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Preface

The theory of J-holomorphic curves has been of great importance to symplectic
topologists ever since its inception in Gromov’s paper [26] of 1985. TIts appli-
cations include many key results in symplectic topology: see, for example, Gro-
mov [26], McDuff [42, 45], Lalonde-McDuff [36], and the collection of articles in
Audin-Lafontaine [5]. It was also one of the main inspirations for the creation
of Floer homology [18, 19, 73], and recently has caught the attention of mathe-
matical physicists through the theory of quantum cohomology: see Vafa [82] and
Aspinwall-Morrison [2].

Because of this increased interest on the part of the wider mathematical commu-
nity, it is a good time to write an expository account of the field, which explains the
main technical steps in the theory. Although all the details are available in the liter-
ature in some form or other, they are rather scattered. Also, some improvements in
exposition are now possible. Our account is not, of course, complete, but it is writ-
ten with a fair amount of analytic detail, and should serve as a useful introduction
to the subject. We develop the theory of the Gromov-Witten invariants as formu-
lated by Ruan in [64] and give a detailed account of their applications to quantum
cohomology. In particular, we give a new proof of Ruan—Tian’s theorem [67, 68]
that the quantum cup-product is associative.

Many people have made useful comments which have added significantly to our
understanding. In particular, we wish to thank Givental for explaining quantum
cohomology, Ruan for several useful discussions and for pointing out to us the con-
nection between associativity of quantum multiplication and the WDV V-equation,
Taubes for his elegant contribution to Section 3.4, and especially Gang Liu for
pointing out a significant gap in an earlier version of the gluing argument. We
are also grateful to Lalonde for making helpful comments on a first draft of this
manuscript. The first author wishes to acknowledge the hospitality of the Univer-
sity of California at Berkeley, and the grant GER-9350075 under the NSF Visiting
Professorship for Women program which provided partial support during some of
the work on this book.

Dusa McDuff and Dietmar Salamon,
June 1994.
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2007 Commentary on J-holomorphic curves and Quantum Cohomology

We have decided to make our first set of lecture notes on J-holomorphic curves
available on the Web since, despite having a few mistakes and many omissions, it is
still a readable introduction to the field. It was originally published by the AMS in
1994. The version here is the revised edition first published in May 1995. It is now
out of print, replaced by the enlarged version .J-holomorphic curves and Symplectic
Topology (AMS 2004) that we will refer to as JHOL.

Main mistakes and omissions

1. The proof the Calderon—Zygmund inequality in Appendix B.2 was simply
wrong. A correct proof is given in JHOL Appendix B.

2. The proof of Gromov compactness was short, but somewhat careless. Claim
(ii) on p 56 in the proof of the Gromov compactness theorem 4.4.3 is wrong; the
limiting curve v might be constant. We used the claim that v is nonconstant to
show that the limiting process converges after finitely many steps.

To correct this one needs to take more care in the rescaling argument, namely the
center of the rescaling must be chosen at a point where the function |clu”|2 attains
a local maximum (Step 1 in the proof of Proposition 4.7.1, p. 101 in JHOL). In this
way one obtains two additional bubbling points at the center and on the boundary
of the unit disc for the rescaled sequence, when the limit is constant (see (iv) in
Proposition 4.7.1 and Step 4 in the proof, p. 104 in JHOL).

The refined rescaling argument gives as a limit a stable map, a crucial missing
ingredient in the old version. One then uses JHOL Exercise 5.1.2 to establish a
bound on the number of components of the limiting stable map.

3. An omission in the Gluing proof in Appendix A. The proof of the existence
of the gluing map fr of Theorem A.5.2 is basically all right, but somewhat sketchy.
In particular we did not prove in detail that it is a local diffeomorphism. We claim
in the middle of p. 175 that this follows from the uniqueness result in Proposition
3.3.5. While this is true, several intermediate steps are needed for a complete proof.
Full details are given in JHOL Chapter 10.

4. An omission in the transversality argument. In Chapter 2 we established
basic results on the structure of simple J-holomorphic curves only in the case of
C*°-smooth J. However, in the application in Chapter 3 we need these results
for J of class C* with ¢ < oco. This was somewhat concealed: the statement of
Proposition 3.4.1 does not make clear that the elements in the universal moduli
space M*(A, J) are assumed to be simple although we used that assumption in the
proof.

Additions in JHOL

Many of the discussions in this book are quite sketchy. In JHOL they are all fleshed
out, and there are many more examples given. Here are other main additions:
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e The existence of Gromov—Witten invariants is established in more generality
(though the argument still needs some version of the “semipositive” hypothesis).
Chapter 7 discusses the axioms they satisfy and also has a completely self-contained
section on the very special and important example of rational curves in projective
space;

e a treatment of genus zero stable curves and maps (in Appendix D and Chapter
5);

e a chapter on geometric applications of genus zero J-holomorphic curves without
using gluing (Chapter 9);

e a discussion of Hamiltonian Floer homology and applications such as spectral in-
variants, explaining the set up but without doing the basic analytic proofs (Chapter
12);

e much more detailed appendices on the analysis. Also an appendix giving full
details of a new proof (due to Lazzarini) on positivity of intersections.

Dusa McDuff and Dietmar Salamon, October 2007.
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Chapter 1

Introduction

The theory of J-holomorphic curves is one of the new techniques which have recently
revolutionized the study of symplectic geometry, making it possible to study the
global structure of symplectic manifolds. The methods are also of interest in the
study of Kahler manifolds, since often when one studies properties of holomorphic
curves in such manifolds it is necessary to perturb the complex structure to be
generic. The effect of this is to ensure that one is looking at persistent rather than
accidental features of these curves. However, the perturbed structure may no longer
be integrable, and so again one is led to the study of curves which are holomorphic
with respect to some non-integrable almost complex structure J.

The present book has two aims. The first is to establish the fundamental the-
orems in the subject, and in particular the existence of the Gromov-Witten invari-
ants. The second is to serve as an introduction to the subject. These two aims are,
of course, somewhat in conflict, and in different parts of the book different aspects
are predominant. The book is written in logical order. Chapters 2 through 6 estab-
lish the foundational Fredholm theory and compactness results needed to set up the
theory. Chapters 7 and 8 then discuss the Gromov-Witten invariants, and their ap-
plication to quantum cohomology, for symplectic manifolds which satisfy a certain
positivity (or monotonicity) condition. Chapter 9 treats extensions to Calabi-Yau
manifolds, and Chapter 10 relations with Floer homology. Appendix A develops
a gluing technique for for J-holomorphic spheres, which is an essential ingredient
of the proof of the associativity of quantum multiplication. Finally, Appendix B
reviews and proves some basic facts on elliptic regularity.

It may be best not to read the book in chronological order, but rather to start
with Chapter 7. The present introductory chapter aims to outline enough of the
theory of J-holomorphic curves to make this approach feasible. We assume that
the reader is familiar with the elements of symplectic geometry. Good references
are McDuff-Salamon [52] and the introductory articles in Audin—Lafontaine [5].

1.1 Symplectic manifolds

A symplectic structure on a smooth 2n-dimensional manifold M is a closed 2-form
w which is non-degenerate in the sense that the top-dimensional form w™ does not
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vanish. By Darboux’s theorem, all symplectic forms are locally diffeomorphic to
the standard linear form

wo =dxy ANdrg + -+ -+ drop_1 Adxoy,

on Euclidean space R?". This makes it hard to get a handle on the global structure
of symplectic manifolds. Variational techniques have been developed which allow
one to investigate some global questions in Euclidean space and in manifolds such
as cotangent bundles which have some linear structure: see [52] and the references
contained therein. But the method which applies to the widest variety of symplectic
manifolds is that of J-holomorphic curves.

Here J is an almost complex structure on M which is tamed by w. An almost
complex structure is an automorphism J of the tangent bundle TM of M which
satisfies the identity J? = —1. Thus J can be thought of as multiplication by i,
and it makes T'M into a complex vector bundle of dimension n. The form w is said
to tame J if

w(v,Jv) >0

for all nonzero v € TM. Geometrically, this means that w restricts to a positive
form on each complex line L = span{v, Jv} in the tangent space T, M. Given w
the set J,(M,w) of almost complex structures tamed by w is always non-empty
and contractible. Note that it is very easy to construct and perturb tame almost
complex structures, because they are defined by pointwise conditions. Note also
that, because J,(M,w) is path-connected, different choices of J € J.(M,w) give
rise to isomorphic complex vector bundles (T'M, J). Thus the Chern classes of these
bundles are independent of the choice of J and will be denoted by ¢;(M).

In what follows we shall only need to use the first Chern class, and what will
be relevant is the value which it takes on embedded 2-spheres in M. If S is such
a sphere in the homology class A € Ho(M), we will need to calculate ¢1(A). This
is just the first Chern class of the restriction of the bundle TM to S. But every
complex bundle E over a 2-sphere S decomposes as a sum of complex line bundles
Ly ®--- & L,. Correspondingly

ci(E) = Z c1(Li)-

Since the first Chern class of a complex line bundle is just the same as its Fuler
class, it is often easy to calculate the ¢1(L;) directly. For example, if A is the class
of the sphere S = pt x S2 in M =V x S? then it is easy to see that

TM|,=TS@ Ly &--- & Ly,
where the line bundles L; are trivial. It follows that
c1(A) = cl(TM|S) =1 (TS)=x(S)=2

where x(5) is the Euler characteristic of S.

A smooth map ¢ : (M,J) — (M',J’) from one almost complex manifold to
another is said to be (J, J')-holomorphic if and only if its derivative d¢,. : T, M —
Ty(zyM' is complex linear, that is
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These are the Cauchy-Riemann equations, and, when (M, J) and (M’, J') are both
subsets of complex n-space C™, they are satisfied exactly by the holomorphic maps.
An almost complex structure J is said to be integrable if it arises from an under-
lying complex structure on M. This is equivalent to saying that one can choose an
atlas for M whose coordinate charts are (., ¢)-holomorphic where 4 is the standard
complex structure on C™. In this case the coordinate changes are holomorphic maps
(in the usual sense) between open sets in C". When M has dimension 2 a funda-
mental theorem says that all almost complex structures J on M are integrable.
However this is far from true in higher dimensions.

The basic example of an almost complex symplectic manifold is standard Eu-
clidean space (R?",wp) with its standard almost complex structure Jy obtained
from the usual identification with C™. Thus, one sets

Zj = x2j71 + i(EQj
for j =1,...,n and defines Jy by
Jo(O2j—1) = 025, Jo(025) = =251

where 9; = 0/0z; is the standard basis of T, R?". Kéahler manifolds give another
basic example.

1.2 J-holomorphic curves
A J-holomorphic curve is a (j, J)-holomorphic map
u:d— M

from a Riemann surface (X,j) to an almost complex manifold (M, J).! Usually,
we will take (¥, ;) to be the Riemann sphere S? = C U {oo}. In accordance with
the terminology of complex geometry it is often convenient to think of the 2-sphere
as the complex projective line CP!. If u is an embedding (that is, an injective
immersion) then its image C' is a 2-dimensional submanifold of M whose tangent
spaces 1, C are J-invariant. Thus each tangent space is a complex line in T'M.
Conversely, any 2-dimensional submanifold C' of M with a J-invariant tangent
bundle T'C' has a J-holomorphic parametrization u. This follows immediately from
the fact that the restriction of J to C is integrable.

Note that according to this definition, a curve u is always parametrized. One
should contrast this with the situation in complex geometry, where one often defines
a curve by requiring it to be the common zero set of a certain number of holomor-
phic polynomials. Such an approach makes no sense in the non-integrable, almost
complex context, since when J is non-integrable there usually are no holomorphic
functions (M, J) — C.

By the taming condition, w restricts to a positive form on each such line. There-
fore C is a symplectic submanifold of M.? Conversely, given a 2-dimensional sym-
plectic submanifold of M, it is not hard to construct an w-tame J such that T'C

1A Riemann surface is a 1-dimensional complex manifold.
2A submanifold X of M is said to be symplectic if w restricts to a non-degenerate form on X.
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is J-invariant. (First define J on T'C|, then extend to the tangent spaces T, M for
x € C, and finally extend the section to the rest of M.) Thus J-holomorphic curves
are essentially the same as 2-dimensional symplectic submanifolds of M.

1.3 Moduli spaces

The crucial fact about J-holomorphic curves is that when J is generic they occur
in finite dimensional families. These families make up finite dimensional manifolds

M(A,J)

which are called moduli spaces and whose cobordism classes are independent of
the particular J chosen in J,(M,w). Here A is a homology class in Hy(M,Z),
and M(A,J) consists of essentially all J-holomorphic curves u : ¥ — M which
represent the class A. Although the manifold M(A, J) is almost never compact,
it usually retains enough elements of compactness for one to be able to use it to
define invariants.

Chapters 2-6 of this book are taken up with formulating and proving precise
versions of the above statements. Here is a brief description of the main results.

Local properties

The first chapter is concerned with local properties of J-holomorphic curves. The
key result for future developments is perhaps Proposition 2.3.1, which gives a char-
acterization of those curves which are not multiply-covered. A curve u : ¥ — M
is said to be multiply-covered if it is the composite of a holomorphic branched
covering map (X, ) — (X', j') of degree greater than 1 with a J-holomorphic map
Y — M. It is called simple if it is not multiply-covered. The multiply-covered
curves are often singular points in the moduli space M(A, J), and so one needs a
workable criterion which guarantees that u is simple. We will say that a curve u is
somewhere injective if there is a point z € ¥ such that

du(z) #0,  uH(u(2)) = {=}.
A point z € ¥ with this property is called an injective point for u.

Proposition 1.3.1 Every simple J-holomorphic curve u is somewhere injective.
Moreover the set of injective points is open and dense in X.

Fredholm theory

Fix a Riemann surface ¥ of genus g and denote by M(A, J) the set of all simple
J-holomorphic maps u : > — M which represent the class A. In Chapter 3 we
prove the following theorem.

Theorem 1.3.2 There is a subset Jreg(A) C T (M,w) of the second category (i.e.
it contains a countable intersection of open and dense sets) such that for each
J € Jreg(A) the space M(A, J) is a smooth manifold of dimension

dim M(A,J) =n(2 —2g) + 2¢1(A).

This manifold M(A, J) carries a natural orientation.
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Another important theorem specifies the dependence of M(A4, J) on the choice
of J (Theorem 3.1.3).

