators of the
homology groups are given by 0 = P, € --- ¢ P,. The cohomology
groups H*(P,, C) have as basis elements 1, w, ?, ..., ", where € is the
fundamental form of P, and [R] = o is the class of & in H*>(P,, C); i.e.,

Hx(X,0)=C®Co@®Co’ ® --- @ Ca'",

where Cw™ represents the complex vector space spanned by the (m, m) class
o™ in H* (X, C). We claim that the only primitive cohomology classes in
H*(P,,C) are the constants, i.e, H'(P,,C) = C, H"P,,C) = 0,m =
1,...,n. This follows from the fact that @ is not primitive, since

wn—2r+l Ao = Cl)n—r+l ;ﬁ 0 if r > 1.

Thus, in a very easy case, all of the cohomology is determined by primitive
cohomology (the constants) and the fundamental form. In general, on a
compact Kdhler manifold a nonprimitive cohomology class & is of the form

=5 tonbi+ -+ AE,,

where the &; are primitive cohomology classes and w is the fundamental
class, and some &; # 0 for j > 0. How large is Hx*,(X, C) in general? Let
bl = dimcH; (X, C). Then we have the following proposition.

Proposition 6.2: Let X be a compact Kéhler manifold. Then
b (X) =dim H(X,C) = b,(X) — b,_»(X)

for r <n.

Before we give the proof, we note that for projective space we get the
right answer, since b, —b,_» = 0 for r > 1. Similarly, another simple example
(which follows from Proposition 6.2) would be cohomology of degree 2 on
a Kihler manifold X, and we see that in this case b = by, b} = by, and
b2 = by — by = by — 1. Moreover, if  is the fundamental class on X, then
w is of type (1, 1), and hence we have

H*(X,C)= H**(X)® H"'(X) ® H**(X)
=H*(X)® H"'(X) ® Co @ H**(X),

noting that, by dimension considerations, we have H*°(X) = H>*(X) and
H"*(X) = H"*(X); i.e., all of the nonprimitive cohomology is in the middle
and is one-dimensional.

Geometrically, what this means is the following. If X is a smooth complex
submanifold of P, (and hence Kihler), then there are many cycles on X
of the form XNP;,j =0,1,...,n — 1, where P, C --- C P, is the cell
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decomposition of P, (assuming that the intersecting manifold X and P;
are in general position). This determines part of the homology of X; the
remainder of the homology, which is not so determined, is the primitive
part (or as Lefschetz called them, effective cycles). In the case of a complex
surface X C Ps, then, X NP, is (generically) a real two-dimensional closed
submanifold, which is a cycle in H,(X, Z), which corresponds in cohomology
to w € H*(X,Z) (since w is, in this case, an integral cohomology class).
Again, we shall not formally prove this correspondence; we merely mention
it as motivation for the discussion at hand.

Proof of Proposition 6.2: The proposition is clearly true for r = 0, 1,
and so we shall prove it by induction for general r. Suppose that b7 =
by — b, for g =0,...,r — 1. Then let {£”"} be a basis for H,"% (X, C),
i=1,...,b5—b i, j=1,...,[r/21(b; =0, for g <0, by definition),
and consider the set {Lffg‘,.(j)} of classes in H" (X, C). We claim that these
vectors are linearly independent. Suppose that

()
Y oal’E” =0, a;eC,
i

Then we have 0= ZU(Z“U&U))’
J i

and by the uniqueness of primitive decomposition, we obtain ) . «; jéi(j ' =0,
j =1,...,[r/2]. By the linear independence of the {Efj)} in H' % (X, C),
we see that o;; = 0 for all i and j. We claim now that none of the vectors
of the form L/ S,.(j) can be primitive in H" (X, C). To show this, suppose
that & € H~% (X, C), and, moreover, suppose that L/& is primitive; i.e.,
L' +1(L7g) = 0. Then it follows from Theorem 3.12 that £ must be zero.
Suppose that {3, ..., n,,} is a basis for H/ (X, C). Then it follows from the
above remark that the vectors {g,,...,1,, L’ éi(j '} are linearly independent
in H" (X, C). By the primitive decomposition theorem, they clearly span
H'" (X, C), and hence
b(r; =m= br - {(brfz - br74) + (br74 - brfé) + - }

= b, — b
Q.E.D.

It is interesting to note that although the primitive cohomology is defined
via the fundamental class w, the dimensions b/ (X) are topological invariants
of X and independent of the fundamental class w (of course, for j < n).t

We would now like to discuss the restriction of the quadratic form Q for
a compact Kahler manifold X to subspaces of H" (X, C). For reasons which
will become apparent, we shall want to consider Q restricted to the primitive
cohomology Hj(X,C). We have the following important theorem, due to

+The same proof shows that for the Hodge numbers 1”9 we have h}? = pr4 —pr—1a-1,
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Hodge, which generalizes a theorem of Riemann for the case n =r = 1 (in
which case primitive cohomology coincides with cohomology).

To simplify the notation we let P"(X,C) = H!(X,C) and P?4(X) =
H?1(X, C) denote primitive cohomology, and by definition P,(X, C), etc.,
will be the dual primitive homology groups (the effective cycles of Lefschetz).

Theorem 6.3: Let X be a compact Kidhler manifold, let P"(X,C) =
ZPH:r PP4(X) be the primitive cohomology on X,r = 0,...,2n, and
let O be the quadratic form on P"(X, C) given by (6.2). Then

(a) QP9 Pr=) = 0(q # ).
(b) i (=1)7Q(Pr=1, pr=ia) > (.

Here (a) means Q(&,9) =0 for & € P"7%% and 5 € P*"*, and (b) means
that _
i7(—DIQ(E,8) >0, for all nonzero & € P7794,

Proof: First we observe that Q restricted to P"(X,C) has a simpler
form, namely,

(6.5) Q(&, ) = (—1)y v+ / L&Ay, EnmeP (X0
X

and as in the proof of Theorem 6.1, we have
w1 = (=D)L Iy, o> 0,

as given by Theorem 3.16. Substituting in, we find that
0. =ai [ €nm
X

if p € P**. Now, for part (a), suppose that £ € P"~%9 and n € P*"~,q #s.
Then we have

0E 1) = coi”™ / £ A,
X

and & and p have different bidegrees, by assumption, and so, by Proposi-
tion 2.2, Q(&,n) = 0. Similarly, if £ € P"~%49 and & # 0, then we see that
i7" = 7" (=1)?, and thus

T~ Q. F) = Co/ £ ASE > 0.
X
QE.D.

We shall call the relations in Theorem 5.3 (a) and (b) the Hodge-Riemann
bilinear relations. These play an important role in the study of the moduli of
algebraic manifolds (cf. Griffiths [1], [3]). They are the natural generalization
of the Riemann period matrix of a Riemann surface or of an abelian variety
(cf. Sec. VI.4). These topics will be discussed briefly in the remainder of this
section in connection with the general moduli problem for compact complex
manifolds. The reason we restrict our attention to primitive cohomology in
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Theorem 6.3 is that the corresponding quadratic form in (b) for the full
Dolbeault group H”?(X) contained in the full de Rham group H" (X, C) is
an Hermitian symmetric form which is nondegenerate, but it is no longer
positive definite, in general (cf. Hodge [1]). Since the primitive cohomology
generates the full cohomology by means of the fundamental class w, there
is no essential loss of information.

Remark: 1If X is a compact Kédhler manifold of even complex dimension
2m, then one can use the above type of considerations to show that the
signature of the underlying topological manifold, which is the same as the
signature of the quadratic form

A, 17)=fEM7, & meH"(X,R),
X

can be computed in terms of the Hodge numbers i”7(X). More precisely,

one has
o(X) =Y (=D)Ph"(X) = Y (=D’h"(X),
g p=4(2)

where o (X), the signature of X, is the difference between the number of
positive and negative eigenvalues of the (symmetric, nondegenerate) qua-
dratic form A, and, as is well known in algebraic topology, is a topological
invariant of such a real 4m-dimensional oriented topological manifold (see,
e.g., Hirzebruch [1]). For more details see Weil [1], p. 78.

Let X be a compact Kdhler manifold and consider the Hodge decom-
position of the primitive cohomology group of degree r,

P'(X.C)= ) PM(X).
pt+q=r
Then we have the subspace relation
PP9(X) C P"(X,C),

and we note that Theorem 6.3 imposes restrictions that subspaces be of
this form. Let ¢ = {¢', ..., ¢"} be a basis for P77(X), where h = h?(X),

and let y = {y1,...,7,} be a basis for P"(X,R) with dual (real) basis
y ={y,..., ¥} for P.(X,R). For instance, we can choose the basis y so

that Q in terms of this basis has the canonical form (6.3) or (6.4) depending
on the parity of r, but this is not necessary for our discussion here. We
can express ¢* in terms of the basis y, namely,

b
o ~
2 :E Woo Vo
o=1

and we can integrate this relationship over the cycles {y,}, obtaining

/ goa: Zwaa/ 790 = Wyp
Yp o Yo

since y and y are dual bases and the duality pairing is given (via de Rham’s
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theorem) by integration of differential forms over cycles. Thus we have a
matrix | |
/, n? /. w?
Q= (wy) =] - : ;

f}’l (ph “.'/.Vh ¢h
which we call the period matrix of the differential forms {¢*} with respect to
the cycles {y,}. It is clear that  is an & x b matrix of maximal rank. We can
now express the Hodge-Riemann bilinear relations in terms of this matrix
representation for the subspace relation P74 C H". Namely, we see that

Q(waa (Pﬂ) = Q(Zwaaﬁav Za)ﬁrf)r)

= Zwota Qo‘rwﬁr = 0»
o, T
and, similarly,

i (=110 ¢ =i (=1)* Y 0uo Qoropr > 0,

which can be expressed in the form (letting Q denote the matrix [Q,.])

(a) QO'R=0.
®b) i (-1)1Q0'Q > 0.

The bilinear relations above were first written down in this form by Riemann
for periods of holomorphic 1-forms (abelian differentials) on a Riemann
surface (Riemann [1]). If we make a change of basis for P”4(X), then
we get another period matrix € which is related to the original € by the
relation = AQ for A € GL(h, C).

If we consider the Grassmannian manifold

Gw(P" (X, 0)),
then the subspace relation P74(X) C P"(X, C) defines a point in the above
Grassmannian manifold. We thus have the association
X — &(X)=(PM(X)C P'(X,C) e G,(P'(X,0)),

where ®(X) is, by definition, the associated point in the Grassmannian,
given by the subspace relation. We call ® the period mapping since the
image point ®(X) can be represented by periods of integrals as above. The
choice of basis {yi, ..., y,} gives us

Gi(P"(X,0)) = G,(C") = G,,,(0),

and the choice of basis {¢i, ..., ¢,} gives us an h x b matrix (the period
matrix) € € M, ,(C), which is mapped onto the corresponding point in the
Grassmannian via the canonical projection mapping

My, ,(C) = G,,,(C)
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(see Chap. 1). The invariant description of the period mapping given above
is due to Griffiths. If the complex structure on X is allowed to vary in
some manner (for a fixed cup product operator L on a fixed topological
manifold Xi,,), then the subspace P”¢(X) C P’(X, C) will vary, although
the primitive de Rham group remains fixed. Thus the variation of the Hodge
group P?? in P’ is a reflection of the variation of the complex structure on
the underlying topological manifold X,.,.T We refer to this generally as a
variation of Hodge structure, and Griffiths has introduced a formulation for
making this variation of Hodge structure precise and in many instances a
true measure of the variation of complex structures (see Griffiths [1], where
he introduces the period mapping, and his survey article [3], which contains
an up-to-date bibliography of the very active work in this field as well as
a long list of conjectures and problems).

We shall introduce here what we shall call a Griffiths domain, which
is a classifying space for Hodge structures and which is chosen in such
a manner that an a priori holomorphic variation of complex structures
induces a holomorphic mapping into the Griffiths domain (a subset of an
appropriate Grassmannian-type domain manifold generalizing the classical
upper half-plane and Siegel’s upper half-space).

Let X be a Kéhler manifold as above and let

Pr(X)= Y PP(X)

prq=r
be the Hodge decomposition for primitive cohomology. Then we define
FFX)=POX)+-+ P (X), s<r,

and we see that

F'CFc.--CcF =P
and we call {F*} the Hodge filtration of the primitive de Rham group P".{ Then
let f* =dimcF*, 0 =[(r—1)/2], and f = (f°,..., f°) ([ ] denotes greatest
integer). We consider the flag manifold F(f, W), where W = P"(X, C); i.e.,
a point in F(f, W) (called a flag) is by definition a sequence of subspaces

FcF'c.--.CcF° cWw,

where . .

dimcF'/ = f].
Thus F(f, W) is a natural generalization of a Grassmannian G, (W), which is
the flag manifold for o = 0 (which is the case if » = 1, for instance). The det-
ailed construction of a flag manifold is analogous to that of a Grassmannian,
and we omit any details here. Now, to a Kéhler manifold X we can

The above discussion works equally well for nonprimitive cohomology, i.e., considering
HP49(X) Cc H"(X,C) as a point in a different Grassmannian. The period relations which
will play a role later are defined only for primitive cohomology, and hence the restriction.
However, by the Lefschetz decomposition theorem, there is no loss of information.

iOne can also define the Hodge filtration of the full de Rham group in the same manner.
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associate the integers f°,..., f° coming from the Hodge filtration, and
there is then a mapping defined,

X — F'X)CF'(X)c---C F'(X) c P"(X,0),

which we then write as
®(X) e F(f, W).

This is Griffiths’ period mapping (Griffiths [1]).

Let X — T be a proper surjective holomorphic mapping of maximal rank
from a complex manifold X to a complex manifold 7. Then X — T is called
a complex-analytic family of compact complex manifolds. Let X, = 7~ '(¢).
Then X, is the fibre over t, or the compact complex submanifold of X
corresponding to the parameter ¢+ € T. A basic fact about such families is
the following proposition asserting that they are locally differentiably trivial.

Proposition 6.4: 1If ¢, € T, then there exists a neighborhood U of 7, in T
and a fibre preserving diffeomorphism

(6.6) fi Xy x U — 7 1(U).

Proof: This is a local problem in the parameter space T, and so let T
be an open set in C* and let #, = 0 be the origin assumed to be in 7. Then
we have coordinates (¢, ..., #;) for points in 7, and by the implicit function
theorem, if p € X, = 7~'(0), it follows that we can find a neighborhood
U, and a biholomorphic mapping

v,: U, — U, OgnC” x CF,
with N

Vplupnx, —> U, NC" x {t};
i.e., the fibres of the family in this coordinate system are given by [t =
constant], where (z,t) € U;, z € C", t € C*. In other words, near p, the
family is holomorphically trivial (= to a product family). We can find a
finite covering {U,} of a neighborhood of X, in X by such coordinate
systems, and we denote the coordinates for U, by (z%, t). The transition
functions from (z%,t) coordinates to (z?,t) coordinates are of the form

|:f01/5(zvt) 01|
0 1|’

where f,5(z, t) is an n xn complex matrix of holomorphic functions. By using
a partition of unity we can piece together the usual Euclidean metric in each
coordinate system to obtain a global Hermitian metric 4, which, expressed
in one of the above coordinate systems, has the form (in real coordinates)

h=) " g;(x,$)dx; @dx;+ Y hi(x,5)dx; @ds, + -+,
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where
=X, +ixjy,, j=1,...,n
tj=Sj+iSj+k, j=1,...,k,

and where (g;;) is a real positive definite matrix and z; = z§ (dropping the
notational dependence on «). Consider a curve of the form (in U®)

Vpu (1) = (2(0), T1),
depending on the parameters (p, t), where p = (z, 0) is a point on X, N U,.
We require that

@) ¥p.(0) =(z,0).
(b) The curve y,, be orthogonal to X, with respect to the metric / at

Vpu(T).

Note that the nature of the parameterization and the coordinate system
ensures us that the curve intersects X, precisely at the point y,,(7).
Condition (b) can be rewritten as the system of ordinary differential
equations

2n 2k

Zg,-_,»(x(r), T5)x(t) + Zhiv(x(r), ts)s, =0, i=1,...,2n.

j=1 v=I
It follows that this nonlinear system of equations satisfies a Lipschitz con-
dition (it is quasilinear) such that the standard existence, uniqueness, and
parameter dependence theorems for ordinary differential equations hold,
and thus there is a unique curve associated to each parameter point (p, 1),
and we define

f(p. 1) =yp(l)

f: Xox T — X,
which is (for |z] small) an injective differentiable mapping. Moreover, the
differential of this mapping at points of X, is readily seen to be invertible,
and thus the mapping

and obtain a mapping

f: XO X {|t| <€} — X||t\<e

is a diffeomorphism for € sufficiently small.
Q.E.D.

Remark: The above result clearly does not depend on the complex
structures.

Proposition 6.4 tells us, in particular, that all the fibres X; for ¢ near
ty are diffeomorphic. Then we can consider f~'(X,) as inducing possibly
different complex structures on the same differentiable manifold (X))ais-
This is the point of view of deformation theory, introduced in the general
context by Kodaira and Spencer in 1958 and begun by Riemann in his study
of the number of moduli necessary to parameterize the different complex



Sec. 6 The Hodge-Riemann Bilinear Relations 213

structures on a Riemann surface. The recent book by Morrow and Kodaira
[1] gives a good introduction to deformation theory along with many exam-
ples, and we refer the reader to this reference as well as the original papers
of Kodaira and Spencer [1, 2]. One of Griffiths’ objects in introducing the
period mapping above was to obtain a representation for the variation of
complex structure (in the sense of deformation theory) in terms of the vari-
ation of Hodge structure. To describe this mapping, we need some auxiliary
results from deformation theory, which we shall now describe.

Proposition 6.5: Let X —> T be a complex-analytic family and let 2”7 =
h!?(X,). Then h!? is an upper semicontinuous function of the parameter

t; moreover, h{"? < hy?, 1, € T and ¢ near f.

Proof: This is a local result. Let T € C* and 7, = 0 € C*. We first use

(6.6) to get a diffeomorphism
fit Xi — Xo,
which induces a differentiable vector bundle isomorphism,
17 N TH(Xo) — N TH(X)).
The almost complex structure J; acting on 7' (X,) induces an almost complex
structure J;, on T (X,), via f;, and hence a projection
,,.: AN T*(Xo) — APIT*(Xy),

which is maximal rank for ¢+ = 0 and thus for # near 0. Therefore the diagram

NT*(Xo) —> APIT*(Xg) = APIT*(X,)

b

APIT*(Xo)

induces an isomorphism p for ¢ sufficiently small. Thus we have the operator
d on X, acting on the complex A”?T*(X,), induces via u, the complex

s £P(Xg) s €79 (Xg) —>,
where 8, = 9 and the operator 3, depends continuously on the parameter .

The proposition now follows from Theorem 4.13 and Sec. 5 in Chap. 1V.
Q.E.D.

Corollary 6.6: Suppose that X — T is a complex-analytic family such
that T is connected and X, is Kéhler for t € T. Then h/? = hf(’)’q for some
fixed t, € T; i.e., h’? is constant on T.

Proof: By Corollary 4.2 we know that }° . _ h/* = b,,, but since all
the fibres are diffeomorphic, b,, = b,,, = b,. Thus for |t — 1| < §, we have
hP? < hP? and therefore

[
by= Y h"< Y hl=b,.

pt+q=r pt+q=r
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If for some p, g, h{"* < hy?, for |t — 1| < &, then we would have a contra-
diction.
Q.E.D.

If now X — T is a complex-analytic family of Kéhler manifolds (e.g., a
family of projective algebraic submanifolds, parameterized by varying the
coefficients of the defining homogeneous equations) and T is connected,
then for all fibres X, in the family we have the same Hodge numbers A7
and hence the same primitive Hodge numbers 24, and finally the same
Hodge filtration numbers f*,0 < s < o = [r/2]. Thus for this family we
may define the flag manifold

F(f° ..., f".W), W=P(X
and we see that the mapping
(6.7) ®: T — F(f, W)
given by

(&2

10

() =®(X,)=[F"X,)C...C F°(X,) C W]
is well defined.

Theorem 6.7 (Griffiths): The period mapping (6.7) is a holomorphic
mapping.

Remark: The proof of this theorem depends principally on the Kodaira-
Spencer deformation theory formalism (Kodaira and Spencer [1]), which we
do not develop here (see e.g., Morrow and Kodaira [1]). In fact, Griffiths
shows many more properties of the period mapping such as the nature of
the curvature of certain natural metrics restricted to ®(7), or that ®(7T) is
a locally closed analytic subvariety of F(f, W), etc. (see Griffiths [2, 6]). He
also gives conditions (verifiable in many examples) such that if ®(¢;) # ®(z,),
then the two complex manifolds X; and X,, are not biholomorphically
equivalent. In other words, the period mapping is a description (sometimes
complete) of the variation of the complex structure.

If Q is the fundamental quadratic form defined on P" (X, C) (6.5), then let
XCF(f° ..., f",W)y=F(f, W)
be defined by the set of flags in F(f, W) satisfying the first bilinear condition
(6.8) QF/F~, F'/F™) =0,
where F*/F*~! is defined to be a subspace of F* C W by defining
F/F ' ={veF: QU FFl) =0}

(note that Q is nondegenerate). Then let D C X be the set of flags in
F(f, W) satisfying in addition to (6.8) the second bilinear condition

(6.9) iT(=1)Q(F*/F*7", F JF~1) > 0.
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One proves that X is a compact projective algebraic manifold and that
D is an open subset of X. Both are homogeneous spaces, with natural
invariant metrics. We call such a domain D a Griffiths domain.t Because
of Theorem 6.3, it follows that

®(T)CDCXCF(f,W).