The basic reason why these theorems are valid is that the Cauchy-Riemann
equation

duoj=Jodu

is elliptic, and hence its linearization is Fredholm. A bounded linear operator L
from one Banach space X to another Y is said to be Fredholm if it has a finite
dimensional kernel and a closed range L(X) of finite codimension in Y. The index
of L is defined to be the difference in dimension between the kernel and cokernel of
L:

index L = dim ker L — dim cokerL.

An important fact is that the set of Fredholm operators is open with respect to the
norm topology and the Fredholm index is constant on each component of the set
of Fredholm operators. Thus, it does not change as L varies continuously, though
of course the dimension of the kernel and cokernel can change.

Fredholm operators are essentially as well-behaved as finite-dimensional opera-
tors and they play an important role in infinite dimensional implicit function theo-
rems. Thus, if F : X — Y is a a C*°-smooth map whose derivative dF(z) : X — Y
is Fredholm of index k£ at each point x € X and if y € Y is a regular value of
F in the sense that dF(z) is surjective for all z € F~!(y), then, just as in the
finite-dimensional case, the inverse image

F ()

is a smooth manifold of dimension k. An infinite dimensional version of Sard’s
theorem says that almost all points of Y are regular for F. Technically, they form a
set of second category. This theorem remains true if X and Y are Banach manifolds
rather than Banach spaces. However it does not extend as stated to other kinds of
infinite dimensional vector spaces, such as Fréchet spaces.

The set J;cg mentioned in the above theorem does consist of the regular values
of some Fredholm operator which maps into the space J,(M,w). There are some
additional technicalities in the proof which are caused by the fact that 7, (M,w) is
a Fréchet rather than a Banach manifold. Elements J € J(M,w) which belong to
the subset J;eg are often said to be generic. An interesting fact is that the taming
condition on .J is irrelevant here. The above results hold for all almost complex
structures J on any compact manifold M.

1.4 Compactness

The next task is to develop an understanding of when the moduli spaces M (A, J)
are compact. Here the taming condition plays an essential role. The symplectic
form w and an w-tame almost complex structure J together determine a Riemannian
metric

(v, w) = Hw(v, Jw) + w(w, Jv))
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on M and the energy of a J-holomorphic curve v : ¥ — M with respect to this
metric is given by the formula

E(u)zé\du\Qzéu*w.

Thus the L2-norm of the derivative of a .J-holomorphic curve satisfies a uniform
bound which depends only on the homology class A represented by w. This in
itself does not guarantee compactness because it is a borderline case for Sobolev
estimates. (A uniform bound on the LP-norms of du with p > 2 would guarantee
compactness.)

Another manifestation of the failure of compactness can be observed in the fact
that the energy E(u) is invariant under conformal rescaling of the metric on 3.
This effect is particularly clear in the case where the domain ¥ of our curves is the
Riemann sphere CP!, since here there is a large group of global, rather than local,
rescalings. Indeed, the non-compact group G = PSL(2,C) acts on the Riemann
sphere by conformal transformations
az+b
cz+d
Thus each element u € M(A, J) has a non-compact family of reparametrizations
uo ¢, for ¢ € G, and so M(A, J) itself can never be both compact and non-empty
(unless A is the zero class, in which case all the maps u are constant). However,
the quotient space C(A, J) = M(A, J)/G will sometimes be compact.

Recall that a homology class B € Ho(M) is called spherical if it is in the image
of the Hurewicz homomorphism 7o (M) — Ha(M). Here is a statement of the first
important theorem in Chapter 4.

Z =

Theorem 1.4.1 Assume that there is no spherical homology class B € Hs(M)
such that 0 < w(B) < w(A). Then the moduli space M(A,J)/G is compact.

One proves this by showing that, if u, is a sequence in M(A, J) which has no
limit point in M(A,J), then there is a point z € CP! at which the derivatives
du,(z) are unbounded. This implies that, after passage to a subsequence, there
is a decreasing sequence U, of neighbourhoods of z in CP! whose images u, (U,)
converge in the limit to a J-holomorphic sphere. If B is the homology class repre-
sented by this sphere, then either w(B) = w(A), in which case the maps u, can be
reparametrized so that they do converge in M (A, J), or w(B) lies strictly between
0 and w(A). This is the process of “bubbling”, which occurs in this context in a
simple and geometrically clear way.

One consequence of this theorem is that if w(A) is already the smallest positive
value assumed by w on spheres then the moduli space M(A, J)/G is compact. To
go further, we need a sharper form of this result, which describes the complete limit
of the sequence u,. This is Gromov’s compactness Theorem 4.4.3, which is stated
in Section 4.4. A complete proof is given in Section 4.5.

1.5 Evaluation maps

The invariants which we shall use are built from the evaluation map

M(A,J) x CP* — M : (u, 2) — u(z).
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Note that this factors through the action of the reparametrization group G given
by
¢ (u,2) = (wo¢™", ¢(2)).

Hence we get a map defined on the quotient

6:€J:W(A,J):M(A,J) X(;(CPIHM.

Example 1.5.1 Suppose that M is a product CP! x V with a product symplectic
form and let A = [CP! x pt]. Suppose also that m2(V) = 0. Then A generates
the group of spherical 2-classes in M, and so w(A) is necessarily the smallest value
assumed by w on the spherical classes. Theorems 3.1.2 and 4.3.2 therefore imply
that the space W(A, J) is a compact manifold for generic J. Because ¢1(4) = 2,
in this case the dimension of W(A, J) is 2n and agrees with the dimension of M.
Moreover, we will see in Chapter 3 (see Theorem 3.1.3) that different choices of J
give rise to cobordant maps e;. Since cobordant maps have the same degree, this
means that the degree of ey is independent of all choices. Now if J =i x J' is a
product, where i denotes the standard complex structure on CP!, then it is easy
to see that the elements of M(A, J) have the form

u(z) = (¢(2),vo)

where vy € V and ¢ € G. It follows that the map e; has degree 1 for this choice of
J and hence for every J.

Gromov used this fact in [26] to prove his celebrated non-squeezing theorem.

Theorem 1.5.2 If 1) is a symplectic embedding of the ball B*"(r) of radius r into
a cylinder B2(\) x V, where (V) = 0, then r < .

Sketch of proof: Embed the disc B2()\) into a 2-sphere CP! of area 7A2 +¢, and
let w be the product symplectic structure on CP! x V. Let J’ be an w-tame almost
complex structure on CP! x V which, on the image of 9, equals the push-forward
by 9 of the standard structure Jy of the ball B2"(r). Since the evaluation map
ey has degree 1, there is a J’-holomorphic curve through every point of CP' x V.
In particular, there is such a curve, C’ say, through the image 1 (0) of the center
of the ball. This curve pulls back by ¥ to a Jp-holomorphic curve C' through the
center of the ball B2"(r). Since Jy is standard, this curve C is holomorphic in the
usual sense and so is a minimal surface in B?"(r). But it is a standard result in the
theory of minimal surfaces, that the surface of smallest area which goes through
the center of a ball in Euclidean space is the flat disc of area mr2. Further, because
C' is holomorphic, it is easy to check that its area is just given by the integral of
the standard symplectic form wq over it. Thus

wr2§/w0=/ w*(w)</ w=w(A)=7m)\+¢
C w—l(c/) ’

where the middle inequality holds because (C) is only a part of C’. Since this is
true for all € > 0, the result follows. More details may be found in [26, 43, 36, 52].
O
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Often it is useful to evaluate the map u at more than one point and so we shall
consider the maps

ep : W(A, J,p) = M(A, J) xg (CP")? — M”

defined by

ep(Uy 21,0y 2p) = (u(z1), ..., ul(zp)).
Here p is any positive integer and MP? = M x---x M. For a generic almost complex
structure the domain W(A, J, p) of this evaluation map is a manifold of dimension

dim W(A, J,p) = 2n + 2¢1(A) + 2p — 6.

In general this manifold will not be compact. However, in many cases one can show
that its image X (A4, J,p) = e,(W(A, J,p)) C MP can be compactified by adding
pieces of dimension at least 2 less than that of W(A, J,p). This is the content
of the following theorem. For the purposes of exposition, we state it in a slightly
simplified form. In particular, we assume that (M,w) is monotone. This means
that there is a positive constant A > 0 such that

w(B) = Ac1(B)

for all spherical classes B € Hy(M;Z), where c; is the first Chern class of the
complex bundle (T'M, J). This hypothesis is stronger than necessary, but has the
virtue of being easy to understand.

Theorem 1.5.3 Let (M,w) be a monotone compact symplectic manifold and A €
Hy(M,Z).

(i) For every J € J.(M,w) there exists a finite collection of evaluation maps ey, :
Wi (J) — MP such that

(N WA Jp) = K) C | Jer(Wi(])).
k

KCW(A,J,p)
K compact

(ii) There is a set of second category in J.(M,w) such that, for every J in this set,
the spaces Wy (J) are smooth oriented o-compact manifolds of dimensions

dim Wy (J) < dim W(A, J,p) — 2.

A collection of such theorems is stated and discussed in Chapter 5. They are
proved in Chapter 6.

1.6 The Gromov-Witten invariants

The above theorem implies that the map e, : W(A, J,p) — MP? represents a well-
defined homology class in MP. Intuitively, its image is an m-chain, where m =
dim W(A, J, p), whose boundary has dimension at most m — 2 and so is not seen
from homological point of view. In Chapter 7 this is formalised in the notion
of a pseudo-cycle. One can show that the homology class represented by the
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evaluation map e, does not depend on the choice of J. The Gromov invariants
are obtained by taking its intersection with cycles of complementary dimension in
MP.

More precisely, let &« = a1 X -+ X a, be an element of Hy(MP) where

d + dim W(A, J,p) = 2np.

Then we may choose a representing cycle for o — also denoted by o — which intersects
the image of e, : W(A, J,p) — MP transversely in a finite set of points. We define
the Gromov invariant

Dalar,...,0p) =ep

to be the number of these intersection points counted with signs according to their
orientations. This is simply the number of J-holomorphic curves u in the homology
class A which meet each of the cycles a,..., ;. If the dimensional condition is
not satisfied, we simply set ® (a1, ..., a,) = 0. Some examples are calculated in
Section 7.3. In particular, we sketch Ruan’s argument which uses these invariants
to show that there are non-deformation equivalent 6-manifolds. The discussion in
Sections 7.1 and 7.2 is slightly more technical than the present one mostly because
we want to weaken the hypothesis of monotonicity. However, the examples in
Section 7.3 should be accessible at this point.

The rest of Chapter 7 is devoted to a discussion of the Gromov-Witten invariant
. Here one fixes a p-tuple of distinct points z1,..., 2, in CP!, and counts the
number of curves u such that

u(z1) € au, ..., u(zp) € .

Again, the dimensions are chosen so that there will only be finitely many such
curves. Because the reparametrization group G is triply transitive, it is possible to
do this only if p > 3. Moreover, in the case p = 3 both invariants agree

D 4(0n,a0,a3) = Ua(on, oz, ag).

However, when p > 3 the two invariants are rather different. In particular, it turns
out that the invariants ¥ have much simpler formal properties. For example, we
shall see in Section 8.2 that they obey the decomposition rule

Walan, s, a3,04) = ZZ\IJAfB(alaoQ»Ei)\I/B(d)iaa37044)a
B i

where B € Hy(M), &; runs over a basis for the homology H.(M), and ¢; is the
dual basis with respect to the intersection pairing. This turns out to be a crucial
ingredient in the proof of associativity of the deformed cup product.

1.7 Quantum cohomology

We show in Chapter 8 how to use the invariants ® 4 to define a quantum deformation
of the cup product on the cohomology of a symplectic manifold. To begin with we
shall assume that M is monotone. Moreover, we assume that N > 2 where N is
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the minimal Chern number defined by ([¢1], 7o(M)) = NZ. If we multiply w by
a suitable constant we may assume that A = 1/N and so ([w], m2(M)) = Z.

The basic idea in the definition of quantum cohomology is very easy to under-
stand. Let us write H,(M) and H*(M) for the integral (co)homology of M modulo
torsion. Thus one can think of H*(M) as the image of H*(M,Z) in H*(M,R), and
similarly for H*. The advantage of neglecting torsion is that the group H*(M),
for example, may be identified with the dual Hom(H(M),Z) of Hi(M). Thus a
k-dimensional cohomology class a may be described by specifying all the values f,y a
of a on the classes v € Hy(M).

We define the quantum multiplication a*b of classes a € H*(M) and b € H*(M)
as follows. Let @ = PD(a) and 8 = PD(b) denote their Poincaré duals. Then a * b
is defined as the formal sum

axb="> (axb)ag* /N (1.1)
A

where ¢ is an auxiliary variable, considered to be of degree 2IN, and the cohomology
class (axb) 4 € HF=2¢1(A) (M) is defined in terms of the Gromov invariant ® 4 by

/(a’*b)A = q)A(CWﬂa’Y)

for v € Hyyr—2c,(4)(M). Note that the classes a, (3, v satisfy the dimension
condition
2c1(A) + deg(a) + deg(B) + deg(y) = 4n

required for the definition of the invariant ®4. This shows that 0 < ¢;1(4) < 2n
and hence only finitely many powers of ¢ occur in the formula (1.1). Moreover,
since M is monotone, the classes A which contribute to the coefficient of ¢¢ satisfy
w(A) = ¢1(A)/N = d, and hence only finitely many can be represented by J-
holomorphic curves. This shows that the sum on the right hand side of (1.1) is
finite. Since only nonnegative exponents of ¢ occur in the sum (1.1) it follows that
a * b is an element of the group

QH (M) = H*(M) ® Z[q),

where Z|[g| is the polynomial ring in the variable ¢ of degree 2N. Extending by
linearity, we therefore get a multiplication

QH (M)® QH (M) — QH" (M),

It turns out that this multiplication is distributive over addition, skew-commutative
and associative. The first two properties are obvious, but the last is much more
subtle and depends on a gluing argument for J-holomorphic curves.

The quantum cohomology groups QH (M) vanish for £k < 0 and are periodic
with period 2N for k& > 2n. To get full periodicity, one can consider the groups

QH*(M) =H*(M)®Zlg.q""],

where Z[q, ¢~ ] is the ring of Laurent polynomials, which consists of all poly-
nomials in the variables ¢,¢~' with the obvious relation ¢ - ¢~' = 1. With this
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definition, QH"(M) is nonzero for both positive and negative k, and there is a
natural isomorphism
QH"(M) — QH"*N (M),

given by multiplication with ¢, for every k € Z.

Note that if A = 0, then all J-holomorphic curves in the class A are constant. It
follows that ® 4 («, 3,7) is just the usual triple intersection - 3-+. Since w(A) > 0
for all other A which have J-holomorphic representatives, the constant term in a*b
is just the usual cup product.

As an example, let M be complex projective n-space CP™ with its usual K&hler
form. If p is the positive generator of H2(CP™), and if L is the class in Hy repre-
sented by the line CP', then the fact that there is a unique line through any two
points is reflected in the identity

/t(p*p”)L =&, ([CP" '], pt,pt) = 1.

Since all the other classes (p* p™) 4 vanish for reasons of dimension, it follows that
pxp" =g

and hence the quantum cohomology of CP"™ is given by

QY_I*((CPn) _ Z[paQ] ]
(Pt =q)

See Example 8.1.6 for more details. The occurence of the letters p,q is no acci-
dent here. In Section 8.3, we describe some recent work of Givental and Kim in
which they interpret the quantum cohomology ring of flag manifolds as the ring of
functions on a Lagrangian variety.

We end the chapter by explaining how the higher Gromov-Witten invariants are
generated by a function S which satisfies the WDV V-equation.

1.8 Novikov rings and Floer homology

If the image I of the the Hurewicz homomorphism 7o (M) — Ha (M) has rank bigger
than 1 it is possible to modify the definition of quantum cohomology slightly, even in
the monotone case. Roughly speaking, one can count J-holomorphic curves which
represent different homology classes separately and hence extract more information
from the moduli spaces. This leads naturally to tensoring with the Novikov ring
A, associated to the homomorphism I' — R induced by w. This homomorphism is
defined by evaluating the symplectic form w on a homology class A € I' C Ha(M)
and hence measures the energy of the J-holomorphic curves which represent A. The
Novikov ring is a kind of completion of the group ring which in the case where I' is
1-dimensional and M is monotone agrees with the ring of Laurent power series in
¢,¢~". In the monotone case, one can define the deformed cup product using either
the polynomial ring Z[q] or the Novikov ring as coefficients. However, for more
general symplectic manifolds, for example in the Calabi-Yau case where ¢; = 0, it
is necessary to take coefficients in some kind of completed ring, because there may
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be infinitely many J-holomorphic curves intersecting the cycles «, (3, 7, although
there will only be finitely many with energy less than any fixed bound. If we also
want to carry along the information about the homology class A in order to retain as
much information as possible, this leads precisely to the framework of the Novikov
ring. All this is explained in much more detail in Chapter 9.

There is a striking similarity of these structures with Floer homology (cf. [18],
[20]). In the monotone case, the Floer homology groups of the loop space of M are
naturally isomorphic to the the ordinary homology groups of M rolled up with period
2N, which are exactly the quantum cohomology groups in their periodic form, i.e.
tensored with Z[q,q~!]. Moreover, in the non-monotone case, the Novikov ring
enters into the construction of Floer homology. This was already pointed out by
Floer in his original paper [20] and was later rediscovered in a joint paper [32] of the
second author with Hofer. There is a natural ring structure on the Floer homology
groups given by the pair-of-pants construction, and one is led to wonder whether
this ring structure agrees with the deformed cup-product. In the last chapter we
shall explain the basic ideas in Floer homology, and give an outline of the proof
why the ring structure should agree with that of quantum cohomology.



Chapter 2

Local Behaviour

In this chapter we establish the basic properties of J-holomorphic curves. This
includes the unique continuation theorem, which asserts that two curves with the
same oco-jet at a point must coincide, and Proposition 2.3.1, which asserts that a
simple J-holomorphic curve must have injective points. These are essential ingredi-
ents in the transversality theory for J-holomorphic curves discussed in Chapter 3.
The other main results are Lemmata 2.2.1 and 2.2.3.

2.1 The generalised Cauchy-Riemann equation

Let (M,J) be an almost complex manifold and (X, j) be a Riemann surface. A
smooth map u : ¥ — M is called J-holomorphic if the differential du is a complex
linear map with respect to j and J:

Jodu=duoj.

Sometimes it is convenient to write this equation as d;(u) = 0. Here, the 1-form

1
0y(u) = 3 (du+ Joduo j) € Q" (u*TM)

is the complex antilinear part of du, and takes values in the complex vector bundle
u*TM = {(z, v)|z€X,veE TU(Z)M} . Thus there is an infinite dimensional vector
bundle

&€ — Map(3, M)

whose fibre at u € Map(X, M) is the space &, = QU (u*T M) and 9y is a section
of this bundle. The .J-holomorphic curves are the zeros of this section.

As we shall see later, this global form of the equation is useful when one is
discussing properties of the moduli space of all J-holomorphic curves. In order to
study local properties of these curves, it is useful to write the equation in local
coordinates.

By the integrability theorem there exists an open cover {Uy, }, of ¥ with charts
a : Uy — C such that da(p)jv = ida(p)v for v € T,X. In particular the transition
maps ao3~* are holomorphic. Such local coordinates are called conformal. (Recall

13



14 CHAPTER 2. LOCAL BEHAVIOUR

that a map ¢ between open subsets of C is conformal, i.e. preserves angles and
orientation, if and only if it is holomorphic.) A smooth map uw : ¥ — M is J-
holomorphic if and only if its local coordinate representations

u* =uoa t:a(lU,) — M

are J-holomorphic with respect to the standard complex structure ¢ on the open
set a(U,) C C. B
In conformal coordinates z = s + it on ¥ the 1-form 9;(u) is given by

ey = L (00w L (e e
GJ(u)—2(as—i—J(u)at)ds—i-Q(at J(u)as)dt.

Hence u is a J-holomorphic curve if and only if in conformal coordinates it satisfies
the nonlinear first order partial differential equation

ou® ou®
— +J(w*)——=0. 2.1
55 T 5 (2.1)
In the case of the standard complex structure J = Jy on C" = R?" equation (2.1)
reduces to the Cauchy-Riemann equations

of _ 99 Of _ 99

ds  ot’ o 0s’
for a smooth map u = f+ig : C — C™. Thus a Jy-holomorphic curve is holomorphic
in the usual sense.

Lemma 2.1.1 Assume ¥ is a connected Riemann surface. If two J-holomorphic
curves u,u’ : X — M have the same co-jet at a point z € X then u = u'.

Proof: Since ¥ is connected it suffices to prove this locally. Hence assume that u
and u’ are solutions of (2.1) on some open neighbourhood Q2 of 0 € C. Denote by
A the standard Laplacian

02 0

A==+ — =(0,)%+ (&)

382+8t2 (95)" + (%)
Then it is easy to check that u and u’ are solutions of the second order quasi-linear
equation

A= (8, (u))dsu — 3y (u))Dpu. (2.2)

(Use the fact that 9;(J?) = (8;J)J + J(8;J) = 0.) Now the function v = v’ — u
vanishes to infinite order at 0 € ). Because J and its derivatives are bounded it
follows that v satisfies differential inequalities of the form

|Av(2)| < K(Jo| + |9sv] + [9]),

for all z € . Hence the assertion of the lemma follows from Aronszajn’s unique
continuation theorem which we now quote. a
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Theorem 2.1.2 (Aronszajn) Let Q C C be a connected open set. Suppose that
the function v € WQ’Q(Q,RW) satisfies the pointwise estimate

loc

Auts.01 < ¢ (ot + | Gots.0)] + | 5 0

(almost everywhere) and that v vanishes to infinite order at the point z = 0 in the
sense that

[ =06

|z|<r

for every k > 0. Then v =0.

Here Wlif (2,R™) is the Sobolev space of maps whose second derivative is L?
on each precompact open subset of . Since all the maps which we consider here
are smooth, a reader who is unfamiliar with Sobolev spaces can suppose that g is
C®. This theorem can be viewed as a generalization of the unique continuation
theorem for analytic functions. It is proved by Aronszajn in [1] and by Hartman

and Wintner in [29].

Remark 2.1.3 The assumptions of Lemma 2.1.1 require that the J-holomorphic
curves u and v’ are C*°-smooth. This condition is automatically satisfied when the
almost complex structure J is smooth (see Proposition 3.2.2 below). If, however,
J is only of class C* then the J-holomorphic curves will in general also be only of
class C*.! In this case there is an analogue of Lemma 2.1.1 which requires that the
difference v = v/ — u (in local coordinates) vanishes to infinite order at a point zg
(as in the statement of Aronszajn’s theorem). For a proof of this result which does
not rely on Aronszajn’s theorem we refer to [22]. O

2.2 Critical points

A critical point of a J-holomorphic curve u : ¥ — M is a point z € 3 such
that du(z) = 0. If we think of the image C' = (X)) C M as an unparametrized
J-holomorphic curve, then a critical point on C' is a critical value of u. Points on
C which are not critical are called regular or non-singular. In the integrable case
critical points of nonconstant holomorphic curves are well known to be isolated.
The next lemma asserts this for arbitrary almost complex structures.

Lemma 2.2.1 Let u : ¥ — M be a nonconstant J-holomorphic curve for some
compact connected Riemann surface X.. Then the set

X =u"'({u(z)|z €%, du(z) = 0})

of preimages of critical values is finite.

n fact, a simple elliptic bootstrapping argument based on equation 2.2 shows that if J is of
class C¢ with £ > 1 then every J-holomorphic curve u of class WP with p > 2 is necessarily of
class W14 for every q < oo.
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Proof: It suffices to prove that critical points are isolated, and so we may work
locally. Thus we may suppose that u is a map of an open neighbourhood €2 of 0 in
C to C™, which is J-holomorphic for some J : C* — GL(2n,R), and that

u(0) =0, du(0) =0, uZ0, J(0) = Jo.

Write z = s 4 it. Since w is non-constant it follows from Lemma 2.1.1 that the
oo-jet of u(z) at z = 0 must be non-zero. Hence there exists an integer £ > 2 such
that u(z) = O(|z]%) and u(z) # O(|z[*T!). This implies J(u(z)) = Jo + O(|z[*).
Now examine the Taylor expansion of

ou ou

— 4+ J(u)— =0

0s +J(w) ot
up to order £ — 1 to obtain

8Tg (u)
ds

8Tg (u)
ot

+ Jo =0.
Here Ty(u) denotes the Taylor expansion of w up to order ¢. It follows that Tp(u) :
C — C™ is a holomorphic function and there exists a nonzero vector a € C"™ such

that

u(z) =0z + 00N, 2) =tz 4 O().

Hence
0<|z|<e = u(z) #0, du(z) #0

with € > 0 sufficiently small. Hence preimages of critical values of u are isolated.
O

We now show how to choose nice coordinates near a regular point of a J-
holomorphic curve.

Lemma 2.2.2 Let 2 C C be an open neighbourhood of 0 and u : Q@ — M be a local
J-holomorphic curve such that du(0) # 0. Then there exists a chart a : U — C™
defined on a neighbourhood of u(0) such that

aou(z) = (z,0,...,0), da(u(z))J(u(z)) = Joda(u(z))

for z€ Qnu~Y(U).

Proof: Write z = s+ it € Q and w = (w1, we, ..., w,) € C" where w; = z; + iy;.
Shrink € if necessary and choose a complex frame of the bundle u*T'M such that
0
Z4(2), -, Zn(2) € TuyM, 2y = a%'

Define ¢ : Q x C"~! — M by

G(wr, . W) = XDy | D@ Z5(w1) + Yy T (u(ws)) Z;(wr)
j=2 j=2
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Then ¢ is a diffeomorphism of a neighbourhood V' of zero in C™ onto a neighbour-
hood U of u(0) in M. It satisfies ¢(21,0,...,0) = u(z1) and

0 06

arj 6yj 0

J(¢)

at all points z = (21,0,...,0) and j = 1,...,n. Hence theinversea = ¢~ : U — V
is as required. O

We next start investigating the intersections of two distinct J-holomorphic
curves. The most significant results in this connection occur in dimension 4, and are
discussed in McDuff [44, 48] for example. For now, we prove a useful result which is
valid in all dimensions asserting that intersection points of distinct J-holomorphic
curves v : X — M and v : ¥ — M can only accumulate at points which are
critical on both curves C' = u(X) and C' = «/(X’). For local J-holomorphic curves
this statement can be reformulated as follows.

Lemma 2.2.3 Let u,v : @ — M be local non-constant J-holomorphic curves de-
fined on an open neighbourhood Q of {0} such that

u(0) = v(0), du(0) # 0.
Moreover, assume that there exist sequences z,,(, € Q0 such that

u(z,) = v((), lim z, = lim (, =0, C #0# z,.
Then there exists a holomorphic function ¢ : B:(0) — Q defined in some neigh-
bourhood of zero such that $(0) =0 and

v =1uo ¢.

Proof: By Lemma 2.2.2 we may assume without loss of generality that M = C"
and
U(Z) = (Za0)7 J(w170) =1
z) =

i
where w = (wy, @) with @ € C"~1. Write v( (v1(2),9(2)).

We show first that the oco-jet of ¥ at z = 0 must vanish. Otherwise there
would exist an integer £ > 0 such that o(z) = O(|2]*) and 9(2) # O(|z|**1). The
assumption of the lemma implies ¢ > 1 and hence J(v(z)) = Jo + O(|z[*). As in
the proof of Lemma 2.2.1, consider the Taylor expansion up to order £ — 1 on the
left hand side of the equation d;v + JOv = 0 to obtain that Ty(v) is holomorphic.
Hence

01(2) = p() + O(A*Y),  3(2) = a2’ + O(2/+1)

where p(z) is a polynomial of order ¢ and a € C"~! is nonzero. This implies that
9(2z) # 0 in some neighbourhood of 0 and hence u(z) # v(z) in this neighbourhood,
in contradiction to the assumption of the lemma. Thus we have proved that the
oo-jet of ¥ at z = 0 vanishes.
We prove that 9(z) = 0. To see this note that, because J = Jy along the axis
{w =0},
8J(w1, 0) o 8J(w1, 0)
dr1  Op

:O’
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for all w;. Hence

oJ(w) N 0J(w)
O0x1 oy
As in Lemma 2.1.1, it follows easily that

‘§c|w|.

|AD| < c(|] + |050] + |0,]).