Moreover, there is a natural fibering of D (because of the homogeneous
structure) as a real-analytic family of compact complex submanifolds of D,
as in Example 6.8 below (possibly zero-dimensional, as in the classical case),
and Griffiths obtains an infinitesimal period relation which asserts that the
mapping P is transversal to the fibres in the real-analytic fibering mentioned
above.

We mention two examples of Griffiths domains.

Example 6.8: Let r = 1. Then o = 0, F° = H'%(X), and the flag
manifold F(f, W) becomes
F(f, W) = Gjon(0),
and letting Q be in standard form (6.3),

0= [_(I’h (ﬂ ,
we see that X and D are defined in terms of the “homogeneous coordinates”
for G;2,(0),
X ={R e M,(C): 0'Q2 =0}
D={R e M,,(C): R0'L=0,—iRQ'Q > 0}.

This Griffiths domain D is biholomorphically equivalent to Siegel’s upper
half-space (see Griffiths [1]),

D, ={Z eM,(C): Z="Z,Im Z > 0},

which is itself a generalization of the classic upper half-plane (2 = 1) (see
Siegel [1]). D can also be expressed in the homogeneous space form

D = Sp(h)/U(h)
where Sp(h) is the real symplectic group and U (k) is the unitary group
and is a classical bounded symmetric domain (see Helgason [1]).
Example 6.9: If r =2, then we have the relationship
FO — p20 — p2
(note that P>* = H*"), and, moreover,
dim F°=dim H?*°,

TGriffiths called these domains period matrix domains (Griffiths [1]) and classifying spaces
for Hodge structures (Griffiths [3]).
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and
i* Q20,02 is positive definite

and
i>Q|p11 is negative definite.

2 | 0
’Q_[o —Ik]’

where k = dim P? — 2h. D then has the homogeneous representation

Therefore we have that

D =SOQ2h,k)/(U(h) x SO(k)),

and we note that the maximal compact subgroup of the noncompact real
group SO(2h, k) is SO(2h) x SO (k). Thus we have a natural fibering

D =S0Q2h,k)/(U(h) x SO(h))

{ }
M = SOQ2h,k)/(SO(2h) x SO(k)),

and it so happens that the fibres of this mapping are compact complex
submanifolds of positive dimension when & # 1.

The reader is referred to Griffiths’ papers in the References for a further
discussion of the period mapping and its relation to the study of the variation
of complex structure on a given (usually projective algebraic) manifold.

The discussion and analytic behavior of the period mapping into a
Griffiths domain is contained in Griffiths [1, 3 and 6], while the geom-
etry of a Griffiths domain itself is discussed in Griffiths and Schmid [1],
Schmid [1], and Wells [1, 2], Wells—Wolf [1]. The relation of the periods
of harmonic forms on an algebraic hypersurface V of P, and the rational
forms on P, — V with poles of various orders along V is studied in Griffiths
[5] along with some interesting applications to algebraic geometry.



CHAPTER VI

KODAIRA’S
PROJECTIVE EMBEDDING THEOREM

In this chapter we are going to prove a famous theorem due to Kodaira,
which gives a characterization of which compact complex manifolds admit
an embedding into complex projective space. In Sec. 1 we shall define
Hodge manifolds as those which carry an integral (1, 1) form which is
positive definite in local coordinates. We then give various examples of such
manifolds. Kodaira’s theorem asserts that a compact complex manifold is
projective algebraic if and only if it is a Hodge manifold. This is a very useful
theorem, as we shall see, since it is often easy to verify the criterion. Chow’s
theorem asserts that projective algebraic manifolds are indeed algebraic, i.e.,
defined by the zeros of homogeneous polynomials. Thus the combination
of these two theorems allows one to reduce problems of analysis to ones of
algebra (cf. Serre’s famous paper [2] in which this program of comparison
is carried out in great detail).

In Sec. 2 we shall use the Hodge theory developed in the previous two
chapters to prove Kodaira’s vanishing theorem, which plays a role in compact
complex manifold theory similar to that of Theorem B of Cartan in Stein
manifold theory (see Gunning and Rossi [1]).

In Sec. 3 we shall introduce the concept of a quadratic transform of a
complex manifold at a given point (the Hopf blowup) and study the behavior
of metrics on holomorphic line bundles under pullbacks with respect to a
quadratic transform. In Sec 4. we shall bring together the tools of Secs. 2
and 3 (which depended in turn on the work in the previous chapters) to
prove Kodaira’s embedding theorem.

1. Hodge Manifolds

In this section we want to consider a restricted class of Kéahler manifolds
defined by a certain topological (integrality) condition. If X is a compact
complex manifold, then a d-closed differential form ¢ on X is said to be
integral if its cohomology class in the de Rham group, [¢] € H*(X, C), is
in the image of the natural mapping:

H*(X,Z) — H*(X, C).

217
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Let i be a Kéhler metric on a complex manifold of Kéhler type and let
2 be the associated fundamental form.

Definition 1.1: If 2 is an integral differential form, then @ is called a
Hodge form on X, and h is called a Hodge metric. A manifold of Kahler
type is called a Hodge manifold if it admits a Hodge metric.

This terminology was first used by A. Weil. The main theorem of this
chapter (due to Kodaira [2]) is that a compact complex manifold is Hodge
if and only if it is projective algebraic. First we shall see that there are
many examples of Hodge manifolds, some of which are not at all obviously
projective algebraic, and in passing we shall note that the Hodge condition
is often easy to verify in practice.

Let E be a holomorphic line bundle over a complex manifold X. Then
we let

EF=E® ---QF
—— ——
u factors
and
E" = (EY)",
for any positive integer u. We let E° = X x C, the trivial line bundle over
X, which is isomorphic to E# @ E~* for all positive u, as is easy to see.
If {gu.p} is a set of transition functions for E with respect to some locally
finite set of trivializations, then {g(’jﬁ} is a set of transition functions for
E* for all integers w. This is a simple fact, whose verification we leave
to the reader (cf. Sec. 2 in Chap. I). In various examples below we shall
use this principle to compare different line bundles on the same space, by
comparing appropriate transition functions on the same open covering. If
X is of complex dimension n, then we let

Ky = A"T*(X)
be the canonical line bundle of X. It follows that
Ox(Kx) = Ox(AN"T*(X)) = 9’;(

the sheaf of holomorphic n-forms on X. For simplicity we denote the
canonical line bundle simply by K whenever X is fixed in a given discussion.
We now present a list of examples of Hodge manifolds.

Example 1.2: Let X be a compact projective algebraic manifold. Then
X is a submanifold of Py for some N. Let & be the fundamental form
associated with the Fubini-Study metric on Py (see Example V.4.5). Since
is the negative of the Chern form for the universal bundle U, y.; — Py, it
follows that 2 is a Hodge form on Py (see Propositions 111.4.3 and 111.4.6).
The restriction of € (as a differential form) to X will also be a Hodge
form, and hence X is a Hodge manifold. In general, by the same principle,
a complex submanifold of a Hodge manifold is again a Hodge manifold.
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Example 1.3: Let X be a compact complex manifold which is an unram-
ified covering of a Hodge manifold Y; i.e., there is a holomorphic mapping
X =5 Y such that 7~ !(p) is discrete and 7 is a local biholomorphism at
each point x € X. Then X is a Hodge manifold. To see this, simply let £ be
a Hodge form on Y and then 7* will be a Hodge form on X. Similarly, if

XL v isan immersion, then f*Q will give a Hodge manifold structure
to X.

Example 1.4: Let X be a compact connected Riemann surface. Then X
is a Hodge manifold. Namely, since dimg X = 2, we have by Poincaré duality
that C = H%X, C) = H*(X, C), and, moreover, H*(X,C) = H"'(X). Let
€ be the fundamental form on X associated with a Hermitian metric. Then
© is a closed form [of type (1, 1)] which is a basis element for the one-
dimensional de Rham group H*(X,C). Let ¢ = [, @, and then @ = ¢ 'Q
will be an integral positive form on X of type (1, 1). Hence X is Hodge.
This example generalizes to the assertion that any Ké&hler manifold X with
the property that dim¢H"!(X) = 1 is necessarily Hodge. This follows from
the fact that multiplication by an appropriate constant will make the Kahler
form on X integral, as above in the Riemann surface case (one has to also
make an appropriate choice of basis for the integral 2-cycles).

Example 1.5: Let D be a bounded domain in C* and let T be a fixed
point free properly discontinuous subgroup of the group of biholomor-
phisms of D onto itself [= Aut(D)] with the property that X = D/T is
compact (cf. Proposition V.5.3). Then X is a Hodge manifold. Let £, be
the fundamental form associated with the Bergman metric 4, on D (see,
e.g., Bergman [1], Helgason [1], or Weil [1]). The Bergman metric has the
very useful property that it is invariant under the action of Aut(D) and
hence under the action of any subgroup I'. Thus %, induces a metric 4 on
X, which has associated with it a fundamental form € which is of type
(1,1) and positive definite. Moreover, since (for a particular normalization)

(1.1) Q) (z) = 33 logkp (),

where kp(z) is the Bergman kernel function for the domain D, it follows
that € is Kahler. What remains to be shown is that the Bergman metric
form (1.1) above induces an integral form £ on X. To do this, we shall
show that (i /27)® is, in fact, the Chern form of the canonical bundle over
X and hence belongs to an integral cohomology class in H>(X, Z)). We shall
need the property that kp(z) > 0 for all z € D [which is almost self-evident
from the fact that

kp(2) =) lo,)P

for an orthonormal basis {¢,} for the Hilbert space L>(D)NO(D)], and we
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shall also need the property that

(1.2) kp(y(z)) = kp(z) |det

a -2
VS(Z) .y € Aut(D),

where 9y /97 is the Jacobian matrix of the biholomorphism y (see Bergman
[1] or Weil [1]). Suppose that {U,} is a covering of X by a finite number
of coordinate patches, with v,: U, — D being the coordinate functions
(which can be taken as local inverses for the projection 7: D — X = D/TI").
Then the transition function y,s = ¥, ° ¥y "€ T and is defined on all of
D. It then follows that {(dy,s/02)(¥s(p))} are the transition functions for
T(X) and that g,s(z) = det(dyug /32)(1/fg(p)) are the transition functions
for A"T(X). Thus the functions {g,, !} are the transition functions for the
canonical line bundle Ky = /\”T*(X) Let k* = kp ° v, be positive functions
defined on U, C X. Then it is easy to check from (1.2) that

yotﬁ (Z)
0z

k(p) = ‘d t————| kK"(p),

where z = Y¥4(p). This shows that the {k*} transform like a metric for K
and thus define a metric on Kx. By the results in Chap. 111, we see that

c1(Ky) = —ak Lok, = ﬁaélogka

= —éaé log k(z) (in the coordinates of D),

but this is (except for sign) the fundamental form associated with the
Bergman metric and thus the induced Bergman metric is a Hodge metric.
Therefore, X is a Hodge manifold.

Remark: Note that the above example is quite different from the example
of a Hopf surface given in Sec. 5 of Chap. V, since the Hopf surface was
defined as a quotient space D/T, where D was not a bounded domain,
and by the results above it cannot be biholomorphically equivalent to one.
Being biholomorphically equivalent to a bounded domain is rather crucial
for the Bergman kernel theory to apply.

Example 1.6: Consider a complex torus X, as in Example V.4.4, with

2n independent periods {wy, ..., ws,} in C", and let
w1y ot W12
Q=
Wn1 Tt wn,Zn

be the matrix of periods. Suppose that there exists a nonsingular integral
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skew-symmetric matrix Q of rank 2n such that

@M QA'Q =0
(1.3) _
I —iRA'R=M >0 (positive definite),
where A = Q~!. Then we say that  is a Riemann matrix (cf. Conforto [1] and

Siegel [1]). Consider the matrix P = [g}, called the big period matrix. Then

it follows from the conditions above that P is nonsingular. Namely, consider
the product [using the relations (1.3) above] and, noting that ‘M = M,
- Q - iM 0
tp |2 4 4 — -
04 rar=[Barae [ 0]
which is nonsingular, since M > 0, and hence P is nonsingular. Thus we
find that, by taking the inverse of (1.4),

0= %[fssz'z —'QAQ,
where we let ' H = 2M ', which is also positive definite, and thus we find that

i _ -
(15) Qotﬁ = 5 Zhuv(wuawvﬂ - wuﬁwua)-
w,v
Conversely, if the periods {w,} satisfy (1.5) for some Hermitian positive
definite matrix H, where Q is a skew-symmetric nondegenerate matrix with
integer coefficients, then £ is a Riemann matrix. Let

i _
w=3 > hudz,Adz,

be the fundamental form for a Hermitian metric for X defined by the con-
stant positive definite matrix H. The integral homology group H,(X, Z)
is generated by the integral 2-cycles {C,s}, defined by the parametric
representation

Cop = {50y +twg: 0 <s,t <1},
where w,, wg are given periods, 1 < « < B < 2n. Then the period of w
over the 2-cycles is given by

/ w= % 3 i (@uarp — D).
C‘Yﬂ n,v
This is easy to verify and consists of evaluating the integral of dz,Adz,
over the real two-dimensional parallelogram determined by the two vectors
w, and wg in C". Thus w is a Hodge form for the torus X.

In the other direction, suppose that we know that a torus X admits an
embedding into some projective space Py. Then the standard Kéhler form
on Py induces a Hodge form w on X and in the coordinates of C”,

(1.6) w= % 3 hwdzundz,,
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where the functions 4, are not necessarily constant, as we had above.

However,
/ wel,
Caﬂ

and we can replace h,s in (1.5) by the mean value

hap = n(X)™" f hapd e,

X

where u is the invariant measure on the torus induced by Lebesgue measure
in C". One can then verify that the resulting form & will satisfy the condition
(1.5) and will have a positive definite coefficient matrix. Thus the existence
of a Hodge form on X implies that the period matrix is a Riemann matrix.

An example of a complex torus not satisfying Riemann’s condition is
given by the period matrix (n = 2)

NS IEl|

Namely, suppose that there existed a matrix A with rational coefficients
such that

(1.8) QA'Q =0.
Then the element in the first row and second column of (1.8) is given by
ap + 013\/—_3 + 014\/—_7 — 023\/—_2 — 024\/—_5
+au(V14 - V15) =0,

from which it follows easily that

(1.7)

Ay = a3 = a4 = a3 = Ay = az =0,

since A was assumed to have rational entries. Since A is skew-symmetric,
it follows that A cannot be nonsingular, which contradicts the assumption
of € being a Riemann matrix. Thus this particular complex torus cannot
be projective algebraic. One can show, in fact, that the complex torus
defined by the period matrix £ in (1.7) does not admit any nonconstant
meromorphic function (cf. Siegel [1], pp. 104-106), which also implies that
X is not embeddable in any projective space.

2. Kodaira’s Vanishing Theorem

The vanishing theorem of Kodaira plays a role in the theory of compact
complex manifolds analogous to the well-known Theorem B of Stein mani-
fold theory (due to Cartan and Serre; see, e.g., Gunning and Rossi [1]). The
basic difference is that on a compact complex manifold X, the cohomology
groups HY(X, O(E)), g > 1, do not need to vanish for all holomorphic
vector bundles E, which would be the case for Stein manifolds. There are
basic obstructions, due to the compactness.
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We shall now formulate the vanishing theorems for line bundles. A dif-
ferential form ¢ of type (1, 1) on a complex manifold is said to be positive
if, in local coordinates at any point p,

¢ =iy guRdzNdz,,
w,v
and the matrix [¢,,(z)] is a positive definite Hermitian symmetric matrix for
each fixed point z near p. Notationally, we denote this condition by ¢ > 0.

Definition 2.1: Let £ — X be a holomorphic line bundle and let ¢;(E) be
the first Chern class of E considered as an element of the de Rham group
H?(X,R). Then E is said to be positive if there is a real closed differential
form v of type (1, 1) such that ¢ € ¢;(E) and v is a positive differential
form. E is said to be negative if E* is positive.

For computational ease we prove the following proposition.

Proposition 2.2: Let E —> X be a holomorphic line bundle over a compact
complex manifold X. Then E is positive if and only if there is a Hermitian
metric 2~ on E such that i®g is a positive differential form, where O is
the curvature of E with respect to the canonical connection induced by 4.

Proof: It is obvious from the differential-geometric definition of ¢ (E)
that i @ positive for some metric 2 will imply that E is positive. Conversely,
suppose that E is positive and that ¢ € c|(E), where ¢ is a positive
differential form. Let & be any metric on E, and then with respect to a
local frame f we have [h = h(f)]

0o = —3dlogh € c\(E),
2
and hence
g —go=dn, neX).
Moreover, the differential form ¢ is a Kahler form on X, and X becomes a
Kéhler manifold when equipped with the associated Kéhler metric. Then we
may apply the harmonic theory, and let H be the harmonic projection onto

H*(X), and Et G be the Green’s operator associated with the d-Laplacian
A =20 = 200. Then we note that

n=Hn+ AGpy,

and hence
dn=dHn+dAGy = AGdy,

since dH = 0 and d commutes with both A and G.T It follows that
dy = 200*Gdy + 20*Gady,
and we claim that ddy = 0 and ddy = 0. This follows from the fact that

+The operators 8 and § also commute with G = %GD = %Gﬁ, (cf. Theorem IV.5.2).
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dp = 0¢y = 0, and d¢ = D¢y = 0, since ¢ can locally be written in the form
¢ = ddu, for some C* function u (Lemma I1.2.15), and ¢, is already of

this form. Thus __
dn =200"Gdy,

and we can use the Kéhler identity
i0*=L"9 — L
(Corollary V.4.10), obtaining
dy = 2i3dL*Gdy,
since 3G = Gd and ddny = 0. Therefore we set r = 2L*Gdpy, and by letting
h' =h-e* be a new metric for E, we obtain

L 59logh' = —33logh +idar
2 2
=@y +dy

Q.E.D.

Example 2.3: Let X = P,, and consider the following three basic line
bundles over P,:

(a) The hyperplane section bundle: H —> P,,.
(b) The universal bundle: U —> P, (U = Uy ,41).
(¢) The canonical bundle: K = N"T*(P,) —> P,,.

Here H is the line bundle associated to the divisor of a hyperplane in P,,
e.g., [to = 0], in the homogeneous coordinates [, ..., ?,]. Then the divisor
is defined by {t,/t,} in U, = {t, # 0}, and the line bundle H has transition
functions (cf. (I11.4.9))

0o\ (1)
hop = (—0) (—0) in U, N U
ta) \ 13

_
Iy
The universal bundle (Example 1.2.6) has transition functions
ty .
U = — 1n U, N Uy,
Ig
and thus H* = U. Let us now compute the transition functions for the
canonical bundle K on P,. If we let {f =t;/tg, j # B, the usual coordinates
in Ug, then a basis for K|y, is given by the n-form

@y = (=DPdegn-- Ade)  ndE) AL AdEL.
Since t t ot

ﬁ—_:_._
¢ gty lg
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we have B -1

¢ i = é']a : (C,? )
in U, N Ug which is the (nonlinear) change of coordinates for P, from U,
to Ug. Thus we obtain easily, by substituting into the above form @,,

@, = (" (=DPAE A AdE) AdES A AL

— (Cg)n—}—lq)ﬂ
Now we see that these transition functions for the frames {®,} induce
transition functions {k,z} for the canonical bundle K which are given by

f n+1
kaﬁ([t()»-ustn]) = (i) .
s

We note that the choice of the minus sign in the trivializing sections was
necessary for the transition functions for K to be comparable to the tran-
sition functions for U and H. Thus K = A"T*(P,) = U™ = (H*)"*L,
Moreover, the universal bundle U — P, has the curvature form given in
(I11.2.10), which is the negative of the positive differential form

e Y. dt,Adt, — Y 1,tdt,AdI,
Q— i n=0 =0
2 lr] ’
expressed in homogeneous coordinates. Namely, € is the canonical Kahler
form on P, associated with the Fubini-Study metric (see Example V.4.5).
Thus H*, U, and K are negative line bundles over P,, and the hyperplane
section bundle H — P, is positive. These are the primary examples of
positive and negative line bundles.

Remark: 1t follows from the Hodge decomposition theorem that
H'(P,, 0) = H*(P,, 9) = 0. Namely,
H'(P,,C) = H"(P,) & H"'(P,),
and H'(P,, C) = 0, by the cell decomposition of P,. Also,
C=H P, C)=H*(P,)®H"'(P,) & H"*(P,),
and since H"!(P,) = C[R], where  is the fundamental form on P,, it fol-
lows that H>(P,,, O = H*2(P,) = 0.1 Now consider the short exact sequence

0—Z—>0—0"—0
on P, and the induced cohomology sequence
H'(P,,0) — H'(P,, 0*) —> H*(P,, Z) —> H*(P,,0),
which gives us, since H!'(P,, 0) = H*(P,, 9) =0,
0 — H'(P,,0") - H*(P,,Z) —> 0.
[l 2
Z

+In the same manner, one obtains that H4(P,, ") =0, p # q, H (P, @) = H?*’(P,, C),
which are special cases of a vanishing theorem due to Bott [1].
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Let P, c P, be a generator for H*(P,, Z), and then we see that if we

consider powers of the hyperplane section bundle H™, we obtain
cl(H")(Py) =m.