Hence it follows from Aronszajn’s theorem that & = 0. The required function ¢ is
now given by ¢(z) = v1(2). O

2.3 Somewhere injective curves

A curve u : ¥ — M is said to be multiply-covered if it is the composite of a
holomorphic branched covering map (X, j) — (X', j') of degree greater than 1 with
a J-holomorphic map ¥’ — M. The curve u is called simple if it is not multiply
covered. We shall see in the next chapter that the simple J-holomorphic curves
in a given homology class form a smooth finite dimensional manifold for generic
J. In other words, the multiply covered curves are the exceptional case and they
may be singular points in the moduli space of J-holomorphic curves. The proof
of this result is based on the observation that every simple J-holomorphic curve is
somewhere injective in the sense that

du(z) #0,  u'(u(z)) = {2}

for some z € Y. A point z € X with this property is called an injective point for
u.

Proposition 2.3.1 FEvery simple J-holomorphic curve u is somewhere injective.
Moreover the set of injective points is open and dense in 3.

Proof: Let X be the finite set of critical points of u and
X' =u(X)
be the corresponding set of critical values. Further, let () be the set of points of
Y =uX) - X'

where distinct branches of u(X) meet. By Lemma 2.2.1, Q is a discrete subset of Y
(i.e. it has no accumulation points in Y'). Thus the set S =Y — @ is an embedded
submanifold in M. Let ¢ : S — M denote this embedding. Since only finitely many
branches of Y can meet at each point of ), each such point gives rise to a finite
number of ends of S each diffeomorphic to a deleted disc D — pt. Therefore, we
may add a point to each of these ends and extend ¢ smoothly over the resulting
surface S’ to /. Because ¢/ is an immersion, there is a unique complex structure on
S’ with respect to which + is J-holomorphic.

The manifold S’ still has ends corresponding to the points in X’. Each such
end corresponds to a distinct branch of Imw through a point in X’. Thus it is the
conformal image of a deleted disc, and so must have the conformal structure of
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the deleted disc. Therefore we may form a closed Riemann surface ¥’ by adding a
point to each end of S’. Further, because u extends over the whole of X, the map
¢/ must extend to a J-holomorphic map u' : ¥ — M. This map v is somewhere
injective and u factors as u’ o ¢ where 1 is a holomorphic map ¥ — ¥’. Thus ) is
a branched cover and has degree 1 iff u is somewhere injective.

In the case ¥ = ¥’ = CP! the above argument can be rephrased in more explicit
terms as follows. By Lemma 2.2.2 the set

Xccr!
of preimages of critical values of u is finite. Denote by
I'y C (CP' — X) x (CP' — X)

the set of all pairs (z,() such that there exist sequences z, — z and ¢, — ¢ with
u(zy) = u(¢,) and (2,,¢,) # (2,¢). In other words, Ty is the set of accumulation
points of multiple points of u. Isolated self-intersection points are excluded. It
follows from Lemma 2.2.3 that I'y is an equivalence relation on CP!' — X. The
projection

7:Tg—CP' - X

onto the first component is a covering and 7=1(2) is a finite set for every z. This
is because u(¢) = u(z) for every ¢ € 771(z) and u(z) is a regular value of u in the
sense that du(¢) # 0 for every ¢ € u=1(u(z)). Hence it follows from Lemma 2.2.3
that u=!(u(z)) is a finite set. Since CP! — X is connected the number

k=#{CeCP" - X|(z,¢) €To}

is independent of z. Moreover, it follows from Lemma 2.2.3 that each local inverse
of 7 is holomorphic.

If £ = 1 then it follows from the definition of 'y that the set of noninjective
points of u is countable and can accumulate only at the critical set X. In particular
u is somewhere injective in this case. Hence assume k > 2 and extend I’y to its
closure

[ = cl(Ty) c CP* x CP".

This set is an equivalence relation on CP! and we denote
z~C = (2,¢) eT.

The set X is invariant under this equivalence relation. (If z € X and z ~ ¢ then
¢ € X.) Hence each point z € CP! carries a natural multiplicity m(z) > 1 defined
as follows. If z € CP! — X define m(z) = 1. If 2 € X and w € CP! — X is
sufficiently close to z then all k& points in the equivalence class of w are close to
X. Define m(z) as the number of points equivalent to w which are close to z. By
continuity this number is independent of the choice of w. With this definition we

have
> m(() =k
(~z

for every z € CP!.
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We prove that the holomorphic equivalence relation ' gives rise to a meromor-
phic map ¢ : CP! — CP" of degree k such that

w(21) = w(ZQ) S Z1 ™~ Z9.
To see this define p: C x C — C by

Hg~Z2 (21— Om(C)

Z1 — 22

p(z1,22) =

Then p is a polynomial of degree k — 1 in z; and an entire function in z5. Since the
entire function zo — p(z1, 22) has precisely k — 1 zeros it must be a polynomial of
degree k — 1. Since these zeros agree with those of 25 — p(22, 21) both polynomials
agree up to a constant factor. Examining the case z; = z5 we find

p(21,22) = p(22, 21)-
Now p(z1,22) = 0 iff 21 ~ 23 and 21 # 2. This implies
Y(z1) — Y(22)

Z1, % =
p( 15 2) 21 — 29

for some polynomial ¢ : C — C of degree k. To see this choose ¥(z) = zp(z,0)
and examine the zeros on both sides of the above equation. This function v is as
required. It is a holomorphic map of degree k such that ¥ (z1) = ¥(z2) implies
u(21) = u(22). Hence there exists a unique map v’ : CP* — M such that

u=u o

The map v’ is obviously continuous on CP! and J-holomorphic on the complement
of X. It follows again from the removable singularity theorem for J-holomorphic
curves that v’ is smooth. a

Proposition 2.3.2 Let u; : CP' — M be simple J-holomorphic curves for j =
1,..., N such that u; # ujo¢ fori # j and for any fractional linear transformation
¢. Then there exist points z1,...,zn € CP' such that

duj(z) #0,  uy(ui(z) = {z}

for all j and
ui(z;) ¢ uj(CP")

for i # j. Moreover, the set of all N-tuples (z1,...,2zx) € (CPY)N which satisfy
these conditions is open and dense in (CPY)N and its complement has codimension
at least 2.

Proof: Since the curves u; are simple it follows from Proposition 2.3.1 that there
exist points z; € CP! which are injective for u;. In fact the proof of Proposi-
tion 2.3.1 shows that there are at most countably many points z; which are not
injective for u; in the above sense and these can only accumulate only at the finitely
many singular points of .
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Now we shall prove that for every pair ¢ # j the set of N-tuples (z1,...,2n)
with u;(z;) # u;(CP') and u;(z;) ¢ u;(CP') is open and dense in (CP)N. To
see this denote by Y; C CP! the set of points z € CP! such that either u;(z) is
a critical value of u; or u;(z) = u;({) for some ¢ # z. In other words, Y; is the
complement of the set of injective points for u; and hence, by Proposition 2.3.1, it
is countable with only finitely many possible accumulation points. Now denote by

I'y; C (CP'-Y;) x (CP' -Y))

the set of all pairs (z;, zj) such that there exist sequences z;, — 2; and z;, — z;
with w;(z,) = u;j(z,) and (2, 2;,) # (2i,2;). In other words, I';; is the set
of accumulation points of intersections of u; and u;. In this case I';; is not an
equivalence relation but it follows as before from Lemma 2.2.3 that the projections

7T,'1Fij—>CP1—Yi, ﬂ'sz,»j—NCPl—Yj

are coverings with locally holomorphic inverses. Moreover, as before the number of
points in the fiber 7, 1(z) is independent of z and, by definition of Y;, it is either 0
or 1.

In the case 771(z) = 0 it follows from the definition of I';; that the set of
points z € CP! with u;(z) € u;(CP') is countable with finitely many possible
accumulation points and hence its complement is open and dense in CP'. Since
this holds for every pair (¢, j) with ¢ # j this proves the proposition. Hence assume
that the set 7TZ-_1(Z) consists of precisely one point for each z € CP! —Y;. Then
there is a unique map ¢ : CP' —Y; — CP! —Y; such that

(2,0(2)) € Ty

for all z € CP! —Y; and hence
U; = Uy O (b

Now the map ¢ is holomorphic and, as in the proof of Proposition 2.3.1, it extends
to a biholomorphic transformation of CP'. By assumption such a map does not
exist and this proves the proposition. O

It is worth pointing out that all the results of the last two sections remain valid
for almost complex structures of class C* with £ > 2. In particular, this holds for
the unique continuation theorem, in view of Remark 2.1.3. In the next chapter we
shall use the C* versions of these results to prove the transversality theorems for
J-holomorphic curves.

Another important group of results concerns the positivity of intersections of
J-holomorphic curves with J-holomorphic submanifolds of codimension 2. This
is especially important in the study of symplectic 4-manifolds. These results are
not relevant for the theorems proved in this book although they might play an
important role in computing quantum cohomology groups or Gromov-invariants in
specific cases. We refer the interested reader to [50] and [53].
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Chapter 3

Moduli Spaces and
Transversality

Let (M, J) be a 2n-dimensional almost complex manifold without boundary and
let 3 be a closed Riemann surface of genus g with complex structure j. In this
chapter we examine the space

M(A,J)

of all simple J-holomorphic curves which represent a given homology class A €
Hy(M). For simplicity, we will assume that the domain is a fixed Riemann surface
(X,7). We begin by outlining a proof of the fact that the space M(A,J) is a
finite dimensional manifold for a “generic” set Jreg(A) of almost complex structures
J. For simplicity we shall assume throughout that our symplectic manifold M is
compact. However, it is easy to see that all the results of this chapter generalize to
the noncompact case.

3.1 The main theorems

Denote by X = Map(X, M; A) the space of all smooth maps « : ¥ — M which are
somewhere injective and represent the homology class A € Ho(M). This space can
be thought of as a kind of infinite dimensional manifold whose tangent space at
u € X is the space

T,X =C®W'TM)

of all smooth vector fields £(z) € Ty, (.)M along u. Consider the infinite dimensional
vector bundle & — X whose fiber at w is the space

Eu = Q0 (T M)

of smooth J-anti-linear 1-forms with values in «*TM. Recall that the complex
anti-linear part of du defines a section

0y: X =&

of this vector bundle and the moduli space M(A,J) = 9;'(0) is the intersection
with the zero section. In order for M(A, J) to be a manifold it is required that 9

23
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be transversal to the zero section. This means that the image of the linearization
doy(u) : T,X — Tu,0)€ of (E)J is complementary to the tangent space T, X of the
zero section. Let us write D9 (u) for the composite of dd(u) with the projection
Tu * Tiw,00€ = TuX & &y — Ey. Then we require that the linearized operator

D, = D3j(u) : C®(u*TM) — Q" (u*TM)

is surjective for every u € M(A, J). Formally the operator D,, can be determined
by differentiating the local co-ordinate expressions for dy(u) in the direction of a
vector field € along u. These expressions define a global complex anti-linear 1-form
on u*T'M whenever w is a J-holomorphic curve.

It turns out that D,, is an elliptic first order partial differential operators and so
is Fredholm. This means that D, has a closed range and finite dimensional kernel
and cokernel. The Fredholm indez of such an operator is defined as the dimension of
the kernel minus the dimension of the co-kernel. This index is stable under compact
(lower order) perturbations. Now C°°(u*T'M) and Q%1 (u*TM) are complex vector
spaces but, due to the nonintegrability of J, the operator D, does not respect the
complex structures. However, the complex anti-linear part of the operator D, is
of lower order and removing it does not change the Fredholm index. The complex
linear part is a Cauchy-Riemann operator and determines a holomorphic structure
on u*T M. The index of such operators is given by the Riemann-Roch theorem and

we obtain
index D,, = n(2 — 2g) + 2¢1 (w*TM).

If the operator D, is onto for every u € M(A,J), it follows from the infinite
dimensional implicit function theorem that the space M(A,J) is indeed a finite
dimensional manifold whose tangent space at u is the kernel of D,,. We will suppose
that the almost complex structure J varies in some space J of almost complex
structures on M which is sufficiently large for the constructions given below to
work. For example, J could be any subset of the space of all smooth structures
which is open in the C'*°-topology or, if M has a symplectic form w, it could be the
space of all w-compatible structures. In all cases J carries the usual C*°-topology.

Definition 3.1.1 A point (u, J) is called regular if D, is onto. Given J as above
and A € Hy(M,Z) we denote by Jreg(A) the set of all J € J such that D, is onto
for every u € M(A, J). We also denote by

s7reg = ﬂ ~7reg(A)
A

the set of all J € J such that D, is onto for every simple J-holomorphic curve
u: CP! — M. We shall use the notation Jreg = Jreg(M,w) when J(M,w) is the
space of w-compatible almost complex structures. (This is defined in Section 3.2
below).

The first part of the theorem below follows immediately from this definition
together with the implicit function theorem proved in Section 3.3. The second part
uses a version of Sard’s theorem which will be discussed later on.

Theorem 3.1.2 (i) If J € Jreg(A) then the space M(A,J) is a smooth manifold
of dimension n(2 — 2g) + 2¢1(A). It carries a natural orientation.
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(ii) The set Jreg(A) has second category in J. This means that it contains the
intersection of countably many open and dense subsets of J .

The next task is to discuss the dependence of the manifolds M(A,J) on the
choice of J € Jreg(A). A smooth homotopy of almost complex structures is a
smooth map [0,1] — J : A — Jy. For any such homotopy define

MAA{InGx) = {(Au) [u e M(A,Jy)}.

Given Jy,JJ1 € Jreg denote by J(Jo,J1) the space of all smooth homotopies of
almost complex structures connecting Jy to Jy. In general, even if J is path-
connected, there does not exist a homotopy such that Jy € Jeg for every A. In
other words the space M(A, Jy) may fail to be a manifold for some values of A.
However, there is always a smooth homotopy such that the space M(A4, {Jx}») is
a manifold. Such homotopies are called regular. Intuitively speaking, one can
think of the space Jieg of regular almost complex structures as the complement of
a subvariety S of codimension 1 in the space J. A smooth homotopy A +— Jy is
regular if it is transversal to S. For regular homotopies the space M(A, {Jx},) is
a manifold with boundary

OM(A,{Ir}r) = M(A, J1) — M(A, Jy).
The minus sign indicates the reversed orientation.