Namely, by the properties of Chern classes,

ci(H) =c;(U") = —c;(U) and ¢ (U)(Py) = —1.

Since ¢, is an isomorphism of abelian groups, it follows that every holomor-

phic line bundle L — P, (in particular U and K in the above example) is

a power of the hyperplane section bundle, L = H", and ¢;(L)(P;) = m. We

use here the fact that ¢ (L) = c;(H™) = | (HQ---QH) = ¢;(H)+- - -+c1(H)

(cf. the proof of Theorem II1.3.6). In particular, we obtain from Example 2.3

that ¢;(Kp,)(P,) = —(n+ 1). Thus the holomorphic line bundles on P, are

completely classified in this manner by their Chern classes.

We now state the basic vanishing theorem due originally to Kodaira [1].
Theorem 2.4: Suppose that X is a compact complex manifold.

(a) Let E — X be a holomorphic line bundle with the property that
E ® K* is a positive line bundle. Then
HY(X,0(E)) =0, ¢ >0.
(b) Let E — X be a negative line bundle. Then
HY(X,Q"(E))=0, p+gq<n.

Remark: Kodaira’s theorems were first proved in Kodaira [1] ((a) and
p = 0 in (b)) and were generalized later by Nakano [1] to the case we have
given here. There are various generalizations of these types of results for
vector bundles which are not as precise as the above theorems but which
have numerous applications. See, e.g., Grauert [2], Griffiths [2], Nakano [1],
Hartshorne [1], and Grauert and Riemenschneider [1].

To prove the above theorem we want to derive some fundamental inequal-
ities due to Nakano. First suppose that X is a Kidhler manifold with a
fundamental form € associated to the Kdhler metric. Then the operators L
and L* are well-defined endomorphisms of £*(X). Suppose that E — X
is a holomorphic vector bundle over X. Then we want to show that L and
L* extend in a natural manner to endomorphisms of £*(X, E) (differential
forms with coefficients in E). If £ € £7(X, E), then for a choice of a local
holomorphic frame f for E in an open set U C X, we see that

£
EH=1{ - |
§7(f)

ftCompare the proof of Proposition I11.4.3, where ¢ (U)(P;) = f],] c(U) =-1.
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where £/(f) € &P(U). Moreover, if g is a holomorphic change of frame,
then we have the compatibility condition that
gE(N) =E@&S)

(see Sec. 2 of Chap. III), where the matrix g~' of functions is multiplied with
the vector £(f) of differential forms. We now let x be the Hodge operator
defined with respect to the Kéahler metric on X, and * acts naturally on
vector-valued forms by setting

£ (f)
*E(f) =
*€7(f)

and noting that, since * is C-linear,
«E(gf) =g 'E(ef) = g '*E(S),
and hence x&(f) satisfies the compatibility conditions and defines a global

element in £7(X, E). This is true of any zeroth order differential operator
(which is a homomorphism of the underlying vector bundles). Thus

L: &"(X,E) — &"*(X, E)
is well defined by letting
LE)) = LES). j=1....0,
and hence L* = w*Lx is also defined. Of course, exterior differentiation d
does not extend to vector-valued forms, and we have to introduce a connec-

tion on E in order to define covariant differentiation on E, a generalization
of exterior differentiation. Namely, as in Chap. III, we let

D=d+0,
where 6 is the connection defined by
6 =h~'dh (with respect to a local holomorphic frame)
if 4 is the metric. Moreover,

D=D+D",
where
D'=0+06
D' =9

are the splitting of the covariant differentiation into types. With respect to
the Hodge inner product on £*(X, E), we have the L2-adjoints of the above
differential operators, computed as in Proposition V.2.3:

(2.1) (D) = —%d% = 3"
(2.2) (D"), = —x0% + w0 on r-forms
= 0" + wkO*.
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Note that in making this computation the Hodge inner product can be
represented with respect to a local holomorphic frame

(S,ﬂ)=(—1)”/>7<'7l‘h'§, §,me (X, E),

where € = &(f),n = n(f), and h = h(f) are vectors and matrices, respec-
tively, and the multiplication inside the integral is matrix multiplication.
Also it suffices to compute the adjoint (which we know is a differential
operator by Proposition 1V.2.8), to assume that & and 5 have support where
the holomorphic frame is defined. The crucial factor for our later use is
that the adjoint (D)} does not depend on the Hermitian metric of the
fibres of E, and, in particular, is the more classical scalar adjoint 0* acting
in £€*(X). The adjoint of 8 (a scalar operator) is no longer scalar, however,
Then we can conclude that, by Corollary V.4.10, since the scalar operator
adjoints are with respect to a scalar metric,

(2.3) AL* — L*d = id* =i(D)}.

Under these circumstances we have the following inequality due to
Nakano [1].

Proposition 2.5: Let & € H?4(E). Then

(@) (/2)(OAL*E, &) <0.
() @/2(L*OnE, &) = 0.

In both (a) and (b) ©® (= dh~'9h) is the curvature form for the metric &
on the holomorphic vector bundle E.

Proof: We recall that (Proposition I11.1.9), as an operator,
D*=(d+06)’=0,
and thus o
OAnp=Dnp=(D'd+dD)y
for n € €*(X, E) (noting that (D")?> = 0, because of type). Hence we have
i(3%€,0°€) = ([OL* — L*0]§, 9°§)
by (2.3), and since £ is harmonic, we have 9& = 525 =0, and thus
i(0%,0%) = (IL*E, 0%¢)
= (L€, [9;0" + 0"9;18),
since 3%5& = 0. Then, taking adjoints, we get
i(06,9°6) = (ID'd + ID'IL"E, §)
= (OAL,§),

which immediately gives part (a). Part (b) is proved in a similar manner.
Q.E.D.

It is now a simple matter to derive Kodaira’s vanishing theorem.
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Proof of Theorem 2.4: Suppose that E is a negative line bundle. Then
a fundamental form for a Kdhler metric on X is given by € = —(i/2)®
[noting that ® is a closed form of type (1, 1), whose coefficient matrix is
negative definite]. Then subtract part (b) from part (a) in Proposition 2.5,
and we obtain [noting that —(i/2)@A gets replaced by L]

(IL*L — LL"]§,8) < 0.
Recalling from Proposition V.1.1(c) that
(L*L = LL")§ = (n — p — q)§,
we have immediately
(n—p—q)§,8) =0
if & € HP4(E), and thus part (b) of Theorem 2.4 follows, by using the
results in Example 1V.5.7. Part (a) follows from part (b) by Serre duality

(Theorem V.2.7). Namely, if E ® K* is positive, then (E ® K*)* = K Q E*
is negative. We then have

HY(X,0(E))=H!(X,0(K® K*® E) = HI(X,"(K*® E)),

which is dual to H"7(X, O(K ® E*)), which vanishes for ¢ > 0, by part (b).
Q.E.D.

3. Quadratic Transformations

In this section we are going to study the behavior of positive line bun-
dles under quadratic transformations. Let X be a complex manifold and
suppose that p € X. Then we want to define the quadratic transform of the
manifold X at the point p. Let U be a coordinate neighborhood of the
point p, with coordinates z = (zy, ..., z,), where z = 0 corresponds to the
point p. Consider the product U x P,_;, where we assume that (¢, ...,1,)
are homogeneous coordinates for P,_;. Then let

3.1 W={(z1t)elUxP,y:t,25 —t42, =0,, B =1, ..., 10},

which is a submanifold of U x P,_;. Then there is a holomorphic projection
w: W — U given by 7 (z,t) = z. Moreover, 7 has the following properties,
as is easy to verify:

7' (0)=8S={0} x P, =P,

(3.2)
Tlw_s: W—=8 — U —{0} is a biholomorphism.

We define X = Q »(X), the quadratic transform of X at p, by letting

X_ W,XGU
Tl X-U, xeX—-U.

This process if often referred to as blowing up X at the point p. We may
also denote the manifold X by Q,(X) to indicate the dependence on the
point p, and the projection will be denoted by n,: Q,(X) — X.
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We recall from Sec. 4 in Chap. III that a divisor D in a complex manifold
X determines an associated holomorphic line bundle L(D) — X, which is
unique up to holomorphic equivalence of line bundles. Let X -> X be the
quadratic transform of X at the point p and let S = 7~'(p). Then S = P,_,
and is an (n — 1)-dimensional compact hypersurface embedded in X. As
such it is a divisor in X and determines a line bundle L(S) — X, which we
shall simply denote by L. Moreover, since S = P,_;, there is a canonical
line bundle, the hyperplane section bundle H — S (cf. Example 2.3), which
is the line bundle determined by the divisor corresponding to a fixed linear
hyperplane (e.g., [f;, = 0] C P,_;), all such line bundles being isomorphic.
Let o denote the projection : W — P,_y,0(z,t) = ¢, and let L|y denote
the restriction of the line bundle L — X to W C X. Then we have the
following proposition.

Proposition 3.1: L|y =oc*H*.

Proof: Let U be a coordinate neighborhood of p in X, and represent

X near 7' (U) by W c U x P,_,, with coordinates (z;,...,z,) € U,
[ti,...,t,] € P,_i. Then S is defined by z; = --- = z, = 0 in the product
space U x P,_;. Now the hyperplane [r; = 0] is defined by the equations
[(t/t,) =0] in V, C P,_y, where V, = {[#,...,t,]: t, # 0} is a coordinate

patch for P,_;. Therefore H — S is the line bundle given by the transition

functions ; AN
haﬁ = —1 * —1 = —ﬁ in Va n Vﬁ,
ty tg ty

and o*H has the same transition functions in (U x V, N Vg) N W. Now
SN U x V) N W is defined by the single equation [z, = 0], as is easily
checked, using the defining relation for W. Thus the line bundle L associated
to the divisor S C W has the transition functions

8ap(z, 1) = i (U x VN V) N W.
2p

It follows that g,5 = h;ﬁ: and thus L|y = o*H*.
Q.E.D.

We now want to study the differential-geometric behavior of a line bundle
on X when lifted to a quadratic transformation of X at some point p. First
we look at the behavior of the canonical bundles. Let X be a compact
complex manifold, which will remain fixed in the following discussion, and
L, — Q,X := Q,(X) is the line bundle given in Proposition 3.1.

Lemma 3.2: Kg,x =7;Kx® L.

Proof: First we note that (zy,/t,...,t,/t;) are holomorphic coordi-
nates for U x V; N W (using the same coordinates as above). Hence

fi= dzmd(t—2> Aeee /\d<t—">
h h
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is a holomorphic frame for K; over this open set, letting X = 0,X.
Moreover, one obtains easily that

fi=z,"dziA - Adzy,
using the defining equations for W. More generally, we have that

fo=2b"dzin - Adz,
is a frame for Ky over U x V, N W, and hence transition functions for the
line bundle Ky|w are given by
(3.3) T = 8ap fa:
since the local frames {f,} define a system of trivializations, which then
gives (3.3). It then follows that g,s = (z4/zp)"~', which implies that

Kglw =L""w =L Q 7, Kxlw
since Ky is trivial on U. Also, L|z_y, is trivial, and =, is biholomorphic
on X — W. Hence )
Kilg w =Kz ®L" [z w.
Thus
(3.4) Ky =L"'®@muiKy.
Q.E.D.

Let p € X and let L, — Q,X be the line bundle corresponding to
the divisor 7, '(p) C X. If g # p is another point on X, then it is clear
that 0,0,X = 0,0,X, since blowing up at the points p and g are local
and independent operations. Let 7,,: Q,0,X — X be the composite
projection and and let L, , be the line bundle corresponding to the divisor

7, (P} U {g)h).

Proposition 3.3: Let E — X be a positive holomorphic line bundle. There
exists an integer wy > 0 such that if u > u,, then for any points p,q € X,

P#q,
(a) T E'®L:®K;

opX>
(b) 7w E*®(L;)’ ® K} x, and
(C) 7T17~qEM ® Lp,q ® KQquX

are positive holomorphic line bundles.

Proof: To prove the above proposition, we shall construct a metric on
each of the above line bundles whose curvature form multiplied by i is
positive. We shall first look at a special case. Suppose that p € X is fixed,
and let Q,X = X, as before. The basic fact that we shall be using is that
if F and G are Hermitian line bundles over a complex manifold Y, then,
denoting the curvature by O,

Orgc = OF + Op.
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This is easy to see, since if p, = |gpo|*pp and r, = |hg,|*rp are local transition
functions for metrics {p,} and {r,} for F and G, respectively (cf. Chap. III),
then

O, =039 log p,
O; = 99 logr,,
but {gus*hys)} are the transition functions for F ® G, and thus {p, *r,}
defines a metric for F ® G, since
PaTa = |8pal’Ihpal* Lprs.
Thus

O g6 = 0010g (pare)
= 0Or + BOg.
We have, then, using the given metric on E and letting # = 7,
O ipn =1"Opn = un*Op.

We now need to construct appropriate metrics on L, and Kj.

First we consider L,. Suppose that U is a coordinate neighborhood
near p, with coordinates (z, ..., z,), that P,_; has homogeneous coordinates
[t,...,t,] as before, and that W C U x P,_; is the local representation for
X near n’p_l(p) as given by (3.1). Let U’ be an open subset of U such that
0eU cc U, and let p € DU) be chosen so that p >0in U and p =1
on U'. Let

lta |
2+ ()
be the curvature of the hyperplane section bundle H — P,_;, with respect to
the natural metric i (see Example I11.2.4 for the construction of this metric
for Uy ,_; = H*). In particular (i/2)®py is the fundamental form associated
with the standard Kéhler metric on P,_;. Since L|y = o*H*, we can equip
L*|w with the metric h; = 0*ho. Now L*|3_,, is trivial, and we can equip it
with a constant metric 4,. Then, letting p be chosen as above, we see that

h = phi+ (1 — p)hy

defines a metric on L* — X and that, moreover, h = h; in W = U’ x
P,_;NW. Thus

®, =ddlog (inV,CcP,_)

O, =0,y in W
©,-=0 in X — W.

We now let Ky be equipped with an arbitrary Hermitian metric, and
then we have from Lemma 3.2 (letting L be equipped with the dual metric)

G)KX = G)”*KX + (}’l — 1)®L
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Therefore it follows that
®7‘r*E”’®L*®K} = MG)JT*E + neL* + 971*1(;}*

Consider the sum
UOip + Ogiy

as differential forms in U’ x P,_;, with the coordinates (z,) as before.
Then @,z depends only on the z-variable and ®,+y depends only on the
t-variable, and the coefficient matrix of each is positive definite in each of
the respective directions, so their sum is a positive differential formt in
U’ x P,_;, and the restriction to W is likewise positive. Moreover, @« is
positive on U — U’, so there exists a p;(p) such that u > p(p) implies that

(3.5) [MGJT*E] + @L* >0

on all of X.
Let 1, be chosen such that

Wa®F + 91(;‘( > 0,

which is possible since E is positive and since X is compact. Thus we see
that there is a uo(p) such that

(36) l/L@np*E +n®p« + 8”1’*’(3? >0
if u > wuo(p). Namely, let wo(p) = u, +nu(p) and note that
M2®H*E + G)H*K;

is positive everywhere on X except at points of S, where it is positive
semidefinite (in the obvious sense).

Suppose that g € U’. Then we claim that if u > p@(p), then the estimate
(3.5) will hold for points ¢ near p, namely,

pLQﬂq*E + ®L* >0

for all x € X. This is a simple continuity argument which is easily seen by
expressing the equations for the quadratic transform at ¢ in terms of local
coordinates centered at p, namely,

W, =1{(z,1t) e U xP,_y: (zi —qt; = (z; — g)t:},

where ¢ = (q1,...,¢,) and p = (0,...,0).

By covering X with a finite number of such neighborhoods, we find that
there is a uo such that (3.6) holds for all points p € X, if u > o, and this
concludes the proof of part (a). Parts (b) and (c) are proved in exactly the
same manner. In (b) we put the same metric on L, near the point p as above,
and (L’;)2 will have the same positivity properties as L, compensating for
the lack of positivity of =, E* on 7 '(p). In part (c) one has the same local
constructions near each of the two distinct points p and ¢. The continuity

TIn this argument we ignore the factor of i and mean by > 0 that the coefficient matrix
of the (1, 1) form is positive definite.
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and compactness arguments go through in exactly the same manner, and
we leave further details to the reader.
Q.E.D.

4. Kodaira’s Embedding Theorem

After the preliminary preparations of the previous sections we are now
prepared to prove Kodaira’s embedding theorem for Hodge manifolds. This
theorem was conjectured by Hodge [2] and proved by Kodaira [2].

Theorem 4.1: Let X be a compact Hodge manifold. Then X is a projective
algebraic manifold.

Remark: (a) As a consequence of the Kodaira embedding theorem,
each of the examples of Hodge manifolds in Sec. 1 admits a projective
algebraic embedding. In particular, any compact Riemann surface is pro-
jective algebraic (a well-known classical result), and a complex torus admits
a projective embedding if and only if the periods defining the torus give
rise to a Riemann matrix. Such tori are called abelian varieties and can also
be characterized by the fact that a complex torus X is an abelian variety if
and only if there are n algebraically independent nonconstant meromorphic
functions on X, where n = dimcX (cf. Siegel [1]).

(b) It follows immediately from Theorem 4.1 that any compact complex
manifold X which admits a positive line bundle L — X is projective algebraic
(and conversely). Namely, in this case, ¢;(L) will have a Hodge form as a
representative, and thus X will be projective algebraic. This is a very useful
version of the theorem, and in this form the theorem has been generalized by
Grauert [2] to include the case where X admits singularities. Grauert’s proof
can be found in Gunning and Rossi [1], and it depends on the finiteness
theorem for strongly pseudoconvex manifolds and spaces.

Proof: By hypothesis, there is a Hodge form € on X. By Proposition
I11.4.6, it follows that there is a holomorphic line bundle £ — X such that
@ is a representative for ¢;(E). Hence, E is a positive holomorphic line
bundle. Let uy be given by Proposition 3.3, let u > uo, and set F = E*.
Consider the vector space of holomorphic sections O(X, F) = I'(F), for
short, which is finite dimensional by Theorem 1V.5.2. Our object is to show
that there is an embedding of X into P(I'(F)). We shall prove this by a
sequence of lemmas, which will reduce the embedding problem and hence
the proof of Theorem 4.1 to the vanishing theorem proved in Sec. 2. First
we have some preliminary considerations.

Consider the subsheaf of O = Oy consisting of germs of holomorphic
functions which vanish at p and g; call it m ,,. If p = ¢, then we mean by this
the holomorphic functions which vanish to second order at p, and we denote
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it simply by m> (= m,,), where m, is the ideal sheaf of germs vanishing to
first order at p. Then there is an exact sequence of sheaves

0—my, — 00— O/m,, — 0,

and we can tensor this with the locally free sheaf O(F) (the sheaf of
holomorphic sections of F), obtaining

4.1) 0 — mpy, ® O(F) — O(F) — O/mp, @0 O(F) — 0.
We see that the quotient sheaf in this sequence becomes

O,,/mi@cF[,, X=p=q

4.2) 0. x4 p
if p=g¢g and

F,, xX=p
(4.3) F, x=gq

0, X #porgqg

if p # g, where we have used the fact that O,/m, = C, where m, is the
maximal ideal in the local ring O,.

Lemma 4.2: O,/ mi = CoT,(X), and the quotient mapping is represented
by f €0, = f(p)+df(p).

Proof: If f € O, is expanded in a power series near z = p in local
coordinates, we have

1
f2) = ZO D ()= p).
Je|=
using the standard multiindex notation (see Chap. IV). Then if [ ] denotes
equivalence classes in O/ mf,, we see that
[f1, =1f(p)+ > Df(p)z— p)l.
la|=1

since the higher-order terms € mi,. Then define the mapping

0, Hcorx
by ¥(f) = [f(p).df(p)], and it is easy to check that ¥ factors through

the quotient mapping "
0, —Ca T (X)
AN 2
0,/ mi

and ¢ is an isomorphism.
QE.D.
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Consider now the sequence (4.1) and the induced mapping on global
sections

(4.4) OX,F)—0,/m,®F,
2l
[COT;(X)]® F,.

If f is a local frame for F near p and if & € O(X, F), then

r&()) = EWNp),ds(f)(p) e Co® T, (X),
noting that F, = C, by the choice of a frame f. Suppose that the map r in

(4.4) is surjective. Then we can find sections {&y, &, ..., &,}, § € T'(X, F),
such that

&(p) =1
(4.5) E(p)=0,j=1,...,n

d&;(p) =dz; (in local coordinates).

This means that the global sections &, ..., §,, expressed in terms of the
frame f, give local coordinates for X, in particular, d&, (f)A - - - AdE,(f) # 0.
Moreover, &(p) # 0.

Similarly, suppose that the mapping

(4.6) O(X,F)—> F, @ F,

induced from the sheaf sequence (4.3) is surjective. Then we can find global
sections &; and &, such that

&(p) #0, £&(q) =0
&(p) =0, &(q) # 0.