Theorem 3.1.3 Assume that J is path-connected and consider Jo, J1 € Jreg(A).
Then there exists a dense set of homotopies

Treg(A; Jo, J1) C T (Jo, J1)

such that, for every {Ja}x € Jreg(A, Jo,J1), the space M(A,{Jr}r) is a smooth
manifold of dimension n(2 — 2g) + 2¢1(A) + 1. This manifold carries a natural
orientation.

Thus the two moduli spaces M(A, J;) and M(A, Jy) are oriented cobordant.
Note, however, that until we establish some version of compactness this does not
mean very much. The problem of compactness will be addressed in Chapter 4.
That chapter is more or less independent of the present one. However, in order
to understand our notation and to have some perspective on Sobolev spaces, we
recommend that the reader continue at least until the end of the next section.

3.2 Elliptic regularity

In preparation for the proofs of Theorems 3.1.2 and 3.1.3 we shall first introduce
the appropriate Sobolev space framework and discuss (without proof) the relevant
elliptic regularity theorems. We shall then prove the first part of Theorem 3.1.2
under the assumption that the operator D, is surjective for every u € M(A,J).
In the final and main part of this chapter we shall then address the question of
transversality.

We shall work with the space J = J(M,w) of all almost complex structures on
M which are compatible with some symplectic form w on M. This means that
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(i) w(v,Jv) > 0 for all non-zero tangent vectors v € TM, and
(i) w(Jv, Jw) = w(v,w) for all v,w € TM.
An equivalent condition is that the formula
(v, w) = w(v, Jw) (3.1)

defines a Riemannian metric on M. In fact there is a unique Hermitian form on
TM whose real part is given by (3.1) and whose imaginary part is the symplectic
form w. Conversely, any such Hermitian structure on M with imaginary part w
determines a compatible almost complex structure. It is well known that the space
J(M,w) is non-empty and contractible. (See, for example, [52].)

Remark 3.2.1 We could equally well work with the larger space J,(M,w) of w-
tame J, consisting of all almost complex structures which satisfy condition (i) above.
The proof for this case is slightly simpler than in the w-compatible case. When it
comes to the question of compactness, we shall work with tame .J since now the
result for tame J implies that for compatible J. In later chapters it will sometimes
be convenient to blur the distinction between them and write J(M,w) to denote
either space.

Later on it will be important to consider almost complex structures of class
C*, rather than smooth ones, in order to obtain a parameter space with a Banach
manifold structure. Hence we shall consider the space

jz - je(M7w)

of all almost complex structures of class C* which are compatible with w. We will
always assume ¢ > 1 so that in order for the terms in the equation (2.1) to be
well-defined functions. Moreover, we shall denote by

Xkp

the space of maps ¥ — M whose k-th derivatives are of class LP and which represent

the class A € Ho(M,Z). As explained in more detail in Appendix B, this is the

completion of X' with respect to the Sobolev W*P-norm given by the sum of the

LP-norms of all derivatives of w up to order k. These norms can be defined in

terms of covariant derivatives using Riemannian metrics on M and X. Since all our

manifolds are compact this norm does not depend on the choice of these metrics.
In order for the space X*P to be well defined we must assume that

kp > 2.

There are various reasons for this. Firstly, the very definition of X*?, in terms of lo-
cal coordinate representations of class W¥?, requires this assumption. The point is
this: the W*P-norm is well-defined for maps between open sets in Euclidean space,
but for a general manifold one needs a space which is invariant under composition
with coordinate charts. Now the composition of a W*P-map u : R? — R?" with
a C*-diffeomorphism in the source and a C*-map in the target is again of class
WkP precisely when kp > 2. Secondly, the Sobolev embedding theorem asserts
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that under this condition the space X*P embeds into the space of continuous maps
from ¥ — M and, by Rellich’s theorem, this embedding is compact. Thirdly, the
condition kp > 2 is required to obtain that the product of two W*P-functions is
again of this class. In other words, the condition kp > 2 is needed to deal with the
nonlinearities.

The first key observation is that every .J-holomorphic curve of class WP with
p > 2 in a smooth manifold is necessarily smooth. More precisely, we have the
following regularity theorem which can be proved by elliptic bootstrapping methods.
The details are carried out in Appendix B.

Proposition 3.2.2 (Elliptic regularity) Assume J € J* is an almost complex
structure of class C* with ¢ > 1. If u : ¥ — M is a J-holomorphic curve of class
WP with p > 2 then u is of class W 1P, Moreover, there is a constant ¢ = c(J, £)
such that

[ullwesrs < cllullwr.

In particular, u is of class C*, and if J is smooth (C>) then so is u.

This shows that for J € J*¢ the moduli space of J-holomorphic curves of class
W*P is independent of the choice of k so long as k < £+ 1. In fact this condition
k < £+ 1 is needed for the operator D, to be well defined on the appropriate
Sobolev spaces.

Remark 3.2.3 An important consequence of elliptic regularity is the fact that the
kernel and cokernel of an elliptic operator do not depend on the precise choice of
the space on which the operator is defined. In our context assume that J is of
class C* and u is a J-holomorphic curve and so is of class W14 for any q. Now
consider the operator

D, : WEP(w*TM) — WFLP(A%1S @5 w*TM)

with £ < £+ 1.1 Then every element in the kernel of D, is necessarily of class
W L4 for any q and so the kernel of D, does not depend on the choice of k and
p as long as k < £+ 1. Similar remarks apply to the cokernel. In particular, the
operator D,, is onto for some choice of k£ and p if and only if it is onto for all such
choices. |

3.3 Implicit function theorem

In this section we shall formulate an appropriate version of the implicit function
theorem. Roughly speaking, this theorem asserts that if w is an approximate J-
holomorphic curve, in the sense that 0;(u) is sufficiently small in the LP-norm,
and if the operator D, is surjective with a uniformly bounded right inverse then

1Given a vector bundle E — M, we write C°°(E) for the space of C°°-smooth sections and
WkP(E) for its completion with respect to the W1 P-norm, i.e. the k-th derivatives of W*-P-
sections are of class LP. Further A%1Y denotes the bundle of 1-forms on ¥ of type 0,1. Hence

C®(A'E @y uw*TM) = QO (u*TM).



28 CHAPTER 3. MODULI SPACES AND TRANSVERSALITY

there exists an actual J-holomorphic curve near u. This theorem will also play an
important role in the gluing construction in Appendix A and hence we shall explain
it carefully. This section may be skipped at a first reading. The next section may
be read independently. We shall assume throughout this section that J is a fixed
smooth almost complex structure.

In view of Proposition 3.2.2 it suffices to work with the Sobolev space X'?
of WhP-maps u : ¥ — M for some fixed number p > 2. Consider the infinite
dimensional Banach space bundle 7 — X'1P whose fiber at u € X'1P is the space

EP = LP(AM'T*Y @5 u*TM)

of complex anti-linear 1-forms on ¥ of class LP? which take values in the pullback
tangent bundle u*T'M. The nonlinear Cauchy-Riemann equations determine a
section

Dy Xt gp

of this bundle whose differential at a J-holomorphic curve u : ¥ — M is the
operator
Dy : WYP(w*TM) — LP(A*'T*Y @5 u*TM).

This operator is uniquely determined for each J-holomorphic curve u, however its
definition for general u depends on a choice of connection on T'M. If we take the
Levi-Civita connection V of the metric (3.1) which is induced by J then an explicit
formula for D, is

Du& = 3(VE+ J(u)VE e j) + 3(VeJ) (), (u) o j. (3.2)

An alternative formula in terms of a Hermitian connection and the Nijenhuis tensor
is given below. The two formulae only agree for J-holomorphic curves v and will
be different for other maps.

Remark 3.3.1 (Formula for D,) Here is another formula for D,, for a curve u
which is J-holomorphic. We will write it in terms of a Hermitian connection V on
M, so that parallel translation commutes with J. When J is not integrable, we
cannot assume that V is torsion free. However, as is shown in [34], we may assume
that it equals iN 7, where Nj is the Nijenhuis torsion tensor which measures the
non-integrability of J. In this notation, the operator

Dy : WEP(w*TM) — WFLP(ASIT*S @ 5 u*TM)
is given by the following formula
Dy& =3 (VE+ J(u)VEo j) + tN;(05(u), ).

A geometric derivation of this formula may be found in McDuff [42], Proposition 4.1,
for example. a

The ellipticity of the operator D, can be expressed in terms of the estimate

1€llwr.e < co (1Dull Lo + 1€]10) (3-3)

This estimate follows from the Calderon-Zygmund inequality (the LP-estimate for
Laplace’s operator) which is proved in Appendix B.



3.3. IMPLICIT FUNCTION THEOREM 29

Remark 3.3.2 The constant ¢g in (3.3) depends on the choice of a metric on the
Riemann surface ¥. In Appendix A we shall see that it is sometimes important to
choose a nonstandard metric with part of the volume concentrated in an arbitrarily
small ball. But the volume of ¥ with respect to all these metrics will be uniformly
bounded. Moreover, these metrics are chosen such that the LP norm of the 1-form
du € QY (u*T M) satisfies a uniform bound. a

The estimate (3.3) implies that the operator D, has a closed range and a finite
dimensional kernel. Now consider the formal adjoint operator

D: - WHI(AYT*Y @ 5 u* TM) — Li(u*TM).
where 1/p 4+ 1/q = 1. This operator is defined by the identity

<777 Du£> = <D2na 5)

for ¢ € C®°(u*TM) and n € Q%Y (u*TM). Integration by parts shows that D is
again a first order elliptic operator (with coefficients in the same class as u) and
hence satisfies an estimate (3.3) with p replaced by ¢. Hence the operator D} also
has a finite dimensional kernel and a closed range. Moreover, it follows from elliptic
regularity that every n € LY(A%'T*Y ® ; u*T M) which annihilates the range of D,
(i.e. (n, D,&) =0 for all £ € WHP(u*TM)) is in fact of class W14 and in the kernel
of D}. (See Exercise B.3.5 in Appendix B.) This shows that the operator D,, has
a finite dimensional cokernel.

Remark 3.3.3 (D} in local coordinates) Choose conformal coordinates z =
s+ it on ¥ and assume that the Riemannian metric on ¥ is in these coordinates
given by 0~2(ds? + dt?) for a smooth function § = §(z). For example the Fubini-
Study metric on ¥ = CP! is in the standard coordinates given by 6(z) = 1 + |z|2.
In such coordinates a complex anti-linear 1-form n € Q%! (u*TM) can be written
in the form

n=_ds—J(dt

where ((z) € T,:)M. Recall from (3.2) that the operator D, is given by the
formula

Dy§ = (ds — J(dt, = 1 (Vo€ + IV + L (Ve ) (Opu + JOsu))

where V denotes the Levi-Civita connection of the J-induced metric. A simple
calculation shows that the formal adjoint operator is given by

Din = 0*(=Vl + JVC + 1 (Ve ) (Opu + JOsu) + £ (Vo,u—o.ud)C). O

We shall now turn to the question of surjectivity of the operator D,,. In view of
the preceding discussion this is equivalent to the injectivity of the adjoint operator
D . For the implicit function theorem it is important to have a quantitative ex-
pression of surjectivity. Roughly speaking, this means that the norm of a suitable
right inverse does not get too large. One possibility for constructing such a right
inverse is to take the operator

Qu = Di(D,D:)™ ' LP(AY'T*Y @5 u*TM) — WHP(u*T M)
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One can prove that an inequality of the form ||n||y;1., < ¢||D;n||,, implies a similar
inequality for the operator D, restricted to the image of D}, a complement of the
kernel of D,. (See for example Lemma 4.5 in [16].) An alternative technique
for constructing a right inverse is to reduce the domain WP (u*TM) of D, by
imposing pointwise conditions on £, so that the resulting opoerator is bijective, and
then taking @, to be the inverse of this restricted operator.

The next theorem is a refined version of the implicit function theorem discussed
in the beginning of this section. We actually prove that if u is an approximate
J-holomorphic curve with sufficiently surjective operator D,, then there are J-
holomorphic curves near u and they can be modelled on a neighbourhood of zero
in the kernel of D,,. More explicitly, for every sufficiently small £ € ker D,, we can
find a unique J-holomorphic curve of the form ve = exp,, (£ + Qun).

Theorem 3.3.4 Let p > 2 and 1/p+ 1/q = 1. Then for every constant ¢y > 0
there exist constants 6 > 0 and ¢ > 0 such that the following holds. Let v :% — M
be a WtP-map and Q. : LP(A*"1'T*S @y u*TM) — WLP(u*TM) be a right inverse
of D, such that

1Qull < co, ldullp, <co, [|Os@)],, <6

with respect to a metric on ¥ such that Vol(X) < ¢g. Then for every { € ker D,
with ||€]|, < & there exists a section & = Qun € WHP(u*TM) such that

0s(expy (€ +Qun)) =0, [|Qunllyrs < c||0s(exp, (€))L, -

Proof: The proof is an application of the implicit function theorem for the map
F WY (w*TM) — LP(A"'T*Y @ y u*T M)
defined by

F(&) = (95 (exp,(€))) (3.4)
where
@& . gp () — 55

exp,
denotes parallel transport along the geodesic 7 — exp,, (7€). The map F is smooth
and its derivatives are controlled by the LP-norm of du. The differential at zero is
given by

dF(0) =D,
and our assumptions guarantee that this operator is onto and has a right inverse
Qu : LP(AYT*Y @ 5 u*TM) — WHP(u*T M) such that

DuQu=1,  [Qul < co.

Moreover the function F satisfies a quadratic estimate of the form

|Fe+€) - Fo) - are)]

i <a (3.5)

Lo wie

Putting these estimates together we can find the required solution é = Qqun of

F(€+Qun) =0
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by the contraction mapping principle for the contraction n — n— F (£ + Q,n). The
solution is the limit of the sequence 7, generated by the standard iteration

N1 =Ny — F(E+ Qunw)

with ng = 0. With £, = £ + Q7. this can also be interpreted as the Newton type
iteration &,41 = £, — QuF(&,). Details of the convergence proof are standard and
are left to the reader. a

We next show that the J-holomorphic curve which we constructed in the pre-
vious theorem from a given ¢ is actually unique within a C%-neighbourhood of
u. In the following proposition the map u again plays the role of an approximate
J-holomorphic curve, and one should think of vy = exp, (§ + &) as the solution
constructed from &.