Lemma 4.3: If the mappings r and s in (4.4) and (4.6) are surjective for
all points p and ¢ € X, then there exists a holomorphic embedding of X
into P,,, where dimcO(X, F) =m + 1.

4.7

Proof: Lety = {¢y, ..., p,} beabasis for O(X, F). If f is a holomorphic
frame for F at p, then (@o(f)(x),...,0.(f)(x)) € C"! for x near p.
By assumption, (4.4) is surjective, and hence at least one of the basis
elements ¢; is nonzero at p and hence in a neighborhood of p. Thus
[oo()(X), ..., ou(f)(x)] is a well-defined point in P, for x near p, and is
a holomorphic mapping as a function of the parameter x. If f is another
holomorphic frame at p, then it is easy to check that

@, (Hx) = c(x)p; (fH(x),

where ¢ is holomorphic and nonvanishing near p, and thus we have a
well-defined holomorphic mapping from X into P,, by

®,: X — P,,
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with
D, (x) =[eo(f)x), ..., @u ()]
Suppose that the basis ¢ is replaced by another basis, ¢ = {¢;}, where

@i = Zcijp;, ¢ €C,
and that the matrix C = [c;;] is nonsingular. Then consider the diagram

®, P,
X/ C

T

¢ P,

where C is the mapping on P,, defined by the action of the matrix C on the
homogeneous coordinates. The diagram is then commutative, and since C is
a biholomorphic mapping, it follows that the holomorphic mapping @, has
maximal rank or is an embedding if and only if ®; has the same property.

To complete the proof of the lemma, we see that to prove that @, has
maximal rank at p € X it suffices to find a nice choice of basis ¢ which
demonstrates this property. By hypothesis, the mapping r in (4.4) is surjective,
and it follows that we can find sections &y, &, ..., &, € O(X, F) satisfying
the conditions in (4.5). It is easy to verify that &, &, ..., &, are linearly inde-
pendent in the vector space O(X, F) and that we can extend them to a basis,
¢. Then the mapping ®; is defined, in terms of the frame used in (4.5), by

®;(x) = [&(f)x), E(HX), ..., & (HH(x),...],

and using the local coordinates

(l’cl’-‘~7§na"')
in P, and (z;,...,z,) in X, we see that the Jacobian determinant
&1, -5 8a)
a(Zlv ceey Zn)

is given by the coefficient of

£(f) £ (f) i
‘ o = "dziA - Adz,,
<aso<f>>A " (som)(l’) & () () "dziA - Adz

which is nonzero. Thus ®; and hence ®, have maximal rank at p, and
consequently @, is an immersion.

To see that ®, is one to one, we let p and ¢ be two distinct points on
X and choose global sections & and &, satisfying (4.7). Then &, and &, are
clearly linearly independent and extend to a basis

(ﬁ:{glﬂg%"-'}v

and it is clear that ®; is one to one, and thus that ®, is an embedding.
Q.E.D.
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The following lemma will then complete the proof of Theorem 4.1.

Lemma 4.4: The mappings r and s in (4.4) and (4.6) are surjective for all
points p and ¢ € X.

Proof: Consider first the mapping r in (4.4). Let X = 0,X and let
S =m,"(p). Then let J5 be the ideal sheaf of the submanifold S C X, ie.,
the sheaf of holomorphic functions on X which vanish along S. Let 7%
be the ideal sheaf of holomorphic functions on X which vanish to second
order along S, i.e., f, € ng if f, = (g.)?, where g, € Js,. Let 0= Ox be
the structure sheaf for X, let © = Oy be the structure sheaf for X, and
let F = 7*F. Then we have the exact sequence of sheaves over X (tensor
products are over the structure sheaves),

(4.8) 0— O(F)®7F — O(F) — O(F) ® 0/72 — 0,
and the mapping n, induces a commutative diagram
0 — O(F®F — O(F) — O(F)®0/72 — 0

(4.9) | =i I | =

0 — O(F)@m} — O(F) — O(F)®0/m;, — 0
given by the topological pullback of the sheaves on X to sheaves on X, where
7y is the restriction of 7* to the subsheaf O(F) ®m and 75 is the induced
map on quotients. We note that if f € ['(U, F) for some U C X, then f
vanishes to second order at p if and only if 7*f € F(n_l(U ), F) vanishes
to second order along S, where S C T, Y, if peU. ThlS only has to be

verified for the structure sheaves, since F is trivial near p, and hence F is
trivial in a neighborhood of S. This is easy to do using the local coordinates
(z,t) in W as in Sec. 3. Thus 7] and hence n} are well defined mappings
and one checks easily that z; is injective. Moreover, we claim that there
exist isomorphisms « and B8 making the following diagram commutative:

0—T(X, 0(F) ® 1) —T(X, 0(F))—T'(X, 0(F) ® 0/5%)
(4.10) o« (| P g - E%
0—T(X, O(F) ® m3)—T'(X, O(F))—=T'(X, 0(F) ® 0/m3).

If we can show that H'(X, O(F)®J%) = 0, it follows from (4.10) that r must
be surjective. First, we shall construct « and 8. For n = 1 this is trivial,
since X = X and 7 = identity. For n > 1 we shall need to use Hartogs’
theorem, which asserts that a holomorphic function f defined on U — {0},
where U is a neighborhood of the origin in C",n > 1, can be analytically
continued to all of U.T We shall define 8 and see that the restriction of g to
the subspace I'(X, O(F) ®J2) (which we shall call &) has the desired image.
Namely, suppose that £ € I'(X, (7)(1:")). Then the projection m,: X > X is
biholomorphic on the complement of S, and let
B&) = (),

fFor an elementary proof of this theorem, see Hormander [2], Chap. II.
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which is a well-defined element of I'(X — {p}, O(F)). Then by Hartogs’
theorem, there is a unique extension of B(§) to a section of O(F) on X,
which we call B(¢). Clearly, we have that g~' = 7, and hence B is an
isomorphism. Moreover, as noted above 8~! () will vanish to second order
along § if and only if n € T (X, O(F) @ m?).

It thus remains to show that
@.11) H'(X,0(F)®73) =0.

To do this, we note that Jsﬂis a locally free sheaf of rank 1, since it is the
ideal sheaf of a divisor in X. Moreover, any locally free sheaf corresponds
to the sheaf of sections of a vector bundle, and we see that in fact
Js = O(LY),
where L is the line bundle associated to the divisor S ¢ X. This is easy
to check by verifying that L* and Jg have the same transition functions in
terms of the coverings of S used in Sec. 3 in its coordinate representation
as a subset of W C U x P,_;. Moreover, one also has J% = O((L*)?), and
then we see that y y
H'(X,0(F)®733) = H' (X, O(F ® (L*)*)).
But, by hypothesis, F = E*, where u > wg, and by Proposition 3.3(b)
F® L) ® K; >0,
and thus by Kodaira’s vanishing theorem [Theorem 2.4(a)], we see that
(4.11) holds.

To see that s in (4.6) is surjective, we let § = n;ql({p}u{q}), let J5 be the
ideal sheaf of this divisor, let O be the structure sheaf for 0, 0,X, and let
F = 7,, F. We then have the exact sequence
(4.12) 0 — O(F)® 5 — O(F) — O(F)® 0/95 —> 0,
and there exists isomorphisms « and B such that the following diagram
commutes:

0——=T'(X, 0(F) ® J5)——=T'(X, 0(F)) ——=T(X, O(F) ® 0/Js)
(4.13) o (|75, (|7 [ 75
0—T' (X, 0(F) @ mpy) —T'(X, O(F))—=T'(X, 0(F) ® O/mpy).

The isomorphisms « and S are constructed using Hartogs’ theorem as
before, and thus we see that the vanishing of H (X, O(F) ®Js) will ensure
the surjectivity of s. But Jg = O(L?, ), and it follows from Proposition 3.3(c)
that F ® L}, ® K3 > 0. Applying Kodaira’s vanishing theorem again, we
obtain the desired result.

Q.E.D.

Remark: Note that in the diagrams (4.10) and (4.13) we would be able
to complete the proof if we knew that

H' (X, 0(F)@m)) =H'(X,0(F)®m,,) = 0.
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This is the approach taken by Grauert [2] and gives an alternative proof of
the embedding theorem. Namely, Grauert proves the more general vanishing
theorem: If E is a positive line bundle and F is any coherent analytic sheaf,
then there is an integer wo > 0 so that

HY (X, 0(E")®@F)=0

for w > uo and ¢ > 1. This result is derived from the general theory of
coherent analytic sheaves on pseudoconvex analytic spaces and involves, in
particular, Grauert’s solution to the Levi problem (Grauert [1]; see Gunning
and Rossi [1] for this derivation). Moreover, one needs to know that the
ideal sheaves m> and m,, are coherent analytic sheaves (which for these
particular ideals sheaves is not too difficult to prove). Kodaira’s approach,
which we have followed here, says, in effect, that if you blow up the points

p appropriately, then the coherent sheaves mi and m,, become locally free

on the blown up complex manifold X, and then the theory of harmonic
differential forms (which applies at this time only to locally free sheaves,
i.e., vector bundles) can be applied to give the desired vanishing theorems.
To prove Grauert’s vanishing theorem via harmonic theory, it is necessary
to first obtain a projective embedding; then, by finding a global projective
resolution of the given coherent sheaf by locally free sheaves (which follows
from the work of Serre [2]), one can deduce Grauert’s result (see Griffiths
[1] for this derivation).

A recent generalization of Kodaira’s vanishing and embedding theorems
to Moishezon spaces (generalizations of projective algebraic spaces) by
Grauert and Riemenschneider [2] and Riemenschneider [1] has involved the
approach used by Kodaira presented here, combined with the theory of
coherent analytic sheaves on pseudoconvex spaces.
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MODULI SPACES
AND
GEOMETRIC STRUCTURES

1. Introduction

Moduli spaces arise naturally in classification problems in geometry.
Typically, one has a collection of objects and an equivalence relation, and
the problem is to describe the set of equivalence classes. Usually, there are
discrete invariants that partition this set in a countable number of subsets.
In most cases there exist continuous families of objects, and one would like
to give the set of equivalence classes some geometric structure to reflect
this fact. This is the object of the theory of moduli spaces.

The word moduli is due to Riemannt, who used it as a synonym for
parameters when showing that the space of equivalence classes of Riemann
surfaces of a given genus g depends on 3g — 3 complex numbers. After this,
the concept of moduli has been used in geometry in a rather loose sense to
measure variations of geometric structures of one kind or another, but it has
not been however until the 1960s that one has been able to formulate moduli
problems in precise terms and in some cases to obtain solutions to them.

The study of moduli spaces has a local and a global aspect. While the
local theory progressed through the initial work of Kodaira—Spencer and the
contributions of Kuranishi, and others, the global theory, with the proper
definition of moduli spaces and how to construct them is due to Mumford
[25] based on Grothendieck’s theory of schemes.

In this appendix we are concerned with moduli spaces of holomorphic
vector bundles and Higgs bundles over a Riemann surface, as well as
related structures, like connections and representations of the fundamental
group of the surface. These moduli spaces play a very prominent role in
algebraic geometry, differential geometry, topology and theoretical physics.
The emphasis here is not so much on the construction of these moduli spaces

*Instituto de Ciencias Matematicas, Consejo Superior de Investigaciones Cientificas,
Serrano, 121, 28006 Madrid, Spain.

“héngt ...von 3g — 3 stetig verdnderliche Grdssen ab, welche die Moduln dieser Klasse
gennant werden sollen” [32].
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as on the correspondences among them and the geometric structures that
they carry. Our goal is to review some developments in the theory that have
taken place mostly since the beginning of the 1980s, including some more
recent progress. Naturally, due to space limitations, we do this in a rather
scketchy way, avoiding many technical aspects and omitting most proofs,
but trying to address the reader to the main bibliography in the subject.

In section 2 we study the moduli space of holomorphic vector bun-
dles. After the classification of holomorphic vector bundles for genus 0
by Grothendieck [16] and genus 1 by Atiyah [2], vector bundles on higher
genus Riemann surfaces have been studied extensively with the fundamental
work of Mumford [25] and of Narasimhan and Seshadri [28], who defined
the concept of a stable vector bundle and constructed the moduli spaces
which classify these bundles. In their theorem Narasimhan and Seshadri
[28] identified the moduli space of stable vector bundles over a compact
Riemann surface with the moduli space of irreducible projective unitary
representations of the fundamental group of the surface (or equivalently,
unitary representations of the universal central extension of the fundamental
group). Donaldson [10] gave another proof of this theorem, which we briefly
scketch, following the gauge-theoretic point of view of Atiyah and Bott [4],
where these representatations are identified with projectively flat connections.

A Higgs bundle over a Riemann surface is a pair consisting of a holomor-
phic vector bundle and an endomorphism of the bundle twisted with the
canonical line bundle of the surface — the Higgs field. Higgs bundles were
introduced by Hitchin [17] in the study of self-duality equations. They are
the holomorphic objects corresponding to complex representations of the
fundamental group which are not necessarily unitary. In fact when the Higgs
field vanishes, one recovers unitary representations. To establish this corre-
spondence requires two fundamental theorems: one proving the existence
of a solution to Hitchin equations on a stable Higgs bundle [17, 34, 35],
which we explain in Section 3, and another one, studied in Sections 4 and
5, proving the existence of a harmonic metric on a bundle equipped with
a reductive flat conection [8, 14]. This correspondence is in some sense a
non-abelian version of the classical Hodge theory.

In Section 6 we explain how Higgs bundles can also be used to study
representations of the fundamental group of the surface and its universal
central extension that preserve an indefinite Hermitian metric of signature
(p,q) on C", with n = p+q. This is equivalent to studying representations
in the non-compact real form U(p, ¢) of the complex group GL(n, C). The
representations in the compact form U(n) are those preserving a definite
Hermitian metric and, as mentioned above, correspond to Higgs bundles
with vanishing Higgs field, i.e., holomorphic vector bundles. We will see that
the representations in U(p, g) are in correspondence with Higgs bundles of
a particular structure, determined by the geometry of U(p, q).

All our moduli spaces carry various types of geometric structures. Natu-
rally, the moduli spaces of vector bundles and Higgs bundles have complex
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structures induced by the complex structure of the Riemann surface. More-
over, they also have a symplectic structure, which is in fact compatible with
the complex structure, endowing the moduli spaces with a Kéhler structure.
One way to see this, is to exhibit the moduli space as a symplectic and Kéh-
ler quotient. This point of view, initiated by Atiyah and Bott [4], is studied
in Section 7, where we see that the gauge-theoretic equations defining the
moduli space can be interpreted as the vanishing of the moment map for
a symplectic action of the gauge group on the space of connections and
Higgs fields. In the case of Higgs bundles, more is actually true. The com-
plex structure of GL(n, C) defines an additional complex structure on the
moduli space, which combined with the one induced by the surface give rise
to a hyperkéhler structure that can be obtained as a hyperkdhler quotient.

We finish in Section 8 by briefly studying a generalization to higher
dimensional compact Kéhler manifolds of some of the previous results. We
first explain the Hitchin—Kobayashi correspondence between stable vector
bundles and Hermitian—Einstein connections, proved by Donaldson [12, 13]
and Uhlenbeck and Yau [38], and then finish with the higher dimensional
version of the non-abelian Hodge theory correspondence, due to Simpson
[34, 35] and Corlette [8].

We follow the notation of the book.
Acknowledgements. First of all I want to thank Ronny Wells for having
invited me to write this appendix for the third edition of his book. I must
confess that I have always been very embarrassed by the certainty that the
appendix could never approach the quality and elegance of Ronny’s text. I
hope, however, that the reader finds the topics presented here stimulating
enough to pursue further study of a subject whose basics are so beautifully
treated in Ronny’s book. I have a great debt to Nigel Hitchin and Simon
Donaldson, from whom I have learned the subject treated here. Thanks
are also due to Steve Bradlow and Peter Gothen, my collaborators in the
original work on U(p, ¢) reviewed in this appendix. I am very grateful to
my students, Alvaro Antén, Marta Aparicio, Mario Garcia, and Roberto
Rubio for having gone through several preliminary versions of this appendix
and having made many useful comments.

Much of the final preparation of this appendix has taken place while
the author was visiting the IHES, whose hospitality and support is warmly
thanked.

2. Vector Bundles on Riemann Surfaces
2.1. Moduli Spaces of Vector Bundles

Let X be a connected compact Riemann surface. As we have seen in Chap.
111+, the group H'(X, O*) parametrizes isomorphism classes of holomorphic

TAIll references to chapters, sections and page numbers refer to the preceeding Chap.
I-VI of this book
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line bundles on X, where the group structure is given by the tensor product
of line bundles. This group is called the Picard group of X. If we fix the
first Chern class — which we will call degree from now on — to be d,
then Pic?(X) is the set of equivalence classes of line bundles of degree d.
In particular, J(X) := Pic’(X) is a subgroup of H'(X, ©*), which is called
the Jacobian of X. The group J(X) has the structure of a complex abelian
variety (see Remark (a) on page 234), whose dimension is equal to the
genus of X, and it is very important in the study of the geometry of the
Riemann surface [1].

The problem we will address now is that of classifying isomorphism classes
of holomorphic vector bundles of arbitrary rank on a compact Riemann
surface X. This is a much harder problem than that of line bundles, basically
due to the fact that this set is no longer a group. As in the case of line
bundles, C* vector bundles are classified by the first Chern class, and hence
an equivalence class of C* vector bundles is determined by the rank n and
the degree d.

For genus zero, Grothendieck [16] showed that every holomorphic vector
bundle on P;(C) is a direct sum of holomorphic line bundles, and it is
hence determined by the degrees of these line bundles. The case of a genus
one surface (a torus) was studied by Atiyah [2], who showed that the set of
equivalence classes of indecomposable vector bundles with fixed rank and
degree is isomorphic to the surface itself. We will then assume most of the
time that the genus of X is greater than one.

We will look now at holomorphic vector bundles from the point of view
of d-operators, which will be more adapted to our approach. As we have
seen in Sec. 3 of Chap. II, a holomorphic vector bundle £ on a complex
manifold X defines a C-linear mapping

p: %X, E) — &°Y(X, E),

which satisfies B B B
e (p§) = 09§ + 90§,
where ¢ € E(X) and & € (X, E). This can be extended to a C-linear

mapping _
dp: "X, E) — E"2(X, E),

=2
such that 9, = 0. 3
Conversely, if E is a smooth vector bundle and we have an operator dg

as above satisfying 525 = 0, we can find holomorphic transition functions by
solving locally the equation dzs = 0 [19] and endow E with the structure of
a holomorphic vector bundle. Of course, if we are on a Riemann surface,
£%2(X) =0, and hence the condition 5; =0 is always satisfied.

Let E be a smooth complex vector bundle of rank n and degree d over a
Riemann surface X. Let @ be the set of all 35 operators defined on E. As
we have mentioned above, this set is in bijection with the set of holomorphic
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structures on E. A holomorphic bundle £ can be then thought of as a pair
(E, 3g). The group §¢ of automorphisms of the vector bundle E acts on C
by the rule:

g-0r=gdgg™', where ge§ and 9 € C,
and the above correspondence can be made precise in the following.

Proposition 2.1: The quotient C/G° can be identified with the set of
isomorphism classes of holomorphic vector bundles of rank n and degree d.

The set €/G¢ can be endowed with the C* topology, although for technical
reasons one should consider appropriate Sobolev spaces instead of the C*°
topology. It turns out that this space is in general non-Hausdorff (see [28]),
but a “good” space is obtained if we consider only (semi)stable holomorphic
structures.

Let E = (E, 3;) be a holomorphic vector bundle over a compact Riemann
surface X. Let deg(E) be the degree of E (i.e., the first Chern class ¢((E)).
The slope of E is defined as

W(E) =deg E/rank E.
The vector bundle E is stable if for every proper subbundle F C E

n(F) < u(E).

This concept arises naturally from Mumford’s Geometric Invariant Theory
(GIT, see [25)).
Let
@ ={9eC : E=(E9g) Iis stable}

The moduli space of stable vector bundles of rank n and degree d is
defined as
M’(n,d) = C°/G.

Using analytic methods (see e.g. [20]) one can show the following.

Theorem 2.2: The moduli space of stable bundles M*(n, d) has the structure
of a complex manifold of dimension 1+ n?(g — 1), where g is the genus
of X.

Notice that every line bundle is stable and M*(1, d) is simply the compo-
nent of Pic(X) consisting of line bundles of degree d, in particular, M*(1, 0)
is the Jacobian J(X).

We can easily compute the tangent space of M*(n, d) at a point [9]. To do
this, we first observe that € is an affine space modelled on £%!(X, End E),
where EndE = Hom(E, E), and hence the tangent space of € at 3 is
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isomorphic to £%!'(X, End E). Notice that in higher dimensions, the equation
52 = 0 is not automatically satisfied, and it is not difficult to show that the
tangent space to the space of 3, operators satisfying 525 = 0 is the kernel
of the map

g E%'(X, EndE) — €"*(X, EndE).

Here we are abusing notation since the d-operator associated to End E =
EQE* is 0pgrs = 0g ® Ip« + Ir ® 9+, and 9z« is naturally induced by 9.

Now, if a curve 3z(t) = 9z + ta in € for |t| < € is obtained by a
I-parameter family of gauge transformations g, € §¢, so that

p(t) = g,0pg ", with gy =Ig,

then o = —9za, where a = 9,g,|,—o. That is, a is an element of the tangent
space at the identity of the infinite dimensional Lie group §¢, which is
isomorphic to £°(X, End E). Hence the “tangent space” at a point [3;] €
€/G¢ is isomorphic to

H'(X. End E) _{a € &%(X, End E)} _
' (Opa: a € (X, EndE)}

Since stability is an open condition, this is indeed the tangent space at a
point [3z] € M*(n,d). To compute the dimension of H'(X, End E) when
E is stable, we first recall the Riemann-Roch theorem, (a special case of
Theorem 5.8, Chap. IV, when X is a Riemann surface) which says that if
E is a holomorphic vector bundle of degree d and rank n

x(E)=dim H*(X, E) —dim H'(X, E) =d —n(g — 1),

where g is the genus of X. Applying this to the holomorphic vector bundle
End E whose rank is n> and has 0 degree we obtain

x(End E) = dim H(X, End E) — dim H'(X, End E) = —n’(g — 1).

Here, we have used that the degree of End E vanishes, as follows from the
first Chern class relation

deg(E ® F) =rank F deg E + rank E deg F,

which can be deduced using Chern—Weil theory (Chap. III, Sec. 3).

A holomorphic vector bundle is said to be simple if H°(X, End E) = C.
It is not difficult to see that if E is stable, then it is simple (see e.g. [20]).
Hence

dim H'(X, End E) = 1 +n’(g — 1),

thus obtaining the dimension of M*(n,d) given by Theorem 2.2.
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The manifold M*(n,d) is not compact in general. However it can be
compactified by considering semistable vector bundles (it is indeed this
compactification which is obtained by GIT). A vector bundle E is semistable
if for every subbundle F C E

w(F) < u(k).

Another concept which is relevant here is that of polystability. The vector
bundle E is polystable if E = ®E;, where E; is stable and w(E;) = u(E).
A polystable bundle is in particular semistable.

Let E be be semistable vector bundle. If E is not stable, then there exists
a stable subbundle F' C E, such that u(F) = w(E). Since E/F is semistable
with w(E/F) = u(E), this process can be iterated, to obtain a filtration of
E (Jordan—Holder filtration) by semistable vector bundles E;,

O=Ey,CE, C...CE,=E,

such that E;/E;_; is stable and u(E;/E;_1) = w(E) for 1 < j < m. The
graded vector bundle associated to E is defined as

gr(E) = D E;/E; .
J

Although, this is not uniquely defined, its isomorphism class is. Two semi-
stable vector bundles E and E’ are said to be S-equivalent if gr(E) = gr(E").
The moduli space of semistable vector bundles M (n, d) of rank n and degree
d is defined as the set of S-equivalence classes of semistable bundles of
rank n and degree d. Note that, since the graded vector bundle asso-
ciated to a semistable bundle is polystable, M(n,d) coincides with the
set of isomorphism classes of polystable vector bundles of rank »n and
degree d.

One of the first applications of Mumford’s Geometric Invariant Theory
[25] was to the algebraic construction of M (n, d).

Theorem 2.3: The moduli space M (n, d) has the structure of an irreducible
projective algebraic variety which contains M*(n,d) as an open smooth
subvariety.

If GCD(n,d) = 1, then there are no strictly semistable vector bundles
and M(n,d) = M*(n,d), and hence we have the following.

Corollary 2.4: If GCD(n,d) = 1, then M(n,d) is a connected projective
algebraic manifold of dimension 14 n?(g — 1).

For the GIT construction of M (n, d) and basic facts on the geometry of
M (n, d) the reader may look at [25, 28, 33, 29, 27, 26, 5].
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2.2. Stable Bundles and Connections

We will see now that the stability of a holomorphic vector bundle emerges
also from a differential-geometric point of view in relation to the existence
of a certain class of Hermitian metrics on the bundle.

Let E be a holomorphic vector bundle over X and let 4 be a Hermitian
metric on E. Let D be the canonical connection on E defined by 4, and
let ®(D) = D? be its curvature (see Chap. III, Sec. 2).

The connection D is said to be flat if ® (D) = 0. From Chern-Weil theory
(Chap. III, Sec. 3), we know that the flatness of D implies that the first
Chern class of E must be zero. If ¢;(E) # 0, then the closest to flatness that
we can have is that the curvature be central. To formulate this condition,
it is convenient to fix a Hermitian metric on X. Since the dimension of
X is one, such a metric is always Kéhler (Chap. V, Sec. 4). Let Q be its
Kihler form. We will normalize this metric so that X has volume 27, i.e.,
JyQ=2n.

Now, we say that D has constant central curvature if

2.1) O(D) = —inlp R,

where Iz is the identity endomorphism of E and u is a real constant.
Taking the trace in (2.1), integrating and using that

c\(E) = é / Tr(O(D))
X

(Chap. III, Sec. 3) we have that
uw=u(E) =deg E/rank E.

Condition (2.1) can be better understood in terms of principal bundles.
To do this, we briefly recall some basic facts about principal bundles. Let
G be a Lie group. A principal G-bundle P over a smooth manifold X
is a manifold with a smooth (right) G-action and orbit space P/G = X.
We demand that the action admit local product structures, i.e., it is locally
equivalent to the obvious action U x G, where U is an open set in X. Then
we have a fibration 7 : P — X. We say that P has structure group G.

Now, a connection A for P is a G-invariant splitting of the natural exact
sequence

(2.2) 0— TP —TP— a7 'TX —0

of vector bundles over P. Here Tr denotes the tangent bundle along the
fibres in P, and T X the tangent bundle of X. The group G acts on all
terms of this sequence and so G-invariant splitting of (2.2) is a well-defined
concept.
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Given a principal G-bundle P over X and a representation p : G —
GL(V) of G on a complex vector space V, one can associate to it a
complex vector bundle defined by

V= (P x V)/G,

where G acts on P on the right, and on V on the left, via the representation
p. Conversely, if E is a smooth complex vector bundle of rank n over X,
we obtain a principal bundle P with structure group GL(n, C) by taking
the set of all frames in E. A point in the fibre of P over x € X is a set
of basis vectors for E,. A connection on the principal bundle P induces a
connection on the vector bundle E, and viceversa (see e.g. [11, 20]).

If the Lie group G is complex, all the constructions above on principal
bundles can also be done in the holomorphic category.

Now, condition (2.1) is equivalent to saying that D is projectively flat,
which means that D induces a flat connection on the PGL(n, C)-principal
bundle P associated to the GL(n, C)-principal bundle P defined by E,
where P = P/C*I,.

To analyse the relation with stability, we consider a holomorphic sub-
bundle F C E and the quotient vector bundle Q = E/F. These fit in an
exact sequence

(2.3) 00— F—E— Q—0.

The Hermitian metric 4 on E defines a smooth splitting (not necessarily
holomorphic) of this sequence

E=F® 0,

with respect to which we can write

= _(3r B
(4 = (% 2.
where 3 and 9, are the corresponding 3 operators on F and Q, respectively,

and 8 € £%(X, Hom(Q, F)). Since ng = 0, we have that duem.nB8 = 0
and hence B defines a class

[B] € H' (X, Hom(Q, F)).

Conversely, given F and Q, the set of equivalence classes of extensions as
(2.3) is given by H'(X, Hom(Q, F)), with [8] = 0 corresponding to the
holomorphic trivial extension E = F & Q.

The canonical connection D on E defined by 4 can be written as

_(Dr B
@) p=(D5 ).
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where Dy and D, are the canonical connections defined by the

Hermitian metrics on F and Q, respectively, induced by A, and B* €

EL(X, Hom(F, Q)) is obtained from 8 by combining the conjugation on the

form part and the conjugate-linear bundle isomorphism between Hom(Q, F)

and Hom(F, Q), defined by the Hermitian metric (Chap. V, Sec. 2).
Now, the curvature of D is given by

_(©Dr) —BAP DB
(2.6) ®(D)—< iD”,B* @(DQ)—ﬁ*Aﬁ>'

We can now prove the following.

Proposition 2.5: Let £ be a holomorphic vector bundle over X. Let i be
a Hermitian metric on E, such that the canonical connection satisfies (2.1).
Then E is polystable.

Proof: Suppose that D satisfies (2.1). Let F C E be a holomorphic
subbundle and let Q = E/F. From (2.6) we have that

O(Dy) — B AB* = —ipnlr Q.

Now, taking the trace of this equation, multiplying by i /27 and integrating
over X we have

l—/Tr(@(DF))+f 18122 = prank F,
2w Jx X

where we have used that —i /27 Tr(8 A %) = |B]>Q (Chap. V, Sec. 2). Since
deg(F) = i/2n [, Tr(©(Dr)) we obtain that u(F) < u = u(E). If E is
indecomposable, then 8 # 0 for every F C E, and u(F) < u(E). Hence
E is stable. If 8 = 0 for some F C E, then E = F & Q and clearly
w(F) = u(Q) = u(E). Since Dr and D, have also central curvature, we
can iterate the process (the rank of E is finite) until we obtain that £ = ®E;
with E; stable and w(E;) = u(E) for every i, that is, E is polystable.
Q.E.D.

Note that if, in the proof above, we had considered the piece

in (2.1) we would have obtained that w(E) < w(Q), which is indeed an
equivalent definition of semistability, and hence would have reached the
same conclusion.

To explain the converse of Proposition 2.5, it is convenient to look at (2.1)
from another point of view. Instead of fixing a holomorphic structure and
looking for a Hermitian metric, we fix the Hermitian metric and look for the
holomorphic structure or, what is equivalent, for the canonical connection.
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To be more precise, let E be a smooth complex vector bundle over X. Let
h be a Hermitian metric on E. Let A be the set of all connections on E,
which are compatible with 4. The gauge group G of (E, &) is the subgroup
of G¢ consisting of those automorphisms of E that preserve . The group
G acts on A as follows:

g-D=gDg™', where geG and D eA.

The connection D € A has constant central curvature if

2.7) O(D) = A,
where
(2.8) A =—ipn(E) Q.

This equation is invariant under the action of G and then, if we set
(2.9) Ay={DeA : O(D) =21},

the quotient Ay/G is the moduli space of constant central curvature
connections on (E, i).

Indeed, solving (2.1) for a Hermitian metric on a fixed holomorphic
vector bundle E is equivalent to fixing a Hermitian metric on the smooth
bundle E, and then solving for a Hermitian connection satisfying (2.7).

To show this, we note that the space of Hermitian metrics on E is the space
of global sections of the GL(n, C)/U (n)-bundle associated to the principal
GL(n, C)-bundle of frames of E, which in turn, by fixing 4, can be identified
with the symmetric space G¢/G, where G is the gauge group of (E, i). Now,
if 7’ is a solution to (2.1) on the holomorphic bundle E = (E, 3;), then if
h = g(h') for g € §¢, then the h-connection corresponding to g(dz) solves
(2.7) on the Hermitian bundle (E, #). Conversely, if on the G°-orbit of £
we find an element g(dz), whose corresponding h-connection satifies (2.7),
then i’ = g(h) is the Hermitian metric solving (2.1) on E.

A connection D € A is said to be reducible if (E, h) = (E, h)) @ (E,, h,)
and D = D| @ D,, where D; and D, are connections on the Hermitian
vector bundles (E, &) and (E,, h,), respectively. We say that D is irreducible
if it is not reducible. We denote by A* and Aj the subsets of A and A,,
respectively, consisting of irreducible connections.

Using analytic methods similar to those used for the moduli space of
stable vector bundles (see e.g. [20]), one has the following.

Theorem 2.6: The moduli space Aj/SG of irreducible constant central cur-
vature connections on (I, #) has the structure of a smooth real manifold
of dimension 2 + 2n*(g — 1), where n is the rank of E.
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Consider now the map

(2.10) A— C
Dw+—— D"

where D” is the projection of D into the (0, 1)-part (Chap. 3, Sec. 2).
Theorem 2.1 in Chap. III. establishes that this map is an isomorphism.

Proposition 2.5 can be now reformulated as giving one direction of the
following.

Theorem 2.7: The map (2.10) restricted to Ay has its image in the subspace
G’ C € of polystable holomorphic structures, and descends to give a
homeomorphism

(2.11) Ao/G = CP/G°,
Moreover, this restricts to give a homeomorphism
(2.12) Ap/G = e/6e.

This is the theorem of Narasimhan and Seshadri [28]. The formulation in
[28] is in terms of representations of the fundamental group of the surface
but, as we will see in Section 4, this is equivalent. Here we follow the
approach of Atiyah-Bott [4] and Donaldson [10].

It is enough to prove surjectivity for (2.12). The polystable case can
easily be reduced to the stable one. We just mention the main ideas of the
proof given by Donaldson [10]. Let D € A be the Hermitian connection
corresponding to 8. The theorem says that, even though D may not satisfy
(2.7), in the G°-orbit O(D) of D (where the action is via the identification of
A with €) we can find a connection which does satisfy (2.7), which is unique
up to gauge transformations in §. We suppose inductively that the result
has been proved for bundles of lower rank (the case of line bundles being an
easy consequence of Hodge theory). Then we choose a minimizing sequence
in O(D) for a carefully constructed functional of the curvature, which is
equivalent to the Yang-Mills functional, defined by ||®(D)||,2, and extract
a weakly convergent subsequence. Either the limiting connection is in O(D)
and we deduce the result by examining small variations within the orbit, or
in another orbit and we deduce that E is not stable. The main ingredient
in this approach is a result of Uhlenbeck on the weak compactness of the
set of connections with L?> bounded curvature. In the intermediate stages
of the argument one has to allow generalized connections of class W', i.e.,
which differ from some fixed C* connection D by an element of the Hilbert
space with norm

2 2 2
lellyr = lleall” + [ Dell”,

with curvature in L? and gauge transformations in W2 (see Chap. 1V, Sec. 1,
for the definition of Sobolev norms). As explained in Atiyah—Bott [4]
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the group actions and properties of curvature that we use extend with-
out essential change (in particular W2 C C, so the topology of the bundle
is preserved), and it is proved in [4] that each W! connection defines a
holomorphic structure.

3. Higgs Bundles on Riemann Surfaces
3.1. Moduli Spaces of Higgs Bundles

There are many natural gauge-theoretic equations similar to (2.7) which
involve also Higgs fields. These are simply sections of a certain vector bundle
naturally associated to the original vector bundle. As for equation (2.7),
the existence of solutions is related to some stability condition. Some of
these equations arise from considering solutions to the Yang-Mills equations
which are invariant under a certain symmetry group—a mechanism known
in gauge theory as dimensional reduction. An important example is provided
by the theory of Higgs bundles introduced by Hitchin [17].

Let X be a compact Riemann surface. A Higgs bundle over X is a pair
consisting of a holomorphic vector bundle E — X together with a sheaf
homomorphism — the Higgs field — ® : E — E ® K, where K is the
canonical line bundle of X, i.e.

® e H(X,End E ® K).
The Higgs bundle (E, ®) is said to be stable if

u(F) < pn(E)

for every proper subbundle F C E such that ®(F) C F ® K. Semistability,
polystability, Jordan—Holder filtrations and S-equivalence are defined in a
similar way to vector bundles. Clearly, if E is stable, (E, ®) is a stable Higgs
bundle for every ® € H(X, End E ® K).

The moduli space of stable Higgs bundles M* (n, d) is defined as the set of
isomorphism classes of stable Higgs bundles (E, ®) with rank E = n and
deg E = d. In [17], Hitchin gave an analytic construction of this moduli
space in the rank 2 case. Similarly, we define the moduli space of semistable
Higgs bundles M(n, d) as the set of S-equivalence classes of semistable Higgs
bundles of rank n and degree d. In contrast with the case of vector bundles,
M(n, d) is not a projective algebraic variety, but only quasi-projective, i.e.,
it is an open subset of a projective variety. To be more precise, the GIT
construction given by Nitsure [31] says the following.

Theorem 3.1: The moduli space of semistable Higgs bundles M(n, d) is
a complex quasi-projective variety, which contains M*(n,d) as an open
smooth subvariety of dimension 2 + 2n%(g — 1), where g is the genus of X.



254 Moduli Spaces and Geometric Structures Appendix

Similarly to the vector bundle case, if n and d are coprime M(n, d) =
M (n, d). Notice that the dimension of M*(n, d) is twice that of the moduli
space of stable vector bundles M*(n, d). In fact M*(n, d) contains as an open
subset the cotangent bundle of M*(n,d). Indeed, let [E] € M*(n,d). The
cotangent space to M*(n, d) at [E], as we saw in Section 2.1, is isomorphic
to H'(X, End E)*. But, by Serre duality

H'(X,End E)* = H(X,End E ® K),

and hence the Higgs field is an element of the cotangent space 7;,M*(n, d).
But, as mentioned above, if E is stable then (E, ®) is stable for every
® € H(X, End E ® K). In particular, M (1, d) = T* Pic’ (X).

The moduli space of stable Higgs bundles can also be described in
differential-geometric terms, using 8 operators. To do that, let E be a
smooth complex vector bundle over X of rank n and degree d. Consider
the set of pairs

(3.1 H={0, ) €Cx & %X,EndE) : 9,® =0).

Using apropriate Sobolev metrics Cx £""%(X, End E) can be endowed with the
structure of an infinite dimensional manifold and K is a closed subvariety,
in general with singularities. The gauge group G¢ acts on €%(X, End E) by

g-®=gbg! where geG and & e &'(X,EndE),
and this, combined with the action on C, gives the action on H:
g (g, ®) = (gdrg ', gPg™") where ge G and (9, @) € H.

It is clear that if (3, ®) € K, then the pair (E, ®), where E = (E, 9p), is
a Higgs bundle, and H/G¢ can be identified with the set of isomorphism
classes of Higgs bundles of rank n and degree d. If we define

H ={@p ®)eH : (E, d) Iis stable},

Then
M (n,d) = H /5.

To study the deformations of an element in /S we consider the maps

(3.2) g¢ % @ x e9x, EndE) 25 &'(X, End ),

where f, is defined for a fixed element (3, ®) € € x £"°(X, EndE) by
fo(®) =g (g, ®) where ge g

and
fi(@g, ®) =09;® where (9, P) € € x (X, EndE).
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We have that H = f,7'(0). Now, let (3z, ®) € H. Let f, be the map in
(3.2) defined by this element. Let Dy = Dfy(I) and D; = Df,(dz, ®) be
the differentials of f, and f, at I € G¢ and our fixed element (3z, ®),
respectively. We have the complex

(3.3) C*:0 — %X, EndE) =% £"(X, EndE) ® £°(X, End E)

2 el(X, End E) —> 0,

where
(3.4) Dy(¥) = 3y, [P, ¥])
(3.5) D (o, 9) = g + [a, D].

This complex is elliptic since it is the sum of two elliptic complexes. Let
H(C*) be the cohomology groups of the complex (3.3). We have the
following ([17, 31]).

Proposition 3.2:

(1) The space of endomorphisms of (E, ®) is isomorphic to H°(C*).

(2) The space of infinitesimal deformations of (E, ®) is isomorphic
H(C).

(3) There is a long exact sequence

(3.6) 0— H°C*) — H°EndE) — H°(EndE® K) — H'(C*)

—> H'(EndE) — H'(EndE ® K) — H*(C*) — 0,
where the maps H'(End E) — H'(End E ® K) are induced by ad(®).

From (3.6) we deduce that
x(C*) — x(End E) + x(End E® K) =0,
hence by the Riemann-Roch theorem, we have that
h'(C*) = h® + h* + 2n*(g — 1).

Now, if (E, ®) is a stable Higgs bundle, then it is simple, i.e. H’(C*) = C. On
the other hand, from (3.6) we see that H'(C*) = H>7(C*)* for i =0, 1, 2,

and hence H?(C®) = C. By deformation theory one has that M*(n, d) is
smooth [31] and has dimension 2 + 2n*(g — 1).
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3.2. Hitchin Equations

The stability of a Higgs bundle is linked, as we have already mentioned,
to the existence of solutions to a certain equation. Let (E, ®) be a Higgs
bundle. Let & be a Hermitian metric on E, with canonical connection D
and curvature ®(D). A natural condition to ask is that the metric satisfy
the Hitchin equation:

(3.7) O(D) + [®, D] = —iul: <,

where [®, ®*] = ®P* + &*P is the usual extension of the Lie bracket to
Lic-algebra valued forms. Since Tr[®, ®*] = 0, as in (2.7), u = u(E). We
have the following.

Theorem 3.3: Let (E, ®) be a Higgs bundle such that there is a Hermitian
metric on E satisfying (3.7). Then (E, ®) is polystable. Conversely, if (E, ®)
is stable, then there exists a Hermitian metric on E satisfying (3.7).

This theorem is proved by Hitchin [17] for n = 2 and by Simpson [34, 35]
for arbitrary rank (he also gives a generalization for a higher dimensional
Kéhler manifold, which we will mention in Section 8).

The proof of how polystability follows from (3.7) is very similar to the
one given in Proposition 2.5. Suppose that £ is a Hermitian metric satisfying
(3.7). Let F C E be a holomorphic subbundle such that ®(F) Cc F ® K,
and let Q = E/F. In terms of the C* splitting E = F & Q defined by 4,
the Higgs field can be written as

dr 6
(3.8) ® = ( 0 %).