Proposition 3.3.5 Let p > 2 and 1/p+ 1/q = 1. Then for every constant ¢y > 0
there exists a constant & > 0 such that the following holds. Let u : ¥ — M be a
WP.map and Q, : LP(A*'T*Y @ ; u*TM) — WYP(u*TM) be a right inverse of
D,, such that

1Qull < co,  lldull, < co
with respect to a metric on ¥ such that Vol(X) < ¢o. If vo = exp,(§o) and v1 =
exp, (&1) are J-holomorphic curves such that &,& € WHP(u*TM) satisfy

1ollwrr <0, N&allwre < co,

and
161 — &oll - <6, & — & €imQy,

then vy = vy.
Proof: Choose n = D¢ € LP(A®'T*X @, u*TM) so that
é - 51 - 50 = Qun
and note that D,n = é . Let £ — F(£) be the map defined in the proof of The-

orem 3.3.4. Then F(&) = F(&1) = 0. We use the quadratic estimate (3.5) to
obtain

€], = 1Qunllws,
< collnll
= ¢ ||Du -
= co|[aF ]
= <o |[F (&) = Flgo) - aF 0] |
< o[ Fleo +€) - Fleo) - dF(En)é |,
+ e | (@F(g0) — aF )|
< ant],. €], +esel,..
< ]

wip
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If ¢30 < 1 then & — & = & = 0 and this proves the proposition. a

Proof of Theorem 3.1.2 (i): If u € M(A,J) and and J € Jreg(A) then, by
assumption, the Fredholm operator D, is surjective. Hence u satisfies the require-
ments of Theorem 3.3.4 and hence there exists a unique map

f :ker D, - im D}

such that -
dy(exp,(§+ f(£)) =0

for every sufficiently small section £ € ker D,,. Moreover, the map f is smooth and,
by Proposition 3.3.5, every J-holomorphic curve v, which is bounded in WP and
sufficiently close to u in the L°°-norm, is of the form

v =exp, (£ + f(£))

with ¢ € ker D,. To see this write v = exp,(¢) where ( € WP (u*TM) with
I<llypre < co. Now write ¢ = £ + Djn with D& = 0. Then, by Lemma 4.3.1, the
W1P-norm of ¢ is controlled by its LP-norm and is therefore small. Hence we can
apply Proposition 3.3.5 to obtain Din = f(£&).

Thus we have proved that the map

ker D, — M(A,J) : & — exp,(E+ f(£))

defines a local coordinate chart of the Moduli space M(A4, J). We leave it to the
reader to check that the transition functions obtained from two nearby elements u
and v are smooth. This proves that the moduli space M(A, J) is a smooth manifold
whose dimension agrees with the dimension of the kernel of D, and therefore with
the index of D,, which is n(2 — 2g) + 2¢;1(A).

Orientations

To understand why the moduli space has a canonical orientation, observe first that
the tangent space T, M (A, J) is just the kernel of the operator D,,. Now, according
to Remark 3.3.1, the operator D, is the sum of two parts: V& + J(u)VE o j and
iN;(9;(u),€). The first of these has order 1 and commutes with J, while the
second has order 0 and anti-commutes with J. Hence the kernel of D, will in
general not be invariant under J and so J might not determine an almost complex
structure on T, M(A,J). However, by multiplying the second part of D, by a
constant which tends to 0, one can homotop D,, through Fredholm operators to a
Fredholm operator which does commute with J. The resulting operator

C®(W*TM) — QU (u*TM) : € Oy vé = VE+ J(u)VEo ]

is precisely the Dolbeault -operator. It determines a holomorphic structure on the
complex vector bundle v*T M and its index

index 0,y = dim HY(S,u*TM) — dim Hy'' (S, u*TM)
is given by the Riemann-Roch theorem:

index D,, = index d,, v = 2n + 2¢1(4)).
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(See for example page 246 in Griffiths and Harris [25].)
We now return to the question of orientations. The determinant

det(D) = A" (ker D) ® A™**(ker D*)

of a Fredholm operator D : X — Y between complex Banach spaces carries a
natural orientation whenever the operator D is complex linear. In our case the
operator D, lies in a component of the space of Fredholm operators which contains
a complex linear operator and hence its determinant line det(D, ) = A™**(ker D,,)
also carries a natural orientation and this determines an orientation of T,, M (A, J) =
ker D,. Similar arguments were used by Donaldson in [11] for the orientation of
Yang-Mills moduli spaces and also by Ruan [64] in the present context. A slightly
different line of argument was used by McDuff in [42] where she established the
existence of a canonical stable almost complex structure? on compact subsets of
the moduli space M (A4, J). O

Remark 3.3.6 Note that if J is integrable, then D, commutes with J, and so J
induces an (integrable) almost complex structure on M(A, J). This is, of course,
compatible with the orientation described above. O

3.4 Transversality

The proofs of Theorems 3.1.2 and 3.1.3 are based on an infinite dimensional version
of Sard’s theorem which is due to Smale [80]. Roughly speaking, this says that if X
and Y are Banach manifolds and F : X — Y is a Fredholm map of index k then the
set Yieg Of regular values of F is of the second category, provided that F is sufficently
differentiable (it should be at least C**1). As in the finite dimensional case a point
y € Y is called a regular value if the linearized operator DF(z) : T, X — T,,Y is
surjective whenever F(x) = y. It then follows from the implicit function theorem
that F~!(y) is a k-dimensional manifold for every y € Yeq.

Our strategy is now to prove that the set of regular almost complex structures of
class C* is generic with respect to the C*-topology and then to take the intersection
of these sets over all £. This approach is due to Taubes [81]. We shall begin by
discussing the universal moduli space

MUA,T) = {(u,J) € X*? x 7°[0;(u) = 0}

of all J-holomorphic curves where .J varies over the space J¢ = J¢(M,w) of all
almost complex structures of class C* which are compatible with w. Here ¢ > 1
and, as above, X*P denotes the space of W¥*P-maps u : ¥ — M with p > 2 and
1 < k < 4. Recall from Proposition 3.2.2 that the space M*(A, J) is independent
of the choice of k and p because every J-holomorphic curve is of class C* whenever
J is of class C*. The parameter space J* is a smooth Banach manifold. Its tangent

2A manifold X is said to have a stable almost complex structure if there is a number k such
that the Whitney sum TX @ R* of the tangent bundle TX with the trivial k-dimensional real
bundle carries an almost complex structure.
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space T;J* at J consists of C*-sections Y of the bundle End(T'M, J,w) whose fiber
at p € M is the space of linear maps Y : T,M — T, M such that

YJ+JY =0, w(Yv,w)+ w(v,Yw) =0.

This space of C*-sections is a Banach space and gives rise to a local model for the
space J¢ via Y + Jexp(—JY). The corresponding space of C'>-sections is not
a Banach space but only a Fréchet space. Our convention is that spaces with no
superscripts consist of elements which are C'°°-smooth.

Proposition 3.4.1 For every class A € Ho(M,Z) and every integer £ > 1 the
universal moduli space M*(A, J) is a smooth Banach manifold.

Proof: The map (u, J) — 0;(u) defines a section of the infinite dimensional vector
bundle £k~ — XkP x 7¢ Denote this section by

Foxke gt —gh=br Flu,J) = 0;(u).
The fiber of £¥~1P at (u,.J) is the space

E = WH PN TS @ w T M)
of J-anti-linear 1-forms on ¥ of class W*5~1P with values in the bundle «*TM — ¥..
We must prove that the differential

DF(u,J) : WFP(uw*TM) x C*(End(TM, J,w))
— WFLP(AYIT*S @ u*TM)

at a zero (u,J) is surjective whenever u is simple. This differential is given by the
formula
DF(u, J)(E,Y) = Dut + 1Y (w) o duo j

for ¢ € WFP(w*TM) and Y € C*(End(TM, J,w)). The exact formula for D, is
not really relevant: all that matters is that it is a first order differential operator
which is Fredholm. We do however point out that the formula (3.2) in holomorphic
coordinates z = s 4 it on ¥ and local coordinates on M specializes to

D& = (¢ds — J(u)(dt, ¢ = 05§+ J(uw)0& + (0 J (w))Opu

whenever u is J-holomorphic. Recall from Proposition 3.2.2 that the J-holomorphic
curve u is in fact of class WP and hence, since p > 2, of class C*. Hence the
coefficients of the first order terms in D,, are of class C* and those of the zero order
terms are of class C*~1.

Since D,, is Fredholm the operator DF (u, J) has a closed range and it suffices
to prove that this range is dense. We prove this first for £ = 1. If the range is not
dense then, by the Hahn-Banach theorem, there exists a nonzeron € LI(A®!'T*Y®;
u*TM) with 1/p+ 1/¢q = 1 which annihilates the range of DF(u, J). This means
that

3
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for every £ € WHP(u*TM) and
/ (n,Y(u)oduoj)=0 (3.7)
by

for every Y € C*(End(TM, J,w)). The first equation asserts that the 7 is a weak
solution of D}n = 0. Since the coefficients of the first order terms in D,, are at least
C*, the same is true for the adjoint operator Dy and it follows by elliptic regularity
that 7 is of class WL for any 7 > 0 and D}n = 0. (Here the relevant elliptic
regularity statement is that if D is a first order elliptic operator with C*-coefficients
and if Dny € WFP then n € WETLP for k < £.) Hence

0= D,D,"n = An + lower order terms

and it follows from Aronszajn’s theorem 2.1.2 that if 1 vanishes on some open set
then n = 0.
Since u is simple there exists, by Proposition 2.3.1, a point zg € ¥ such that

du(z0) #0,  u'(u(z0)) = {z0}-

We shall prove that 1 vanishes at zg. Assume otherwise. Then it is easy to see that
there exists a Yy € End(Ty(.) M, Ju(zy)> Wu(z)) sSuch that

(n(20), Yo o du(z0) © j(z0)) # 0.

Now use a smooth cutoff function to find a section Y € C*(End(TM, J,w)) sup-
ported near u(zp) such that Y.,y = Yp. For such a section the left hand side
of (3.7) does not vanish. This contradiction shows that 1(zg) = 0. The same argu-
ment shows that n vanishes in a neighbourhood of zy and hence n = 0. This shows
that DF(u,J) has a dense range and is therefore onto in the case k = 1.3

To prove that DF(u,J) is onto for general k let n € W IP(AOIT*Y @,
u*TM) and choose, by surjectivity for k = 1, a pair & € WhP(u*TM) and
Y € CYEnd(TM, J,w)) such that

DF(u, J)(§,Y) = 1.
Then the above formula for DF (u, J) shows that
Dy&=n—3Y(u)oduoje WHHr

and by elliptic regularity ¢ € W*P(u*TM). Hence DF(u,.J) is onto for every
pair (u,J) € MA,J). Because D, is a Fredholm operator it is easy to prove
that the operator DF(u,J) has actually a right inverse. Hence it follows from
the infinite dimensional implicit function theorem that the space M‘(A, J) is an
infinite dimensional manifold. ]

3In this argument we did not actually need Aronszajn’s theorem since we have proved directly
that n vanishes on the open and dense set of all injective points of u. However, in some situations
it is useful to keep J fixed on some subset of M and vary it in an open set which intersects the
image of every nonconstant J-holomorphic curve. Then our argument only shows that n vanishes
on some open set, and so we need Aronszajn’s theorem to be able to conclude that it vanishes
everywhere.
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Proof of Theorem 3.1.2 (ii): Consider the projection
T MY A, T) — T*
as a map between separable Banach manifolds. The tangent space
T M (A, J)
consists of all pairs (£,Y") such that
D&+ 1Y (u)oduoj=0.

Moreover, the derivative

dn(u, J) : T(U}J)MZ(A’ J)—T;T

is just the projection (£,Y) — Y. Hence the kernel of dr(u, J) is isomorphic to the
kernel of D,,. Moreover, its image consists of all Y such that Y (u) oduoj € im D,,.
This is a closed subspace of T;7 and, since DF(u,J) is onto, it has the same
(finite) codimension as the image of D,. It follows that dm(u,J) is a Fredholm
operator and has the same index as D,. Moreover the operator dm(u,J) is onto
precisely when D, is onto. Hence a regular value J of m is an almost complex
structure with the property that D, is onto for every simple J-holomorphic curve
u € M*(u,J) = m"1(J). In other words the set

._Zig ={J € J*| D, is onto for all u € M“(u, J)}

of regular almost complex structures is precisely the set of regular values of . By
the Sard-Smale theorem, this set is of the second category in the sense of Baire
(a countable intersection of open and dense sets). Here we use the fact that the
manifold M*(A, J) and the projection 7 are of class C*~'. Hence we can apply the
Sard-Smale theorem whenever ¢ — 2 > index D,, = indexw. Thus we have proved
that the set jr‘;g is dense in J* with respect to the C*-topology. We shall now use
the following argument, which was suggested to us by Taubes [81], to deduce that
Jreg is of the second category in J with respect to the C'°°-topology.
Consider the set
Fregc © T (M,w)

of all smooth almost complex structures J € J(M,w) such that the operator D,
is onto for every .J-holomorphic curve u : CP* — M which satisfies

ldull e <K (3.8)
and for which there exists a point z € CP! such that
o ) 1

(#z d(Z, C) K

The latter condition guarantees that u is simple. Moreover, every simple J-holo-
morphic curve u : CP! — M satisfies these two conditions for some value of K > 0
and some point z € CP'. Hence

m7reg = ﬂ «.7reg,K~

K>0

(3.9)
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We shall prove that each set Jucqx is open and dense in J(M,w) with respect
to the C'*°-topology. We first prove that J.es k is open or, equivalently, that its
complement is closed. Hence assume that the sequence J, ¢ Jregx converges to
J € J(M,w) in the C*-topology. Then there exists, for every v, a sequence
of J,-holomorphic curves u, : CP! — M which satisfy (3.8) and (3.9) for some
2, € CP! such that the operator D,,, is not surjective. It follows from standard el-
liptic bootstrapping arguments that there exists a subsequence u,, which converges,
uniformly with all derivatives, to a smooth J-holomorphic curve u : CP* — M (see
Appendix B). Choose the subsequence such that z,, converges to z. Then the limit
curve u satisfies the conditions (3.8) and (3.9) for this point z and, moreover, since
the operators D, are all not surjective, it follows that D, cannot be surjective
either. This shows that J ¢ Jieg,x and thus we have proved that the complement
of Jreg,K is closed in the C*°-topology.