Using (2.6), from (3.7) we have
O(Dp) — B AB* + [®p, DL+ 60 AO* = —ipnlpQ.

Now, taking the trace of this equation, multiplying by i /27 and integrating
over X we have

L/Tr(@(DnH/ |ﬂ|29+/ 9P = w rank F.,
2 X X X

and hence
deg(F) + |IBII> + 16]*> = wrank F.

We thus have u(F) < u(E). The condition w(F) = w(E) is equivalent to
B =0 and 6 = 0. This happens if and only if (E, ®) = (F, r) & (Q, Pyp),
where both terms are Higgs bundles. Then we can iterate this process until we
obtain that (E, ®) = ®(E;, ®;) where (E;, ®;) is stable and u(E;) = u(E).
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To prove the existence result, it is convenient, as in the case of vector
bundles, to look at Theorem 3.3 as a correspondence between moduli
spaces. To do this, let E be a smooth complex vector bundle over X
of rank n and degree d. Let & be a Hermitian metric on E. Let A be
the set of all connections on E which are compatible with A, and let
X = A x €'9(X, End E). The Hitchin equation on a Higgs bundle (3.7) can
be rephrased by requiring the pair (D, ®) € X to satisfy

OD) + [P, P*] =2
(3.9 7,0 =0,
where 3z = D’ is the holomorphic structure defined by D, and A is given by
(2.8). The second equation simply says that @ is holomorphic with respect
to this holomorphic structure, and hence the pair (E, ®) is a Higgs bundle,
where E = (E, dg). Consider the set of all solutions to (3.9):

Xo={(D,®) e X =Ax E'"(X,EndE) satisfying (3.9)}.

The set X is invariant under the action of § — the gauge group of (E, &),
and the moduli space of solutions to Hitchin equations is defined as the
quotient Xy/G.

A pair (D, ®) € X is said to be reducible if (E, h) = (Ei, hy) @ (E,, hy)
and D = D @ D,, where D, and D, are connections on the Hermitian
vector bundles (Ey, #;) and (E,, h;), respectively, and & = &,  ¥,, where
@, and &, are Higgs fields on E; and E,, respectively. We say that (D, ®) is
irreducible if it is not reducible. We denote by X the subset of X, consisting
of irreducible solutions.

Using analytic methods one can show the following (see [17]).

Theorem 3.4: The moduli space Xj/3 of irreducible solutions to (3.9) has
the structure of a smooth real manifold of dimension 4 +4n?(g — 1), where
n is the rank of E.

Let H be the set defined in (3.1), and let
HP = {(@g, ) € H : (E,®) is polystable}.
Theorem 3.3 can be restated as follows.
Theorem 3.5: There is a homeomorphism
Xo/G = H” /G,
which restricts to a homeomorphism

X5/G «— H /G
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We have proved one direction of this correspondence. To prove the con-
verse, one has to show that in the G¢-orbit of any element (550, D)) € H,
we can find an element (3, ®), unique up to gauge transformations in G,
whose corresponding (irreducible) pair (D, ®) (under the correspondence
between A and C) satisfies (3.9). As in the case of Theorem 2.7, we need to
work with Sobolev spaces and consider W' connections and W' Higgs fields,
as well as W? gauge transformations. To find a solution one considers a
minimizing sequence (D,, ®,) for the functional |®(D)+[P, CI>*]||i2 defined
on the G%-orbit of (Dy, ®p). In particular one has |® (D) + [, CI>*]||i2 <C.
From this, and from L? bounds that one can obtain for ®,, one obtains L
bounds for ®(D,), from which it follows, by a theorem of Uhlenbeck [37],
that there are gauge transformations g, € G for which g, - D, has a weakly
convergent subsequence. It is not difficult to find W' bounds for ®,, to
conclude that (D,, ®,) (after renaming) converges to a solution (D, ®). To
complete the proof one shows that (D, ®) is in the same orbit as (Dy, @)
(see [17, 34] for details).

4. Representations of the Fundamental Group
4.1. Connections and Representations

Let E be a C* complex vector bundle of rank n over X, and let D be
a connection on E. A section & € £(X, E) is said to be parallel if DE = 0.
If y=y(t),0<r<Tisacurve in X, a section & defined along y is said
to be parallel along y if

4.1 DE(Y' (1) =0 for 0<1r<T,

where y'(¢) is the tangent vector of y at y(¢). If & is an element of the
initial fibre [, ), by solving the system of ordinary differential equations
(4.1) with initial condition & we can extend &, uniquelly to a parallel section
& along y, called the parallel displacement of & along y. If the initial and
the end points of y coincide so that xo = y(0) = y(T) then the parallel
displacement along y defines a linear transformation of the fibre E, . We
thus have a map

4.2) {closed paths based at xy} —> GL(E,))

whose image is a subgroup of GL(E,,) called the holonomy group of D
at xg.

If D is flat the parallel displacement depends only on the homotopy class
of the closed path and (4.2) defines a representation

p:m(X,x) — GL(E,).
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Conversely, given a representation p : m(X, xy) — GL(n, C), one can
construct a vector bundle E of rank n with a flat connection by setting

E:f(xpC",

where X is the universal cover of X and X x, C" is the quotient of X x C"
by the action of (X, x) given by (y, v) — (v (y), p(y)v) for y € (X, x)
(regarded as the covering transformation group acting on X). The trivial
connection on X x C" descends to give a flat connection on E, whose
holonomy is the image of p.

As we know, the existence of flat connections on E implies that the first
Chern class of E must vanish. If ¢;(E) # 0, we can consider projectively
flat connections. As we have seen in Section 2.2, these are connections
on E which induce flat connections on the principal PGL(#n, C)-bundle
associated to E. The holonomy map of a projectively flat connection defines
a homomorphism

p (X, x0) — PGL(E,)),

i.e., a projective representation of (X, xg).

Since we are assuming that X is connected we can drop the reference
point xo € X from the notation. The fundamental group 7;(X) is a finitely
generated group generated by 2g generators, say Ay, By, ..., A,, B, subject

to the single relation
8
[ A B1=1.
i=l

It has a universal central extension
4.3) 0—Z—>T —mX)—1

generated by the same generators as 7;(X), together with a central element
J subject to the relation [[;_,[A;, B;] = J. By the universal property of
I" (see [4]), we can lift every p : 7;(X) — PGL(n, C) to a representation
o : ' — GL(n, C) such that

0 Z r —_— mX) — 1
| /| dl
1 C* GL#n,C) —— PGL#®,C) —— 1.

Since a projective connection is equivalent to a connection with constant
central curvature, we conclude that there is a correspondence between con-
stant central curvature connections and representations of I' in GL(n, C).
To be more precise, let Hom(I', GL(n, C)) be the set of all representations of
I' in GL(n, C). Given an element p € Hom(I", GL(n, C)) we can associate
to it a topological invariant given by the first Chern class of the vector
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bundle E, with central curvature associated to p. Fixing this invariant, we
define
(44) Hom,((T,GL(®#n, C)) ={p € Hom(I', GL(n, C)) : ¢ (E,) =d}.
The group GL(n, C) acts on Hom(I", GL(n, C)) by conjugation, that is,
(¢-P(y)=gp(y)g”" for geGL®, C),p€Hom(,GL(n,C)),y €T,
preserving Hom, (I, GL(n, C)).

Now, let E be a C*™ vector bundle of rank n and degree d. Let D be

the set of all connections on E, and let D, be the set of connections with
constant central curvature, that is,

(4.5) Dy={DeD : O(D)=Aal,
where A is given by (2.8).

Proposition 4.1: There is a homeomorphism
Dy/5¢ = Hom, (T, GL(n, C))/ GL(n, C).

Here, the gauge group §¢ acts on D as usual, by g- D = gDg~! for g € G¢
and D € D.

4.2. Theorem of Narasimhan—Seshadri Revisited

Let E be a C* vector bundle of rank n and degree d. Let & be a Hermitian
metric on E. It is clear that the holonomy group of a connection compatible
with & is a subgroup of the unitary group U®n). Let Hom,(T", U(n)) be
defined in a similar way to (4.4). Hence, if A is the set of all connections
on E which are compatible with &, and A, is the set of constant central
curvature connections in A defined in (2.9), then similarly to Proposition
4.1, we have the following.

Proposition 4.2: There is a homeomorphism
Ao/§ = Homy(I', U(n))/ U(n),
which restricts to a homeomorphism
Ap/G <— Homy(I', U(n))/ U(n),

where Aj and Hom;(I", U(n)) are irreducible connections and representa-
tions respectively.
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We define the moduli space of representations of degree d of T in U(n) as
R(n,d) = Hom,(T', U(n))/ U(n),

and the moduli space of irreducible representations of degree d of ' in
U(n) as
R*(n,d) = Hom}(T, U(n))/ U(n).

Combining Proposition 4.2 with Theorem 2.7 we obtain the original
formulation of the theorem of Narasimhan and Seshadri [28]:

Theorem 4.3: There is a homeomorphism
R(n,d) =M, d),
which restricts to a homeomorphism

R*(n,d) = M’(n, d).

5. Non-abelian Hodge Theory
5.1. Harmonic Metrics

Our next goal is to show that there is a similar correspondence to that given
by Theorem 4.3 between Higgs bundles and representations of I' in GL(n, C).
This requires, though, another existence theorem due to Donaldson [14]
for n = 2 and to Corlette [8] for arbitrary n (and in fact in much more
generality).

The set Hom(I', GL(n, C)) can be embedded in GL(n, C)*¢*! via the map

(5.1) Hom(T", GL(n, C)) —> GL(n, C)**!

(5.2) p = (p(A),...0(By), p(J)).

We can then give Hom(T", GL(n, C)) the subspace topology and consider on
Hom(T", GL(n, C))/ GL(n, C)

the quotient topology. In contrast to what happen in the unitary case,
this topology is non-Hausdorff. This phenomenon is very similar to what
we have already seen in the study of holomorphic structures. In order to
obtain a Hausdorff space we have to restric our attention to reductive
representations.

A representation p € Hom(T", GL(n, C)) is said to be reductive if it is
the direct sum of irreducible representations. Under the correspondence
given by Proposition 4.1, a reductive representation is obtained from the
holonomy representation of a reductive connection with constant central
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curvature, where a connection D is called reductive if every D-invariant
subbundle admits a D-invariant complement. Due to the compactness of
U(n), every unitary representation is reductive.

Restricting to the sets of reductive and irreducible representations, denoted
respectively by Hom (I', GL(n, C)) and Hom},(I", GL(n, C)), we obtain the
moduli space of reductive representations of degree d of I' in GL(n, C),

(5.3) R(n,d) = Hom} (T, GL(n, C))/ GL(n, C),

and the moduli space of irreducible representations of degree d of ' in
GL(n, ©),

(5.4) R*(n, d) = Hom’(T', GL(n, C))/ GL(n, C),

respectively. In particular, Hom(I', GL(n, C)) = Hom(m(X), GL(n, C))
and hence

(5.5) R(n, 0) = Hom" (7,(X), GL(n, C))/ GL(n, C)

is the moduli space of reductive representations of the fundamental group
of X in GL(n, C).

Let E be a C* vector bundle of rank n and degree d over X. We denote
the sets of reductive and irreducible connections in Dy by Dj and Dj,
respectively, and define the corresponding moduli spaces as Dj/G¢ and
Di/Ge. It is clear that the correspondence given by Propostion 4.1 restricts
to give the following.

Proposition 5.1: There are homeomorphisms
R(n,d) =Dy /S,

and
R*(n,d) = Dj/G.

In analogy to what happens with polystable bundles and Higgs bundles,
a C* complex vector bundle E equipped with a reductive connection with
constant central curvature admits a special type of Hermitian metric. To
explain this, let 4 be a Hermitian metric on E. Using & we can decompose
D uniquely as

(5.6) D=V+y,

where V is a connection on E compatible with 2 and W is a 1-form with
values in the bundle of self-adjoint endomorphisms of E. That is, under
the decomposition

EndE=adE®iadE,
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where ad E = End(E, &) is the bundle of skew-Hermitian endomorphisms
of (E, h), the connection V takes values in ad E, while ¥ takes values in
iadE.

The metric & is said to be harmonic if

(5.7) VY =0,

where we use the metric on X (in fact the conformal structure is enough
here), and the metric on E to define V* (see Chap. V, Sec. 2). To explain
why the word “harmonic” is used here, recall that a Hermitian metric &
on E is simply a section of the GL(n, C)/ U(n)-bundle over X naturally
associated to E. This can be viewed as a m;(X)-equivariant function

h:X — GL@n,C)/U(n),

where X is the universal cover of X. It turns out that V*W = 0 is equivalent
to the condition that the map / be harmonic, in the sense that it minimizes
the energy E(h) = |. B |dh|*. In fact the one-form W can be identified with
the differential of &, and V with the pull-back of the Levi-Civita connection
on GL(n, C)/ U(n) ([14, 8)).

The theorem proved by Donaldson [14] in rank 2 and by Corlette [8] in
general is the following.

Theorem 5.2: Let D be a connection on E with constant central curvature.
Then (E, D) admits a harmonic metric if and only if D is reductive.

Remark: Corlette’s version of this theorem includes the case in which the
base manifold is a compact Riemannian manifold of arbitrary dimension
and GL(n, C) — the structure group of the bundle — is replaced by any
reductive non-compact Lie group.

As in the previous existence theorems, we can formulate Theorem 5.2 as
a correspondence between moduli spaces. To do that, we fix a Hermitian
metric & on E. We have a bijection

D — AxENX, adE)
D (V,w),

defined by (5.6). Now, the condition for a connection D to have central
curvature, i.e. ®(D) = A, where X is given by (2.8), and the harmonicity
equation (5.7) are equivalent to the following set of equations for (V, W):

O(V) + 1 [W, W] =1
(5.8) VU =0
VU = 0.
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Let Y=A x &'(X,adE) and let
Yo={(V.¥) eY=Ax €' (X,adE) satisfying (5.8)}.

The gauge group G acts on Y, and Y,/ is the moduli space of solutions
to (5.8). Theorem 5.2 can now be restated as follows.

Theorem 5.3: There is a homeomorphism between the moduli spaces of
solutions to (5.8) and the moduli space of reductive connections with
constant central curvature on E, i.e.,

Y0/5 =Dy /5"

This restricts to a homeomorphism between the corresponding moduli spaces
of irreducible objects.

5.2. Representations and Higgs Bundles
Consider now the correspondence
EN(X,EndE) — &'(X,adE)
b~ V=04 o

We have the following.

Proposition 5.4: The pair (V, W) satisfies (5.8) if and only if (V, ®) sat-
isfies Hitchin equations (3.9), where W = & + ®*. Moreover, there is a
homeomorphism between the moduli spaces of solutions

90/ = Xo/S,

which restricts to a homeomorphism between the moduli spaces of
irreducible solutions.

Combining previous results in this section with results in Section 2, we
obtain the following.

Theorem 5.5: There is a homeomorphism
R(n,d) = M(n, d)

which restricts to
R(n,d) =M (n,d).

This correspondence can be viewed as a Hodge theorem for non-abelian
cohomology. To see this, consider first the abelian cohomology: H'(X, C)
can be regarded as the space of homomorphisms from m;(X) into C, or
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equivalently the space of closed one-forms modulo exact one-forms. Since
X is Kéhler, the Hodge theorem (Chap. V) gives a decomposition

H'(X,C) = H'(X,04) ® H (X, K).

In other words, a cohomology class can be thought of as a pair (e, ®)
with e € H'(X, Ox) and ® a holomorphic one-form. The correspondence
between Higgs bundles and representations of 7;(X) in GL(n, C) is analo-
gous. If 7 (X) acts trivially on GL(n, C), then the non-abelian cohomology
set H'(m(X), GL(n, C)) is the set of representations m(X) — GL(n, C)
modulo conjugation. Equivalently, it is the set of isomorphism classes of
C* vector bundles of rank n with flat connections. What we have described
is a correspondence between the set of reductive representations and the
set of polystable pairs (E, ®) where E is a holomorphic vector bundle, i.e.
an element in the non-abelian cohomology set H'(X, GL(n, Oy)), and ®
is an endomorphism valued one-form.

6. Representations in U(p, ¢) and Higgs Bundles
6.1. Representations in U(p, ¢) and Harmonic Metrics

Let X be a compact Riemann surface. We have seen how stable vector
bundles correspond to irreducible representations of m;(X) in U(n), and
stable Higgs bundles correspond to irreducible representations of m;(X) in
GL(n, C). The group U(n) is the compact real form of GL(n, C). We can
also consider a non-compact real form G of GL(n, C) and ask whether
we can use complex geometry to study representations of 7;(X) in G. We
illustrate in this section how to do this for the group U(p, ¢q) (see [6, 7]).

The group U(p, q), with p+q = n, is defined as the group of linear trans-
formations of C" which preserve the Hermitian inner product of signature
(p, q) defined by

(Z, W) =z1Wy + -+ 2pWp — -+ — Zpp1Wptl — ZprgWptqs
forz=1(z1,---,2,) € C" and w = (wy, -+, w,) € C". That is,
U(p,q) ={A e GL®n,C) : (Az, Aw) = {z, w), for every z,w € C"}.
If

we have that
U(p.q) ={Ae€GL(n,C) : Al,,A =1,,}.

As is done for an ordinary Hermitian metric on a C*® complex vector
bundle E we can consider a Hermitian metric H of signature (p, ) and
study connections which are compatible with H. This is equivalent to having
a reduction of the structure group of the principal GL(n, C)-bundle P of
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frames associated to E to a U(p, ¢)-bundle and considering connections
on P. A vector bundle E equipped with a U(p, ¢)-structure H has a finer
topological invariant than its degree d. To show this, we first observe that
U(p) xU(g) € U(p, g) is the maximal compact subgroup of U(p, ¢). Now,
since the symmetric space U(p, ¢)/ U(p) x U(g) is simply connected, there
is no obstruction to further reduce the structure group of P to the group
U(p) x U(g). This is equivalent to saying that E = V@ W, where V and W
are vector bundles with rankV = p and rank W = ¢, naturally equipped
with Hermitian metrics Ay and hyw, respectively. The topological invariant
naturally associated to (I, H) is the pair of integers (a, b), where a = degV
and b = deg W, which does not depend on the reduction to U(p) x U(g).
Notice that d = a + b.

Let p € Hom(I", U(p, q)) be a representation of I' in U(p, g). As in
the case of U(n) and GL(, C), to p we can associate a smooth vector
bundle E, equipped with a U(p, ¢) structure and a U(p, ¢g)-connection with
constant central curvature. We can in this way attach a topological invariant
c(p) = (a,b) to p, corresponding to the invariant of the U(p, ¢)-bundle
E,. Consider

Hom, ,(I", U(p, q)) = {p € Hom(I', U(p, q)) : c(p) = (a, b)},

and define the moduli spaces of reductive and irreducible representations
of I' in U(p, q) with invariant (a,b) € Z x Z as

R(p.q,a,b) =Hom, (T, U(p,q))/ U(p. q),

and
R*(p,q,a,b) = Hom, (I, U(p, q))/ U(p, q),

respectively.

The representations for which a + b = 0 correspond to representations
of the fundamental group of X.

Let (E, H) be a C* vector bundle on X equipped with a U(p, ¢)-structure
and topological invariant (a, b) € Z x Z . Let B be the set of all connections
on E compatible with H. Let

(6.1) By={DeB : OD) =41},

where A is given by (2.8). Let Gy be the gauge group of (E, H). We denote
the sets of reductive and irreducible connections in B, by Bj and B},
respectively, and define the corresponding moduli spaces as B /S, and
BG/Sn-

Proposition 6.1: There are homeomorphisms

Hom, ,(I", U(p, ¢))/ U(p, q) = Bo/SGn,
:R(p’qvavb) = ‘B(J)r/SH7
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and
:R*(p, Q» a, b) ; Bg/gH

Now Theorem 5.2 can be generalized to U(p, g) to show that if D € B,
then there is a harmonic reduction of the U(p, ¢g) structure to U(p) x U(g).
Any reduction defines a decomposition

D=V+VY,

where V is a U(p) x U(g)-connection on the reduced U(p) x U(g)-bundle
and V¥ is a one-form with values in the associated bundle with fibre m,
where

u(p,q) =u(p) ulg) ®m

is the Cartan decomposition of the Lie algebra of U(p, ¢), and m is the

set of matrices
0 A
-A o)

with A a complex matrix with p columns and ¢ rows. The harmonicity
condition is, as for GL(n, C),

ViU =0,

where we use now the reduction to U(p) x U(g) to define V*. Similar
to the GL(n, C) case, a reduction to U(p) x U(g) can be viewed as a
m1(X)-equivariant function

X = U(p.9)/ U(p) x U(q),

where X is the universal cover of X, and V*W = 0 is equivalent to the
condition that this map be harmonic.
We thus have the following [8].

Theorem 6.2: Let D be a connection on a U(p,q) bundle (E, k) with
constant central curvature. Then (E, D) admits a harmonic reduction to
U(p) x U(g) if and only if D is reductive.