Now we prove that the set Jreg k is dense in J(M,w) with respect to the C'*°-
topology. To see this note first that, by Remark 3.2.3,

L7reg,K = \7r€sg,K N j

where T

€

ok C J(M,w) is the set of all C* almost complex structures J €
JY(M,w) such that the operator D, is onto for every J-holomorphic curve u :
CP! — M of class C* with with ||dul|, . < K. Now the same argument as above
shows that ._7rig7K is open in J‘(M,w) with respect to the C*-topology. More-
over, jf;g C erg’K and hence, by the first part of the proof, jr‘;gK is also dense in
J*(M,w). This implies that Jreg, K is dense in J with respect to the C* topology. To
see this let J € J, approximate it in the C*-topology by an element .J’ € erg’K, and
then approximate J’ in the C*-topology by an element J” € Jf;g,K NT = Treg K-
Thus we have proved that the set [Jies k is dense in J with respect to the Ct-
topology. But this holds for any £ and hence Jee,k is dense in J with respect to
the C'*°-topology. In fact, given J € J choose a sequence J,, € Jreg,k such that
|J = Jullcv <277, Then J, converges to J in the C*°-topology. Thus Jieg is the
intersection of the countable number of open dense sets Jreg, i, and so has second
category as required. O

This completes the proof of Theorem 3.1.2. Theorem 3.1.3 is proved in a similar
way: we take a path in the connected space J which joins Jy to J; and then perturb
it to be transverse to . This is possible by the Sard-Smale theorem quoted before.
Arguments analogous to those above (applied now to the space of paths) show that
the perturbed path can be chosen to be C'*°-smooth.

Remark 3.4.2 The above proof shows that a point (u, J) € M(A, J) is regular in
the sense of Definition 3.1.1 if and only if the operator

Dy : WFP(w*TM) — WFLP(AYT*Y @ 5 u*TM)

is surjective for some choice of k,p. Hence dr(u,J) is surjective at this point. By
the implicit function theorem this implies that any smooth path [0,1] — J : ¢t — J;
which starts at Jy = J can be lifted, on some interval [0,¢), to a path [0,e) —
M(A,TJ) : t — (uy, J¢) in the universal moduli space which starts at ug = wu. O
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3.5 A regularity criterion

We close this chapter by establishing a simple criterion for an almost complex
structure J to be regular. In [27] Grothendieck proved that any holomorphic bundle
E over §? = CP! is holomorphically equivalent to a sum of holomorphic line
bundles. Moreover, this splitting is unique up to the order of the summands.
Hence £ = L1 & --- & L, is completely characterized by the set of Chern classes
c1(L1),...,c1(Ly). Note that the sum ¢;(E) = >, c1(L;) is a topological invariant,
but that the set ¢i(L1),...,c1(Ly,) may vary as u : S — M varies in a connected
component of the space of J-holomorphic A-spheres. In what follows we will identify
the Chern class ¢; (L) with the corresponding Chern number (¢ (L), [S?]).

Lemma 3.5.1 Assume J is integrable and let w : CP' — M be a J-holomorphic
curve. Suppose that every summand of w*T'M has Chern number ¢y > —1. Then
D, is onto.

Proof: If J is integrable then the operator D,, is exactly the Dolbeault derivative
0, and so it is surjective if and only if the Dolbeault cohomology group Hg’l (u*TM)
vanishes. But for any holomorphic line bundle L

HY'Y(CP', L) = (H°(CP', L*))".

But H é’O(CPl, L*) is just the space of holomorphic 1-forms with values in the dual
bundle L* and so is isomorphic to the space H°(CP!, O(L* ® K)) of holomorphic
sections of the bundle L* ® K where K = T*CP! is the canonical bundle. This is an
easy special case of Kodaira-Serre duality (cf. [25, Ch 1 §2]) which can be checked
directly by considering the transition maps. But, by the Kodaira vanishing theorem,
a line bundle L’ on CP! has no holomorphic sections if and only if ¢;(L’) < 0. Thus
D, is surjective if and only if ¢; (L* ® K) < 0. But ¢1(L* ® K) = —c¢;(L) — 2 and
so this is equivalent to ¢; (L) > —2. O

Lemma 3.5.2 Let J be an integrable complex structure on a 4-dimensional mani-
fold M and u : CP* — M be an embedded .J-holomorphic curve. Then D, is onto
if and only if ¢y (W*TM) > 1.

Proof: Ifu € M(A,J)isanembedded J-holomorphic curve with image u(S?) = C
then the pullback tangent bundle w*T'M splits into complex subbundles

WTM2TcM=TC ®v

where v — C'is a normal bundle with respect to some Hermitian structure. The
Chern number of T'C' is 2 and, since C is embedded, the Chern number of v is
p=C-C. Hence

aWTM)=2+C-C=2+p.

Now, according to Grothendieck, the bundle w*TM — S? splits into holomor-
phic subbundles
u*TM = Ll D L2
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whose Chern classes k; = ¢1(L;) satisfy
ki+ ko =2+p.

Moreover, the tangent bundle T'C' of C' is a holomorphic subbundle of L; & L.
Therefore, it is either one of the summands, or it maps in a non-trivial way to both
of Ly and Ls. In the first case the other summand has Chern number p and so both
factors have Chern number k; > —1. Hence it follows from Lemma 3.5.1 that the
pair (u, J) is regular. In the second case there is a non-trivial holomorphic section
of the line bundle Hom(T'C, L;) = T*C ® L; for i = 1,2. This is possible if and only
if c1(T*C ® L;) = k; —2 > 0 for i = 1,2 since line bundles with negative Chern
number have no non-zero sections. Hence it follows again from Lemma 3.5.1 that
the pair (u, J) is regular. Moreover, note that this second case can occur only when
p > 2. This proves the lemma. O

Remark 3.5.3 Let C' = u(X) be the image of a J-holomorphic curve u : ¥ — M in
a symplectic 4-manifold M. The adjunction formula of [44] asserts that the virtual
genus given by

29(C)=2=C-C—{e1,[C])

is greater than or equal to the genus of X

9(C) = g(%)

with equality if and only if C is embedded. In particular this implies that if a
homology class A € Hy(M) can be represented by an embedded J-holomorphic
curve u : X — M then every other J-holomorphic curve v : ¥ — M which represents
A must also be embedded. In other words, one cannot deform an embedded J-
holomorphic curve in a 4-manifold in such a way as to produce a singularity. O

Corollary 3.5.4 Let J be an integrable complex structure on a 4-dimensional man-
ifold M, and consider an embedded J-holomorphic sphere C' with self-intersection
number C' - C = p. Then J is regular for the class A = [C] if and only if p > —1.

Proof: Lemma 3.5.2 and Remark 3.5.3. O

Observe that this is the first place in our discussion where it is important to
restrict to spheres. Our other results apply to J-holomorphic curves with fixed
domain (3, ), but these are almost never regular because, even when .J is integrable,
the condition Hg’l(E, w*TM) = 0 is usually not satisfied. The point is that when
J varies on M one must usually vary j on X in order to find a corresponding
deformation of the curve. Thus, one has to set up the Fredholm theory in such a
way that j is allowed to vary in Teichmiiller space. This presents no problem at
this stage, but it does make the discussion of compactness more complicated, since
Teichmiiller space, even when quotiented out by the mapping class group, is not
compact.

Example 3.5.5 Suppose that M is the product of S? with a Kahler manifold V.
Thus both w = wy X wy and J = J; X Jy respect the product structure. If A is
the homology class represented by the spheres S? x {pt} then the J-holomorphic
A-spheres are given by the maps z — (¢(z),x0) where ¢ is a fractional linear
transformation and xo € V. Hence the above lemma implies that J € Jreg(A4). O
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So far, there are no general methods known for proving that a given non-
integrable J is regular for the class A. However, in the case of 4-manifolds one
can do this by using positivity of intersections provided that ¢;(A) > 0: see Hofer—
Lizan—Sikorav [31] and Lorek [40]. When extending these results to curves of higher
genus one has to be somewhat careful because the question of whether a line bundle
has holomorphic sections is no longer purely topological, depending on the Chern
number alone. Other respects in which moduli spaces of curves of higher genus
differ from those of spheres are discussed in [47].



Chapter 4

Compactness

Because any manifold V is cobordant to the empty manifold via the non-compact
cobordism V X [0, 1), Theorem 3.1.3 is useless unless one can establish some kind
of compactness. Now in the case ¥ = S? the manifold M(A, J) itself cannot be
compact (unless it is empty) since the non-compact group G = PSL(2,C) of bi-
holomorphic maps of $? acts on this space by reparametrization. However, in some
cases the space M(A, J)/G of unparametrized spheres is compact.

If J is tamed by a symplectic form w then it follows from the energy identity
(see Lemma 4.1.2 below) that there is a uniform bound on the W2-norm of all
J-holomorphic curves in a given homology class. This is the Sobolev borderline case
kp = 2 and, as a result, the space of such curves will in general not be compact.
This is due to the conformal invariance of the energy in 2 dimensions and leads to
the phenomenon of bubbling, which was first discovered by Sacks and Uhlenbeck
in the context of minimal surfaces [71]. In fact, it follows from the usual elliptic
bootstrapping argument that any sequence u, in M(A, J) which is bounded in the
W1P-norm for some p > 2 has a subsequence which converges uniformly with all
derivatives. On the other hand if the first derivatives of u, are only bounded in L?
but not in LP a simple geometric argument using conformal rescaling allows one
to construct a J-holomorphic map v : C — M with finite area which, by “removal
of singularities”, can be extended to S? = C U {oo}. This is the phenomenon of
“bubbling off of spheres”. Sometimes, by choosing the class A carefully, one can
show that this cannot happen. In this case, the space M(A, J)/G is compact. In
other cases, bubbling off can occur, and one must proceed with more care.

The method of proof used below is very close to that followed by Floer. Gro-
mov’s original approach was somewhat different. He argued geometrically, using
isoperimetric inequalities and the Schwartz Lemma for conformal maps. More de-
tails of his proofs have been written up by Pansu [61]. The flavour of his arguments
may be sampled in the proof of Theorem 4.2.1 (removal of singularities) below.
Other accounts of this subject can be found in [32], [62], [73], and [88]. In Sec-
tion 4.3 we shall prove the simplest version of the compactness theorem. This
gives a criterion for the moduli space of unparametrized curves to be compact.
The criterion is that A is minimal in the sense that there is no other class B with
0 < w(B) < w(A). In particular this implies that A is not a multiple class so that
the space M(A,J) contains all J-holomorphic A-curves. If this is not satisfied,

41
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one can form a compactification by adding suitable “cusp-curves” and this will be
discussed in detail in Sections 4.4 and 4.5. The terminology cusp-curve was intro-
duced by Gromov. However, these curves would be called reducible curves in the
setting of algebraic geometry.

We will assume, for simplicity, that the Riemann surface ¥ is a sphere. In fact,
the arguments go through without essential change to the general case provided
that one fixes the complex structure j on X. Note that in all cases, the bubbles
which appear are spherical. We will denote the reparametrization group by G.
Thus G is the non-compact group PSL(2,C) acting on S? = CU {oc} by fractional
linear transformations

b b
ba(z) = %, A= ( . ) € SL(2,C). (4.1)

We begin with a discussion of metrics on M which are related to J and w. We
will assume that J : TM — TM is an w-tame almost complex structure on M.
This means that

w(v,Jv) >0 for v #£0.

This condition is weaker than compatibility since we no longer require the bilinear
form (v, w) — w(v, Jw) to be symmetric. However there is an induced Riemannian
metric

g7(v,w) = (v,w); = 1 (wv, Jw) + w(w, Jv)).

Henceforth, we assume that M is provided with this metric. It is easy to check
that the endomorphism J is an isometry and is skew self-adjoint with respect to
this metric. It follows that a J-holomorphic map u is conformal with respect to the
Poincaré metric on (X, j) and the above metric on M.

4.1 Energy

We define the energy of a smooth map u : ¥ — M to be the L?-norm of the 1-form
du € QY (u*TM):

1
Bu) = 5/E|azu|?,am.

Here the norm |dul; is not well defined unless we fix a metric on ¥. However, the
following exercise shows that the product |du|% dA is independent of the choice of
this metric.

Exercise 4.1.1 Let X be a Riemann surface with complex structure j, £ — X
be a Riemannian vector bundle, and ¢ € Q*(E) be a 1-form. Choose a conformal
coordinate chart « : U, — C on ¥ and an orthogonal trivialization and denote
by z = s+ it = a(p) the coordinates of a generic point p € U, C X. Moreover,
choose a local orthogonal trivialization ¢, : 771 (U,) — a(U,) x R™ of E such that
P10 ¢o = ao 7. In these coordinates the 1-form ¢ can be represented by the form

¢* = ¢%ds +ndt € Q' (a(Uy,),R™)
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where ps 0 ¢, 0 ( = a*(*. Prove that the local expressions
|C[2dA = o <(|£C‘|2 + |77’1|2) ds A dt)

on U, determine a well defined global 2-form on X. Its integral is the L?-norm of

C. o
Lemma 4.1.2 If J is w-tame then the energy identity

E(u) = /u*w (4.2)

P

holds for all J-holomorphic curves u.

Proof: Exercise. O

Next we give a precise statement of the basic compactness result which is proved
by “elliptic bootstrapping”. In this theorem the domain 3 may be noncompact.
The proof will be carried out in Appendix B.

Theorem 4.1.3 Let u, : X — M be a sequence of J-holomorphic curves such that

sup [|duy || oo (50 < 00

for every compact subset K C X. Then u, has a subsequence which converges
uniformly with all derivatives on compact subsets of 3.

The conclusion of the previous theorem continuous to hold when the maps u,
are uniformly bounded in the W1P-norm for some p > 2. Now, if the elements
of the sequence u, all represent the same homology class then the energy identity
of the Lemma 4.1.2 guarantees a uniform bound for the W'2-norm. However, the
compactness theorem breaks down in the case p = 2 and the conformal invariance of
the energy leads to the phenomenon of bubbling. An important ingredient in under-
standing this phenomenon is the removable singularity theorem for J-holomorphic
curves of finite energy which we will discuss next.

4.2 Removal of Singularities

The removable singularity theorem says that any J-holomorphic curve u : B—{0}—
M on the punctured disc which has finite energy extends smoothly to the disc.