6.2. U(p, q)-Higgs Bundles and Hitchin Equations

There is a special class of GL(n, C)-Higgs bundles, related to represen-
tations in U(p, ¢) given by the requirements that

0 B
(6.2) <E=V€BW,<I>:<y 0))

where V and W are holomorphic vector bundles of rank p and g respectively
and the non-zero components in the Higgs field are 8 € H(Hom(W, V) ®



268 Moduli Spaces and Geometric Structures Appendix

K), and y € H'Hom(V, W) ® K). We say (E, ®) is a stable U(p, q)-Higgs
bundle if the slope stability condition u(E’) < w(E), is satisfied for all
®-invariant subbundles E’ = V' @ W’, i.e. for all subbundles V' C V and
W’ C W such that

B:W —V®K
y:V — W QK.

Semistability and polystability are defined as for GL(n, C)-Higgs bundles.
Let (a,b) € Z x Z. We define the moduli space of stable U(p, ¢)-Higgs
bundles M*(p, g, a, b) as the set of isomorphism classes of stable U(p, q)-
Higgs bundles with deg(V) = a and deg W = b. Similarly, we define the
moduli space of polystable U(p, ¢)-Higgs bundles M(p, ¢, a, b). The basic
relation with representations of I in U(p, ¢) is given by the following [6].

Theorem 6.3: There is a homeomorphism
M(p,q,a,b) =R(p,q,a,b),

which restricts to
M (p,q,a,b) =R*(p,q,a,b).

The scheme of the proof is very similar to that of Theorem 5.5 for
GL(n, C). A key ingredient is an existence theorem for solutions to the
U(p, q)-Hitchin equations that we explain now.

Let (E, ®) be a U(p, ¢)-Higgs bundle as in (6.2). Hitchin equations are
now equations for Hermitian metrics 2y and Ay on V and W, respectively.
If ®(Dy) and ©(Dy) are the curvatures of the corresponding canonical
connections, the equations are

OWDy) +BAB +Y Ay =2

©3) ODy) +y Ay' +B° A=A,

where A is given by (2.8). We have the following [6].

Theorem 6.4: Let (E, ®) be a U(p, ¢g)-Higgs bundle as in (6.2), such that
there are Hermitian metrics on V and W satisfying (6.3). Then (E, ®) is
polystable. Conversely, if (E, ®) is stable, then there exist Hermitian metrics
on V and W satisfying (3.7).

Following a similar scheme to that of the GL(n, C) case, Theorem 6.4
combined with Theorem 6.2 give the proof of Theorem 6.3.

In contrast with the case of stable vector bundles and stable GL(n, C)-
Higgs bundles, which exist for any value of the degree of the bundle,
the topological invariant (a, b) of a polystable U(p, ¢)-Higgs bundle has
to satisfy a certain constraint. This is expressed in terms of the Toledo
invariant.
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Given a representation of I' in U(p, ¢) with topological invariant c¢(p) =
(a, b), the Toledo invariant of p is defined by

a—pb
T(p)zf(p’ qva,b)=2u.
p+q

This invariant satisfies the inequality

It(p,q,a,b)] <min{p, q}(2g — 2).

proved by Domic and Toledo [9] (this is a generalization of the Milnor
inequality for the Euler class of a PSL(2, R)-flat connection [24]). This
inequality can also be proved for a reductive representation p € R(p, q, a, b)
using the polystability condition of the corresponding Higgs bundle (E, ®) €
M(p.q.a,b) [6].

One of the main results in [6] is the following.

Theorem 6.5: The moduli space M*(p, ¢, a, b) (and hence R*(p, g, a, b)) isa
connected smooth Kihler manifold of complex dimension 1+(p+¢)*(g—1),
which is non-empty if and only if |t(p, g, a, b)| < min{p, g}(2g — 2).

7. Moment Maps and Geometry of Moduli Spaces
7.1. Symplectic and Kéhler Quotients

In this section we review some standard facts about the moment map
for the symplectic action of a Lie group G on a symplectic manifold, and
the special situation in which the manifold has a Kéhler structure which is
preserved by the action of the group.

A symplectic manifold is by definition a differentiable manifold X together
with a non-degenerate closed 2-form Q. A Kéhler manifold with its Kéhler
form is an example of a symplectic manifold. A transformation f of X is
called symplectic if it leaves invariant the 2-form, i.e., f*Q = Q.

Suppose now that a Lie group G acts symplectically on (X, ). If v is a
vector field generated by the action, then the Lie derivative L, vanishes.
Now for 2, as for any differential form,

L,Q2=i(v)dQ+d(i(w)R);

hence d(i(v)Q) = 0, and so, if H'(X,R) = 0, there exists a function
iy : X — R such that
du, =i(v)2.

The function u, is said to be a Hamiltonian function for the vector field v.
As v ranges over the set of vector fields generated by the elements of the
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Lie algebra g of G, these functions can be chosen to fit together to give a
map to the dual of the Lie algebra,

w:X — g

defined by
((x), a) = pa(x),

where a is the vector field generated by a € g, x € X and (-, -) is the natural
pairing between g and its dual. There is a natural action of G on both
sides and a constant ambiguity in the choice of w,. If this can be adjusted
so that u is G-equivariant, i.e.

u(g(x)) = (Adg)*(u(x)) for ge G x € X,

then w is called a moment map for the action of G on X. The remaining
ambiguity in the choice of u is the addition of a constant abelian character
in g*. If u is a moment map then

duz;x)(v) = Qax),v) for aeg, veTX,, xe€X.

An important feature of the moment map is that it gives a way of
constructing new symplectic manifolds. More precisely, suppose that G acts
freely and discontinuously on u~'(0) (recall that w~'(0) is G-invariant),
then

1 (0)/G

is a symplectic manifold of dimension dimM —2dimG. This is the Marsden—
Weinstein symplectic quotient of a symplectic manifold acted on by a group
[23]. There is a more general construction by taking p~! of a coadjoint
orbit. In particular if A is a central element in g* we can consider the
symplectic quotient

n'/G.

Suppose now that X has a Kéhler structure. It is convenient to describe
a Kahler structure on the manifold X as a triple (g, J, ) consisting of a
Riemannian metric g, an integrable almost complex structure (a complex
structure) J and a symplectic form € on X which satisfies

Qu,v) =¢g(Ju,v), for xe€ X and u,v e T, X.

Any two of these structures determines the third one. This is equivalent to
the definition given in Chap. V.

Let G now be a Lie group acting on (X, g, J, Q) preserving the Kahler
structure. Then if © : X —> g* is a moment map, and G acts freely and dis-
continuously on p~'(1), for a central element A € g*, the quotient ' (1)/G
is also a Kédhler manifold. This process is called Kdhler reduction [25].
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A very basic example is the following. Let X = C" be equipped with
its natural Kéhler structure and let U(l) act on X by multiplication. The
action of U(l) preserves the symplectic structure and has a moment map
u:C" — R given by z — > |z;|>. We can consider u~!(1) = $~!. We
then have the symplectic quotient

p (/U ="/ u) =P, (0).

Since the action of U(1) preserves also the complex structure, this construc-
tion exhibits P,_(C) as a Kéhler quotient whose induced Kéhler structure
is in fact the standard one. Note that u~'(1)/ U(1) is hence isomorphic to
the “good” quotient C" — {0}/C*. This relation turns out to be true in a
more general context as we will see below.

When X is a projective algebraic manifold there is a very important
relation between the symplectic quotient and the algebraic quotient defined
by Mumford’s Geometric Invariant Theory (GIT) [25]. Suppose that i :
X c P,_1(C) is a projective algebraic manifold acted on by a reductive
algebraic group which we can assume to be the complexification G¢ of a
compact subgroup G C U(n). Then, following [25], we say that x € X is
semistable if there is a non-constant invariant polynomial f with f(x) # 0.
This is equivalent to saying that if ¥ € C" is any representative of x, then
the closure of the G°-orbit of ¥ does not contain the origin. Let X* C X
the set of all semistable points. There is a subset X* C X** of stable points
which satisfy the stronger condition that the G°-orbit of X is closed in C".
The algebraic quotient is by definition the orbit space X**/G¢. That this
is the right quotient in this setup is confirmed by the fact that if A(X)
is the graded coordinate ring of X, then the invariant subring A(X)% is
finitely generated and has X**/G¢ as its corresponding projective variety.
The quotient X*/G* gives a dense open set of X**/G°.

To relate to symplectic quotients, consider the action of U(n) on P,_(C)
induced by the standard action on C". This action is symplectic and has a
moment map u : P, ;(C) - u(n)* given by

1 xx*

nx) = E_Hxﬂz’

where we are using the Killing form of u(n) to identify u(n) with u(n)*. Let
X and G be as above. Then pouoi, where p : u(n)* — g* is the projection
induced by the inclusion g C u(n), is a moment map for the action of G on
X. We can then consider the symplectic quotient p~'(0)/G. The relation
between this quotient and the algebraic quotient is given by the following
result due to Mumford, Kempf-Ness, Guillemin and Sternberg and others
(see [29]).

Theorem 7.1: There is an isomorphism

yfl(O)/G ~ X”/GC.
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7.2. Moduli Spaces as Kiihler Quotients

The symplectic and Kéhler quotient constructions explained above can
also be extended to the context of infinite dimensional manifolds (see [23]).
We show now how this can be used to endow our moduli spaces with
symplectic and Kahler structures.

Coming back to the setup of Section 2.2, let (I, &) be a smooth complex
Hermitian vector bundle over a compact Riemann surface X. The set A of
connections on (E, &) is an affine space modelled on €'(X, ad E), which is
equipped with a symplectic structure defined by

Qa0 :/Tr(lpAn), for De A and ¥, n e TpA = E'(ad E).
X

This is obviously closed since it is independent of D € A.

Now, the set € of holomorphic structures on E is an affine space modelled
on £%!'(X, End E), and it has a complex structure Je, induced by the complex
structure of the Riemann surface, which is defined by

Je(a) =ia, for 9p € C and « € T;,€ = £*'(X, EndE).

The complex structure Je defines a complex structure J4 on A via the
identification A = € given by (2.10). The symplectic structure Q2,4 and the
complex structure J, define a Kidhler structure on A, which is preserved
by the action of the gauge group G. We have that Lie§ = €°(X, ad E)
and hence its dual (Lie §)* can be identified with €2(X, ad E). One has the
following [4].

Proposition 7.2: There is a moment map for the action of G on A given by
A — E*(X,adE)
D —s (D).

To prove this, let a € Lie G = €°(X, adE), and let @ be the vector field
generated by a. We have to show that the function yu; : A — R given by

pa(D) = / Tr(a A ©(D))
X
is Hamiltonian. But this follows simply from the following:

duz;(D)(v) = / Tr(a A Dv)

X
= —/ Tr(Da A v)
X

= QA(U’ &)a

where we have used that a = Da. In order to have a non-empty symplectic
reduction, we take the central element A € E2(X,adE) given by (2.8) and
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consider p~'(1). This coincides with the set defined in (2.9) and hence the
Kihler quotient u~'(1)/S is precisely the moduli space of constant central
curvature connections on (E, #), which in this way is shown to have a
Kaéhler structure. In view of this, the correspondence given by Theorem 2.7
is formally an infinite dimensional version of the isomorphism between the
symplectic and the algebraic quotients in finite dimensions given by Theorem
7.1. Note that even though A is infinite dimensional, the quotient obtained
has finite dimension, as shown in Section 2.2. It should be mentioned that
in order to perform the quotient construction in the infinite dimensional
set up, all the spaces and the gauge group have to be naturally completed
to have Banach manifold structures (see e.g. [4, 20]).

Similarly, the moduli spaces of Higgs bundles can be endowed with a
Kihler structure. To explain this, let us denote & = (X, EndE). The
linear space € has a natural complex structure Je defined by multiplication
by i, and a symplectic structure given by

Qe (Y, n):i/Tr(wAn*), for ® €€ and Y, n € Te€ = €.
X

We can now consider X = A x € with the symplectic structure Qy = Q4 +Q¢
and complex structure Jy = J4 + Je. The action of G on X preserves Q2
and Jy and there is a moment map given by

71 Uy : X —> &2(X,adE)
(7.1) (D.®) > OD)+[d, b

This follows from Proposition 7.2 and the fact that & — [®, ®*] is a
moment map for the action of G on &, as can be easily proved [17].
We now consider the subvariety

(7.2) N={D,®)eX : D'd=0}

which corresponds to the space H defined in (3.1) under the identification
between A and €. Avoiding difficulties with possible singularities, N inherits
a Kahler structure from X and, since it is G-invariant, the moment map
is the restriction u = px|n : N — €*(X,adE). Now, the moduli space of
solutions to Hitchin equations (3.9) is the Kihler quotient u~'(1)/G.

To show this construction in the case of U(p, ¢)-Higgs bundles, we go
back to the setup in Section 6, and consider the set

Y=Ay x Aw x € x &7,

where Ay and Aw are the sets of connections on the Hermitian bundles
(V, hy) and (W, hy) respectively, and €+ = £0(X, Hom(W,V)) and &~ =
ELO(X, Hom(V, W)). Let (E, h) = (VOW, hy ®hw) and A, € and G be the
corresponding set of connections, Higgs fields and gauge group. The space
Y is a Kéhler submanifold of X = A x € which is invariant by the subgroup
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Sv x Gw C G, and hence the moment map is given by projecting onto
(Lie Sy)* @ (Lie Sw)* in (7.2). The moment map for the action of Gy x Gw
on Y is thus

wy Y — EX(X,adV) ® E*(X, ad W)
(Dv, Dy, B, y) —> (O(Dy) + BAB +y Ay, ODw) +y Ay"+ B AB).

We can then restrict this to obtain a moment map u on the (Sy x Gw)-
invariant Kéhler submanifold Ny = N'NY, where N is given by (7.2). The
quotient x~'(A)/Gy x Gw is the moduli space of solutions to the U(p, q)-
Hitchin equations, which is isomorphic to the moduli space of U(p, ¢)-Higgs
bundles M(p, g, a, b) where a and b are the Chern classes of V and W
respectively.

7.3. Hyperkihler Quotients and Moduli Spaces

A hyperkdhler manifold is a differentiable manifold X equipped with
a Riemannian metric g and complex structures J;, i = 1, 2,3 satisfying
the quaternion relations J? = —1I, J; = JiJ,, etc., such that if we define
Qi(-, ) = g(J;-, +), then (g, J;, ;) is a Kahler structure on X. As for Kéahler
manifolds, there is a natural quotient construction for hyperkahler manifolds
[18].

Let G be a Lie group acting on X preserving the Kéhler structure
(g, Ji, ©;) and having moment maps u; : X — g* for i = 1,2,3. We can
combine these moment maps in a map

n:X— g R

defined by g = (1, pa, u3). Let A; € g* for i = 1,2, 3 be central elements
and consider the G-invariant submanifold w~'(A) where A = (A1, A2, A3).
Then G acts on p~'(A) freely and discontinuously and the quotient

n'n)/G

is a hyperkdhler manifold.

One way to understand the non-abelian Hodge theory correspondence
in Section 5 is through the analysis of the hyperkédhler structures of the
moduli spaces involved. We explain how these can be obtained as hyperkéhler
quotients. For this, let us go back to the setup of Section 7.2, and let (E, k)
be a smooth complex Hermitian vector bundle over a compact Riemann
surface X. As we have seen in Section 7.2, the space X = A x £ has a
Kéhler structure defined by Jy and Q. Let us rename J; = Jy. Via the
identification A = €, we have for « € £€%!(X, EndE) and v € £'%(X, End E)
the following three complex structures on X:

J] ((xﬂ W) = (iaa ”ﬁ)
L, y) = (Y —ia")
Sile, ) = (=y* ),
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where o* and ¥* is defined using the Hermitian metric 2 on E. Clearly,
Ji, i = 1,2,3 satisfy the quaternion relations, and define a hyperkéhler
structure on X, with symplectic structures 2;, i = 1, 2, 3, where Q; = Q.
The action of the gauge group § on X preserves the hyperkihler structure
and there are moment maps given by

1i(D, ®) = O(D)+[®, D], pr(D, ®) =Re(@:®P), p3(D, ®) =Im@P).

Taking A = (1, 0, 0), where A is given by (2.8) we have that u~'(1)/G is the
moduli space of solutions to Hitchin equations (3.9). In particular, if we
consider the irreducible solutions p_'(A) we have that

rno')/S

is a hyperkahler manifold which, by Theorem 3.5, is isomorphic to the
moduli space M*(n, d) of stable Higgs bundles of rank » and d.

Let us now see how the moduli of harmonic flat connections on ([, h)
can be realized as a hyperKdhler quotient. As in Section 4.1, let D be the
set of all complex connections on E. This is an affine space modelled on
E'(X,EndE) = £%(X, T*X g End E). The space D has a complex structure
I = 1 ® i, which comes from the complex structure of the bundle. Using
the complex structure of X we have also the complex structure I, =i ® t,
where 7(y) = ¥* is the involution defined by the Hermitian metric 7. We
can finally consider the complex structure I3 = I, 1.

The Hermitian metric on E together with a Riemannian metric in the
conformal class of X defines a flat Riemannian metric g on D which is
Kahler for the above three complex structures. Hence (D, gop, I, I, I3) is
also a hyperkahler manifold. As in the previous case, the action of the gauge
group § on D preserves the hyperkéhler structure and there are moment
maps

pi(D) =V, us(D) =Im(©(D)), p3(D) =Re(O(D)),

where D = V + W is the decomposition of D defined by (5.6). Hence
the moduli space of solutions to the harmonicity equations (5.8) is the
hyperkdhler quotient defined by

r='(0, 1,0)/8,

where g = (11, 12, u3) and A given by (2.8).

The homeomorphism between the moduli spaces of solutions to the
Hitchin and the harmonicity equations is induced from the hypercomplex
affine map

AxE—D
(D, ®) — D + ® + o*.

One can see easily, for example, that this map sends A x & with complex
structure J, to D with complex structure 7, (see [17]).
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Now, Theorems 3.5 and 5.2 can be regarded as existence theorems, estab-
lishing the non-emptiness of the hyperkéhler quotient, obtained by focusing
on different complex structures. For Theorem 3.5 one gives a special status
to the complex structure J;. Combining the symplectic forms determined
by J, and J; one has the J;-holomorphic symplectic form Q. = Q, + i3
on A x &. The complex gauge group G¢ acts on A x & preserving ..
The symplectic quotient construction can also be extended to the holomor-
phic situation (see e.g. [20]) to obtain the holomorphic symplectic quotient
{3, ®) : 9P = 0}/G°. What Theorem 3.5 says is that for a class
[(@g, ®)] in this quotient to have a representative (unique up to unitary
gauge) satisfying p; = A it is necessary and sufficient that the pair (9, ®)
be polystable. This identifies the hyperkdhler quotient to the set of equiv-
alence classes of polystable pairs on E. If one now takes J, on A x € or
equivalently D with I; and argues in a similar way, one gets Theorem 5.2
identifying the hyperkdhler quotient to the set of equivalence classes of
reductive central curvature connections on E.

Note that for n = 1, the moduli space with complex structure defined by
Ji is T*Pic’(X) and with complex structure defined by J, is (C*)3.

8. Higher Dimensional Generalizations
8.1. Hermitian—-Einstein Connections and Stable Bundles

Mumford’s stability condition for a holomorphic vector bundle over a
compact Riemann surface was generalized by Takemoto to higher dimen-
sional Ké&hler manifolds (see [36, 20]). Let X be a compact Kahler manifold
of dimension n, with Kéhler form . Let E be a holomorphic vector bundle
over X. Associated to E one has the sheaf of its holomorphic sections. This
is a locally free sheaf, which is thus a coherent sheaf (see Chap. 11, Sec. 1),
that will also be denoted by E.

The degree of a coherent sheaf F over X is defined as

deg F = ! /(F)Asz"—l
g BRCEEYY XCI )

where ¢;(F) = c|(det F), and det F is a line bundle associated to F, which
coincides with the determinant line bundle when F is locally free (see [20],
for instance). As in the Riemann surface case, the slope of F is defined as

w(F) =deg F/rank F,

where rank F is the rank of the vector bundle that the coherent sheaf F
determines outside of a subset of X, called the singularity set of F, that
has codimension at least one (see [20]). We say that E is stable with respect
to Q if for every coherent subsheaf F C E with 0 < rank F < rank E,

w(F) < p(E).
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Semistability and polystability are defined as in the one-dimensional case.
Note that, in contrast to the Riemann surface case, in higher dimensions
the stability condition depends on the Kéhler metric of X.

We will see now how stability on a Kdhler manifold is also related to the
existence of a special Hermitian metric on E. Let & be a Hermitian metric
on E with canonical connection and curvature D and ®(D), respectively.
The metric & is called Hermitian-Einstein if

(8.1) O(D) A Q" = —ipl Q"

where, after the normalization Vol X = 27, u = w(E). When n = 1, (8.1)
reduces to the constant central curvature condition given by (2.1). The
following generalizes to higher dimensions the theorem of Narasimhan and
Seshadri.

Theorem 8.1: Let E be a holomorphic vector bundle over a compact
Kahler manifold (X, Q). Then E has a Hermitian-Einstein metric if and
only if it is polystable.

The polystability of a vector bundle admiting a Hermitian—Einstein metric
was proved by Liibke [22] (see also [20]). The existence of a Hermitian—
Einstein metric on a stable vector bundle was first proved by Donaldson
for algebraic surfaces [12] and then by Uhlenbeck and Yau [38] for arbi-
trary Kéhler manifolds. In [13] Donaldson gave another proof for algebraic
manifolds of any dimension.

Theorem 8.1, can also be viewed as a correspondence between moduli
spaces. To see this, let (E, #) be a smooth Hermitian vector bundle over X.
A connection D on (E, &) is called Hermitian—Einstein if it satisfies

D//Z =0

(8.2) OD) A Q! = —iw(E)IzQ".

The first equation simply means that the (0, 1)-part of the connection D,
defines a holomorphic structure on E. The moduli space of Hermitian—
Eintein connections is defined as the set of all connections satisfying (8.2)
modulo the action of the gauge group of (E, h).

Theorem 8.1 is equivalent to the Hitchin—-Kobayashi correspondence:

Theorem 8.2: There is a bijection between the moduli space of Hermitian—
Einstein connections on (E, ) and the moduli space of polystable holomor-
phic vector bundles whose underlying smooth vector bundle is isomorphic
to E.

In the case of Kéhler surfaces, the Hermitian—Einstein equation is equiva-
lent to the anti-self-dual instanton equation for a connection on a Hermitian
vector bundle over a real 4-dimensional Riemannian manifold. Using the
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moduli space of instantons, Donaldson defined topological invariants for
four-manifolds. One of the main applications of the correspondence given
by Theorem 8.2 has been in the computation of the Donaldson invariants
for Kahler surfaces (see [11]).

8.2. Higgs Bundles and Representations of Kéhler Groups

As above, let (X, Q) be a compact Kdhler manifold of dimension n, whose
volume is normalized such that Vol X = 2%. A Higgs bundle over X is a
pair (E, ®) consisting of a holomorphic vector bundle E over X and a
Higgs field ® € H°(X, End E ® Q'), satisfying ® A ® = 0, where Q' is the
bundle of holomorphic one-forms on X. Note that on a Riemann surface
Q! coincides with the canonical line bundle, and the condition ® A ® =0
is trivialy satisfied for dimensional reasons.

A Higgs bundle (E, ®) is said to be stable if and only if w(E’) <
w(E) for every coherent subsheaf E’ C E invariant under &, i.e. ®(E’) C
E' ® Q'. Semistability and polystability are defined as usual. As in the
one-dimensional case, the notion of stability is related to the existence of
a special Hermitian metric on E. More precisely, one has the following
theorem proved by Simpson [34, 35].

Theorem 8.3: Let (E, ®) be a Higgs bundle over X. The existence of a
Hermitian metric & on E satisfying

(8.3) OV) + [P, N AQ™ = —in(E) Q"

is equivalent to the polystability of (E, ®). Here V is the canonical
connection determined by /4 and the holomorphic structure of E.

To relate Higgs bundles to representations of the fundamental group of
the Kéahler manifold X (what is called a Kéhler group) one has to impose
topological conditions on E. Namely, one needs

(8.4) f (E)AQ"'=0, and /(c1 (E)? = 2¢,(E) A2 = 0.
X X

Under conditions (8.4), if (E, @) is polystable, then the Hermitian metric
h on E in Theorem 8.3 satisfies the stronger equation

(8.5) O(V) + [®, &*] = 0.

Note that the first condition in (8.4) is simply that deg £ = 0 and hence
w(E) = 0. We can then consider the pair (E, D), taking E to be the
underlying C* bundle to E and D = V4+®+®*. From 9;® =0, PAD =0
and (8.5) one easily sees that ®(D) = 0, i.e. D is a flat connection on E. In
fact setting ¥ = &+ ®*, we can see that V*W = 0, i.e. & is a harmonic metric
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in the sense of Sec. 5. But Theorem 5.2 holds also in higher dimensions
(see [8]) and hence we have the following.

Theorem 8.4: Let D be a flat connection on E. Then E admits a harmonic
metric if and only if D is reductive.

The construction of a polystable Higgs bundle from a flat reductive con-
nection follows along the same lines as the one dimensional case explained
in Sec. 5 (see also [35]), establishing the following.

Theorem 8.5: There is a one-to-one correspondence between the moduli
space of polystable Higgs bundles (E, ®) with rank E = r and E satisfying
(8.4), and the moduli space of reductive representations of 7; (X) in GL(r, C).

Higgs bundles can also be regarded from the point of view of Tannakian
categories. This is a point of view taken by Simpson in [35], which we
follow (see also [15] and the references given there for details on Tannakian
categories). A tensor category is a category C with a functorial binary
operation ® : € x € — C. An associative and commutative tensor category is
a tensor category provided with additional natural isomorphisms expressing
associativity and commutativity of the tensor product that have to satisfy
certain canonical axioms. A unit 1 is an object 1 provided with natural
isomorphisms 1 ® V = V satisfying canonical axioms. A functor F between
associative and commutative categories with unit is a functor provided
with natural isomorphisms F(U ® V) = F(U) @ F(V). A neutral Tannakian
category C is an associative and commutative tensor category with unit,
which is abelian, rigid (duals exist), End(1) = C, and which is provided
with an exact, faithful fibre functor ¥ : € — Vect, where Vect is the tensor
category of complex, finite dimensional vector spaces.

If G is an affine group scheme over C the category Rep(G) of complex
representations of G is a neutral Tannakian category. The fibre functor F;
is given by sending a representation of G to the underlying vector space. The
group G is recovered as the group G = Aut®(Fg) of tensor automorphisms
of the fibre functor. The converse is given by the fundamental duality
theorem of Tannaka—Grothendieck—Saavedra.

Theorem 8.6: Let (C,F) be a neutral Tannakian category and let G =
Aut®(F) be the group of tensor automorphisms of the fibre funtor. Then

To briefly describe the group Aut®(F) — referred sometimes as the
Tannaka group of the Tannakian category (C, F) —, let End(F) be the algebra
of endomorphisms of the the fibre functor. Its elements are collections { fy}
with fy € End(F(V)) such that for any morphism ¢ : V — W, one has
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F) fy = fwT ). Let Aut®(F) be the set of elements {fy} of End(F)
satisfying
fi=1 fvew = fv ® fw.

The existence of duals in € implies that any element in Aut®(J) consists
entirely of automorphisms, and hence there is no need to include a condition
for invertibility. The algebra End(F) is a projective limit of finite dimensional
algebras and it is endowed with a projective limit topology. The subset
Aut®(F) has a structure of projective limit of algebraic varieties.

We come now to the Tannakian nature of Higgs bundles. Let (E, ®)
and (F, W) be two Higgs bundles. Its tensor product is given by the Higgs
bundle (EQ® F, ® ® Ir + Ir ® V). One has the following (see [35, 15]).

Proposition 8.7: The tensor category of polystable Higgs bundles (E, ®)
over X, satisfying (8.4) with fibre functor defined by sending a Higgs bundle
to the fibre of the bundle at a fixed point of X, is a neutral Tannakian
category.

The category of reductive complex representations of the fundamental
group of X (with the obvious fibre functor) is also a neutral Tannakian
category. It follows from the Tannaka duality theorem that the Tannaka
group of this category is the pro-reductive completion of m;(X) (see [35]).
This is a group G, that comes equipped with a homomorphism 7;(X) - G
such that for every reductive group H and a homomorphism 7;(X) - H
there exists a unique extension G — H such that the following diagram

m(X) — H

|7

G

commutes.

Now, the correspondence given in Theorem 8.5 gives actually an
equivalence of Tannakian categories between the category of complex rep-
resentations of my(X) and the category of polystable Higgs bundles over
(X, ) satisfying (8.4), and hence the Tannaka group of the latter category
is isomorphic to the G — the pro-reductive completion of m;(X).

An central ingredient in non-abelian Hodge theory is the action of the
group C* on the category of polystable Higgs bundles given by

(E,®) — (E,1®) for every A e C".

This action induces an action of C* on the category of reductive represen-
tations of the fundamental group. It should be pointed out that, while this
action is very clear and explicit from the point of view of Higgs bundles,
its explicit effect on a representation of the fundamental group is not easy
to describe.
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One can formalise the action of C* on a Tannakian category (C, F) in
terms of certain tensor functors satisfying canonical axioms. If the action
preserves the fibre functor ¥ one has an action of C* on End(J) by sending
the element {fy} of End(F) to {f}} with f} = fiy for every A € C*, and
hence one has an action on the Tannaka group Aut® (7). The action of C* on
the category of polystable Higgs bundles preserves clearly the fibre functor
since the bundle is unchanged, and one can then transfer this action to G
— the pro-reductive completion of the fundamental group. More precisely
one has the following theorem proved by Simpson in [35].

Theorem 8.8: There exists a unique action of C* on G, each A € C* acting
by a homomorphism of pro-reductive groups, such that if p : G — GL(r, C)
is the representation corresponding to (E, ®), then poA is the representation
corresponding to (E, A D).

In some sense the action of C* on G is the essence of non-abelian Hodge
theory, replacing the C*-action on cohomology explained in Chap. V for
the abelian theory.
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Hodge *-operator (see also star-operator),
154, 155, 158, 185, 227

Hodge-Riemann bilinear relations (see also
period relations), 201, 207, 209

Hodge structure, 213

holomorphic category, 5, 77

holomorphic changes of frame, 67, 79, 227

holomorphic differential forms, 48-49, 63,
150, 151, 218

holomorphic embedding, 9, 236

holomorphic frames, 67, 78-83, 94, 231, 236

holomorphic functions, 2, 3, 10, 34, 41, 46,
53, 81, 102, 107, 211, 234, 238

holomorphic line bundles, 65, 101-106, 217,
218, 223, 226, 230, 234

holomorphic mapping, 4, 29, 67, 199, 214,
236

holomorphic section, 28, 234

holomorphic tangent space, 16

holomorphic vector bundle, 12, 13, 16, 18,
26, 62, 65-67, 76-78, 80, 94, 97, 117,
151-153, 170, 222, 226, 228

homogeneous coordinates, 5, 6, 11, 18, 83,
100, 189, 215, 224, 225, 229, 232, 237

homogeneous space, 190, 215

homomorphisms of resolutions, 49, 60, 106

Hopf blowup, 217

Hopf surface, 798, 200, 201, 220

hyperplane section bundle, 224, 226, 230, 232

Subject Index

I

ideal sheaf, 41, 239, 240

indefinitely differentiable functions(see also
Cs functions, differentiable func-
tions), 2

index, 142

infinitesimal period relation, 215

integrable, 34, 35

integral cohomology (class), 99-101, 206, 219

integral cycles, 219, 221

integral differential form, 277, 218

integral singular chains, 47

intersection matrix, 202, 203

invariant homogeneous polynomials, 85-86,
90, 94

invariant K-linear form, 85, 86

invariant subspace, 171, 177

irreducible representation, 171, 175, 177, 178,
180, 188

irreducible subspace, 182

isomorphism of sheaves, 37, 60

J

Jacobi identity, 171
Jacobian (matrix), 4, 9, 15, 29, 109, 125,
126, 129, 220, 237

K

K-codimension (of submanifold), 4

K -dimension, 3, 4

K -theory, 27

K-3 surface, 198

K-vector bundle of rank r, 12

Kéhler fundamental form, 190, 219

Kaéhler identity, 197, 224

Kihler manifold, 81, 142, 151, 154, 183, 188,
189-198, 201-203, 205, 210, 214, 217,
219, 223, 226

Kéhler matric, 83, 149, 154, 188, 189-191,
197, 198, 201-203, 218, 223, 226, 227,
229, 232

Kihler surface, 153

Kahler type, 188, 187, 197, 198, 201, 218

Kodaira’s embedding theorem, 217, 234, 240

Kodaira’s vanishing theorem, 277, 228, 239-
240

Koszul complex, 41



Subject Index

L

Laplacian operator, 119, 128, 136, 141, 145,
146, 149-151, 154, 163, 168, 191, 194,
223
Lefschetz decomposition (theorem), 154, 181,
182, 183, 195-197, 201, 202, 203, 210
left invariant differential forms, 174
left invariant vector fields, 174
Leray cover, 64, 104
Lie algebra, 75, 171, 174
sl (2, C), 154, 170, 171-173, 178, 181
su (2), 172, 173
of a Lie group, 171, 173
Lie bracket, 171, 172
Lie group, 171
SL (2, C), 171-173, 179, 185
SU (2), 172-174
Lie product, 75, 86
line bundles, 65, 81, 99, 101-102, 106, 223,
224, 231, 239
linear equivalence, 107
linear partial differential operator, 115, 118,
119
local coordinates, 15, 16, 24, 30, 33, 47, 80,
83, 84, 88, 99, 108, 109, 114, 115,
118, 132, 164, 190, 223, 236, 237
local diffeomorphism, 125
local frame, 33, 34, 73, 80, 91, 118, 223, 236
local holomorphic coordinates, 28-29, 30, 33,
83
m-symbol of a pseudodifferential
operator, 125, 126
local orthonormal frame, 163
local representations, 21, 66-69, 72, 88-89,
114, 116, 132, 142
local trivialization, /3, 16, 19, 20, 25, 110,
114, 133
locally biholomorphic, 199, 219
locally free sheaf, 40, 41, 53, 62, 234, 239,
240
long exact sequence, 55, 58, 59

local

M

matrix representation, 15-16, 91
meromorphic functions, 107, 222, 234
morphism (of presheaves), 37
morphisms of sheaves, 37

N

natural metric (standard metric, standard
Kibhler form), 95, 100, 214, 221, 232
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negative line bundle, 223, 225, 226, 229

Newlander-Nirenberg theorem, 1, 35

noncompact manifolds, 113, 140, 164

nonprimitive cohomology classes, 204, 210

nontrivial vector bundles (complex line
bundle), 95-96, 168

o

order:

differential operator, /14

operators, 114

pseudodifferential operators, 13/
orientation, /54, 155, 158, 163, 165, 169
oriented manifold, 84
oriented Riemannian manifold, 163, 164, 166,

167

P

parametrix, /36, 142
partition of unity, 1, 53, 68, 77, 97, 98, 103,
109, 110, 133, 163, 211
period mapping, 154, 209, 210, 214
period matrix, 207, 209, 220-222
domain, 215
period relations (see also Hodge-Riemann
bilinear relations), 154
pluriharmonic function, 50
Poincaré duality, 154, 169, 195, 204, 219
Poincaré lemma, 47, 49-50
polarization, 85
positive differential form, 109, 219, 223, 225,
233
positive line bundle, 223, 225, 226, 229, 231,
240
positivity, 26, 103
presheaf, 2, 36, 37, 42
abelian groups, 43
R-modules, 39
primitive cohomology (group), 205-208, 210
primitive cohomology class, 201, 202, 204,
205
primitive decomposition, 202, 206
theorem, 195, 206
primitive deRham group, 210
primitive differential form, 781, 182, 183,
187, 191
primitive form, 191
primitive harmonic forms, /95
primitive homology, 207
primitive vector, /75, 176, 178-181
principal bundle, 66
projective algebraic embedding, 26, 234, 240
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projective algebraic manifold, 1, 71, 214, 218,
234

projective algebraic variety, 9

projective hyperplane, 9

projective space, 5, 8, 9, 82, 189, 205, 218,
221

properly discontinuous group, /99, 200, 219

pseudoconvex spaces, 234, 240

pseudodifferential operators, 108, 115, 71179,
122, 124, 126, 129, 131, 132-136

pseudoinverse, 136

pullback (vector bundle), 24, 25, 92, 101,
217, 238

Q

quadratic transform, 217, 229, 230
quotient sheaf, 45, 47, 235
quotient topology, 5, 8, 14, 189, 199

R

real-analytic embedding, 9-10
real-analytic fibering (family), 215
real-analytic functions, 2, 3
real-analytic isomorphism (bianalytic), 4
real-analytic manifold, 1, 3, 5, 10
real-analytic mapping, 4
real-analytic structure, 3, 4
real-analytic submanifold, 10
real-analytic vector bundle, 13, 18
real-dimension, 3
real tangent bundle, 27, 95
regularity of homogeneous solutions, /39
Rellich lemma, 108, 111-112
representation,
Lie algebra, 171
infinite-dimensional, 171
sl (2, C), 173-177, 179, 180, 183, 197
su (2), 173
SL (2, C), 173, 179-181, 183, 185, 188
SU (2), 173
space, 182
representation theory, 154, 170, 181, 191, 196
representative of germ, 42
resolutions of sheaves, 36, 42, 47, 58, 60, 62
Riemann matrix, 221, 222, 234
Riemann surfaces, 153, 200, 201, 207, 209,
213, 219
Riemannian manifold, 163, 164, 166, 167
Riemannian metric, 65, 104, 137, 141, 149,
164, 165, 169
Riemann-Roch theorem, 153

Subject Index

S

8-bundle (see also vector bundle), 13, 17, 18,
19-20, 21, 25, 39, 40
homorphism, 20, 21, 25, 26
isomorphism, /8
morphism, 24, 25-26
8-coordinate system, 3
S-embedding, 9
8-functions, 3, 4
8-isomorphism, 3, 4, 9, 13, 17, 19
S8-manifold (see also complex, differen-
tiable manifold), 3, 4, 5, 13, 16, 19,
38, 40
8-morphism (see also differentiable, holomor-
phic mapping), 3, 4, 13, 18, 21-22,
24, 25
8-section, 21, 22, 32
8-subbundle, 20
8-submanifold, 4, 9, 20
8-structure, 2, 4-5, 13
Schubert varieties, 101
Schwarz inequality, 112
Schwarz-Christoffel symbols, 71
second bilinear condition, 274
sections, 37
étalé space, 42
vector bundles, 108, 132, 135
self-adjoint elliptic operator, 140, 141
self-adjoint operators, 108, 740
sequence of sheaves (see also short exact
sequence of sheaves), 47
Serre duality, 154, 170, 229
sheaf:
abelian groups, 45, 47, 51, 52
cohomology, 51, 56, 58, 149
differentiable functions, 38
discontinuous sections, 54
divisors, 107
holomorphic functions, 38, 39, 45, 53
holomorphic p-forms, 63
isomorphism, 43, 60, 69
mappings, 37, 40, 45
modules, 47, 61
morphism, 45, 52, 56
R-modules, 39, 40
real-analytic functions, 38
rings, 39, 41
8-sections, 39
sheaves, 36, 37, 38
short exact sequence, 20, 27, 59
short exact sequence of sheaves, 45, 46, 51,
54-58, 62
Siegel upper-half-space, 210, 215



Subject Index

signature, 204, 208

singular cochains, 47, 61

singular cohomology, 48, 100, 149

singular points, 9

smoothing operator, 127, 125, 130-131, 136,
137, 140

infinite order (operator of order _), 125,

130, 142

Sobolev lemma, 108, 111, 121, 140

Sobolev norm, 109, 131

Sobolev spaces, 108, 121, 137, 145

soft resolutions, 36, 58

soft sheaf, 51, 52, 53-56, 58, 61

spectral sequence, 197, 198

stalk, 42

standard complex structure, 28

star-operator (x-operator, see also Hodge
x-operator), 158, 161, 163, 164, 169,
170

Stein manifold, 71, 64

Stokes’ theorem, 50

strictly positive smooth measure, 108, 118,
137, 145

structure sheaf, 38, 39, 101, 238

submanifold, 9

subpresheaf, 37

subsheaf, 37, 39, 46

symbol mappings, 115, 117, 125, 132

symbol of differential operator, /715

symbol sequence, 117, 144

symmetric algebra bundles, 23

T

tangent bundle, 1, 74, 15, 16, 17, 22, 30, 31,
81, 95, 152

tangent mapping (map), 15, 16

tangent space, 14, 16

tensor product of sheaves, 62, 68

Todd class, 152

topological dimension, 2, 10, 97

topological invarient, 142, 150, 198, 201, 206,
208

topological manifold (see also topological
n-manifold), 3-5, 28

topological n-manifold, 2

torsion tensor, 191

total Chern class, 90

total Chern form, 90

total space, 12, 18, 25

transformation rule (law, formula), 67, 68,
70, 74, 79, 132
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transition functions, /3, 16-20, 22, 29, 41,
66, 102, 104, 169, 211, 218, 220, 224,
225, 230, 231, 232, 239

trivial bundle (line bundle, vector bundle),
14, 21, 70, 95, 116, 125, 135, 218

trivial subbundles, 84, 97

trivialization of sections, 22

trivializing cover, 104, 109

trivializing neighborhood, 32, 118

U

unitary group, 84, 215

unitary frame, 76, 91

unitary matrix, 174

unitary trick, 174

universal bundle, 77, 18, 26, 81-84, 96,
98-101, 190, 218, 224, 225

v

vanishing theorems, 223, 225, 226

variation of Hodge structure, 270

vector bundles, 1, 12, 17-18, 20-21, 26-27,
40, 41, 65-73, 84, 90, 95-98, 101,
111, 119, 124, 126, 132, 134, 136,
144, 152, 165, 239

vector bundle isomorphism:

8-bundle homomorphism, /8, 21, 72

vector bundle isomorphism, 93, 213

vector-bundle-valued differentiable (p, q)-
forms (holomorphic p-forms), 63, 69,
167

vector-valued functions, 21, 28, 32, 71, 110,
135

volume element (volume form), 107-109, 155,
158, 159, 164

w

wedge product, 71, 91, 155

weight, 175, 176, 178, 180-182, 187
Weyl element, 180

Weyl group reflections, 173
Whitney’s theorem, 10

Y

Young’s inequality, 123, 124

Z

zero section, 21, 24, 115
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