Theorem 4.2.1 (Removal of singularities) Let J be a smooth w-tame almost
complex structure on a compact manifold M with associated metric gy. If u :
B — {0} — M is a J-holomorphic curve with finite energy E(u) < oo then u
extends to a smooth map B — M.
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Proof of continuity: Here we follow essentially the line of argument in Gromov’s
original work. We assume for simplicity that J is compatible with w so that the J-
holomorphic curves minimize the energy. As pointed out by Pansu in [61, §37], one
can prove the removable singularity theorem in this case by using the monotonicity
theorem for minimal surfaces. This states that there are constants ¢ > 0 and g > 0
(which depend on M and the metric g;) such that for every minimal surface S in
(M, gy) which goes through the point z

area,y, (S N B(z,€)) > ce

for 0 < e < eg. (See [37, 3.15].) To apply this, suppose that u(z) has two limit
points p and ¢q as z — 0. If § is chosen to be less than d(p, ¢)/3, then the monotonic-
ity theorem implies that each connected component of u~1(B(p,d)) which meets
u~1(B(p,d/2)) is taken by u to a surface in M which has area > ¢62/4. Therefore,
because Im u is minimal and has finite area (or energy) E(u) by (4.2), there can only
be a finite number of such components. Similar remarks apply to q. Hence there
exists an 7o > 0 such that, for any r < rg, the image 7, of the circle {z € C||z| = r}
under « meets both B(p,d/2) and B(g,d/2), and so must have length £(v,) > 0.
But then, the conformality of u implies that |du| = 1|0u/96]|, and we find that

2
E(u) = / 0/ 067 rdr A d6
(0,1]x St

r2

2
/ {/ 0u/89|d9} idr
(0,1] S1 2mr
2
— / g(’YT‘) dT
(071] 2mr

52
/ —dr,
(0,’)"[)] 27TT

which is impossible because E(u) is finite. The geometric idea here is that, because
of the conformality, if the loops .- are long they must also stretch out in the radial
direction, and hence form a surface of infinite area. |

Vv

We now give a proof of the smoothness of the extension which relies on the
following a priori estimate.

Lemma 4.2.2 (A priori estimate) Assume M is compact and J is a smooth w-
tame almost complex structure. Then there exists a constant h > 0 such that the
following holds. If r >0 and u : B, — M is a J-holomorphic curve such that

E(u; B,) :/ |dul* < 1
B

then g
du(0)? < > / dul?.
mr B,

The proof relies on a partial differential inequality of the form Ae > —Ae? for
the energy density e = |du|?. The details are carried out in [73] for example. As a
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consequence of this estimate we obtain the following isoperimetric inequality which
plays a crucial role in the proof of Theorem 4.2.1 and is related to the monotonicity
property of minimal surfaces used above.

Lemma 4.2.3 (Isoperimetric inequality) Assume that Mis compact and that
J is a smooth w-tame almost complex structure. Let w : B — {0} — M be a
J-holomorphic curve on the punctured disc with finite energy. Then there ezist
constants § > 0 and ¢ > 0 such that

E(u; B,) < cl(v,)?, O<r<é
where v, (0) = u(re®) and £(v,) denotes the length of the loop ;.
Proof: In view of Lemma 4.2.2 we have

|du(rei9)\2 < %5(27"), e(r) = Ep, (u)

for r < 6. Now the derivative of 7, has norm |4,.(6)| = r |du(re'”)|. Hence the
length of the loop ~, is given by

Uvy) = r/o ! ’du(rei0)| df < +/32me(2r).

Hence £(7,.) converges to zero with r.

Now every sufficiently short loop v : S — M has a unique local extension u :
B — M defined by u. (re') = exp. (o) (r€(0)) where £(0) € T’ )M is determined by
the condition exp,)(§(#)) = v(0). The area of this disc is the local symplectic
action of v and is bounded by the square of the length of v. In other words, there
exists a constant ¢ > 0 such that for every sufficiently short loop 7 : S* — M

a(y) = / W < cl(y)?

Denote by u, = u,, : B1 — M the extension of the loop 7, and consider the sphere
Vpr S? — M obtained from u|p, _ B, with the boundary circles v, and 7, filled
in by the discs u, and wu,. This sphere is contractible. It is the restriction of the
smooth map B x [p,7r] = M : (2,7) — u,(z) to the boundary of the cylinder.
Hence
E(u; B, — B),) +/ Upw :/ Urw
B B1

for 0 < p < r for r sufficiently small. Take the limit p — 0 to obtain the required
inequality E(u; B,) = [uiw < cl(y)2. ]

Proof of Theorem 4.2.1: Continue the notation of Lemma 4.2.3. In particular

r 2m
e(r) = E(u; By) :/B |du|? :/0 p/o |du(pew)’2 dpdb.
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It follows from the isoperimetric inequality of Lemma 4.2.3 that for r sufficiently
small

Ce(%")2

= o’ < /0 " |du(re')| d€>

27
< 27TC7”2/ ‘du(rew)’2 de
0

e(r)

IN

2

= 2meré(r).

With 1 = 1/2mc this can be rewritten as u/r < &(r)/e(r). Integrating this inequality
from r to r; we obtain (ri/r)" < e(r1)/e(r) and hence

g(r) <ecrt

where ¢; = r;"e(r1). For p sufficiently small the estimate of Lemma 4.2.2 shows
that

, 8
|du(pe’®) 2 < —5e(2p) < —°

4.3
TP p>H (43)

with a suitable constant c; > 0 which is independent of p and 6. With 2 < p <
4/(2 — ) this implies

r 27
[ taar = [ [ pldutoeyp asap
B 0 0

< 3 /T plfp(lfu/2) dp.
0

Since p < 4/(2 — p) we have 1 — p(1 — 1/2) > —1 and hence the integral is finite.
Hence u € WP with p > 2. Moreover, it follows from (4.3) that u is Holder
continuous. Since M is compact this implies (again) that u extends to a continuous
map on the closed unit disc. Now it follows from elliptic regularity in a local
coordinate chart that u is smooth on the closed unit disc (see Proposition 3.2.2).
O

This completes the proof of the removable singularity theorem. A similar result
is true for boundary points of J-holomorphic curves: see Oh [59].

Exercise 4.2.4 Prove directly from (4.3) that u is Holder continuous with expo-
nent /2. This is needed to prove that u(B, — {0}) lies in a single coordinate chart
for r > 0 sufficiently small. a

4.3 Bubbling

The next theorem shows how bubbles appear. We shall begin by discussing some no-
tation. The most convenient way of describing holomorphic spheres is to identify 52
with CP! = CU{oco}. If 5% denotes the unit sphere in R? then such an identification
is given by stereographic projection. Different choices of a stereographic projection
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correspond to the action of SO(3) ~ SU(2)/{%1} c PSL(2,C) on CP! = CU {c0}.
With this identification a J-holomorphic sphere v € M(A4,J) is a smooth J-
holomorphic curve u : C — M such that the map C — {0} — M : z — u(1/z2)
extends to a smooth map on C. This class of maps is preserved under composition
with fractional linear transformations ¢4 : CU {o0} — C U {o0}. A sequence of
J-holomorphic curves u, : C — M is said to converge on C U {oo} if both u,(z)
and u,(1/z) converge uniformly with all derivatives on compact subsets of C. We
make use of the following estimate on the derivatives.

Lemma 4.3.1 If u: C — M represents a smooth map S?> — M then there exists

a constant ¢ > 0 such that ‘

P
|[du(z)| < T
for z € C.

Proof: Define v(z) = u(1/z) and note that the map ¢(z) = 1/z satisfies |do(z)| =
|z|=2. Hence |du(z)| = |z|72|dv(1/2)| and this proves the estimate for |z| > 1 with
¢ = [|dv| ;e (p,)- For |z| <1 the estimate obviously holds with ¢ = ||du||z=(p,). O

Theorem 4.3.2 Assume that there is no spherical homology class' B € Ho(M)
such that 0 < w(B) < w(A). Then the moduli space M(A, J)/G is compact.

Proof: Let u, : C — M be a sequence of J-holomorphic curves which represent
the class A. We must prove that there exists a sequence A4, € PSL(2,C) such that
uy o ¢4, has a subsequence which converges on CU {o0}.
It follows from Lemma 4.3.1 that |du, (z)| assumes its maximum at some point
a, € C. Denote
¢y = |duy (ay)| = ||duy ||

and define the reparametrized curve v, : C — M by
v, (2) = uy(ay + ¢, 2).
This curve satisfies
do,(0)] =1, ldvu[lpee <1, E(v) = E(u,) = w(A).

The last identity follows from the conformal invariance of the energy and the for-
mula (4.2). By Theorem 4.1.3 there exists a subsequence, still denoted by v,,
which converges uniformly with all derivatives on compact sets. The limit function
v:C — M is again a J-holomorphic curve such that

|dv(0)| = 1, 0< E(v) = / v'w < w(A).
C
Now the removable singularity theorem implies that the map C — {0} — M : z —

v(1/z) extends to a smooth map on C and hence v represents a J-holomorphic
sphere.

1A homology class B € Hz(M) is called spherical if it is in the image of the Hurewicz
homomorphism o (M) — Ha(M).
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In order to show that M(A, J)/G is compact, we must prove that the functions
v,,(z) = v,(1/2) converge to v(1/z) uniformly on compact neighbourhoods of 0.
Assume otherwise that

¢, = |ldv, || L — o0,

passing to a subsequence if necessary. As before, let a, € C be the point at
which |dv],(z)| attains its maximum. Since v,,(z) converges to v(1/z) uniformly on
compact subsets of C — {0} it follows that a, — 0. Consider the reparametrized
curves
wy(2) = v (a, +¢,"2).
These maps again satisfy
[dw, (0) =1, |ldwy[lpe <1, E(w,) = w(A).

Hence, passing to a further subsequence, we may assume that w, converges uni-
formly with all derivatives on compact sets to a J-holomorphic curve w : C — M
such that

dw(0) =1,  0< BE(w) = /Cw*w < w(A).

Again it follows from the removable singularity theorem that w(1/z) extends to a
smooth J-holomorphic curve at 0 and hence represents a J-holomorphic sphere.
Now let B and C denote the homology classes represented by v and w, respec-
tively. Then w(B) and w(C) are positive and we derive the desired contradiction
by showing that
w(B) +w(C) <w(A).

This holds because v and w are limits of “disjoint pieces” of the sequence u,. More
precisely, denote by B = Br(0) C C denotes the ball of radius R centered at 0
and by

E(w;Q):/Qw*w

the energy of the J-holomorphic curve w on the domain Q C C. Then for every
€ > 0 we have

w(C)

lim E(w;B
RLI}’IQO (w7 R)

lim lim E(w,;Bgr)

R—oo v—o0

lim lim E(v,; Bry -1(a,,))

R—o0 v—00

< lim lim E(v);Be)
R—oo v—o0

= lim (E(v,) — E(vy; Byye))
= w(A) — E(U; Bl/a)-

Take the limit ¢ — 0 to obtain the required inequality w(C) < w(A) — w(B). Note
that w(B) + w(C) need not equal w(A) because there may be yet other bubbles
which we have not detected. Different choices of the center and size of the rescaling
may give rise to different limits. a

A simple modification of the above proof with varying almost complex structures
gives the following result.
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Corollary 4.3.3 Assume that there is no spherical homology class B € Hay(M)
such that 0 < w(B) < w(A). Assume that J, is a sequence of almost complex
structures which converges to J in the C™-topology. Let u, : CU {00} — M be
a sequence of J,-holomorphic A-spheres. Then there exist matrices A, € SL(2,C)
such that u, o ¢4, has a convergent subsequence.

We say that the class A is indecomposable if it does not decompose as a sum
A= A; + -+ 4+ Ag of classes which are spherical and satisfy w(A;) > 0 for all .
Note that A may be an indecomposable class without satisfying the assumption of
Theorem 4.3.2. For indecomposable classes the conclusion of Theorem 4.3.2 remains
valid but the proof requires the more sophisticated compactness theorem discussed
in the next section. Here we only state the result.

Theorem 4.3.4 If A is indecomposable then the moduli space M(A, J)/G of un-
parametrized J-holomorphic A-spheres is compact for all w-compatible J.

Example 4.3.5 Let M = S? x S? with symplectic form wy = Aw; X wy where
each w; is an area form on the sphere with total area m and where A > 1. Let
A= [S?xpt] and B = [pt x §?]. If A = 1, then wy(A) = 7 is the smallest
positive value taken by [wy] on mo(M). Thus A is indecomposable and M(A4, J)/G
is compact. But if A > 1, w) is positive on the class A — B of the anti-diagonal
{(z,a(2)) : z € §%} (where « is the antipodal map), and it becomes possible for the
set of J-holomorphic A-spheres to be non-compact. If J is a product, M (A4, J)/G
is compact, but there are wy-compatible J for which it is not. For example, one
can take J to be Hirzebruch’s complex structure on S? x S? which is obtained by
identifying S? x S? with the projectivization of the rank 2 complex vector bundle
over S? = CP! which has first Chern class equal to 2. However, one can show that,
no matter what A is, the moduli space M(A, J)/G is compact for a generic J. O

Exercise 4.3.6 Let M = 52 x T?"~2 be the product of the 2-sphere with a torus
with symplectic form w = w; X wo, and let A = [S? x {pt}]. Show that A is
indecomposable. O

When one applies these results to get information about the symplectic mani-
fold, the most useful tool is the evaluation map. If the curves under consideration
are spheres, then the domain of this map is the quotient space M(A4, J) x ¢ S? where
the reparametrization group G acts on the product diagonally

¢-(u,2) = (uo g™, (2)).
The evaluation map e = eq = ea j : M(A, J) xg S — M is given by the formula
e(u, z) = u(z).

Theorem 4.3.7 Let A be a indecomposable class, and Ji, Jo two elements of Jreg-
Then the evaluation maps es j, and ea j, are compactly bordant.

Proof: The evaluation maps extend over M(A,{Jy}1) xa S2. O
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4.4 Gromov compactness

Throughout we assume that (M,w) is a compact symplectic manifold and denote
by J = J-(M,w) the space of smooth w-tame almost complex structures on M. If
J e J and A € Hy(M,Z) is not an indecomposable class then the unparametrized
moduli space C(A4, J) = M(A, J)/G will in general not be compact. A sequence of
A-curves may degenerate into a cusp-curve C. This is a connected union

c=ctuc?Jy...uch

of .J-holomorphic spheres C? which are called components. Each component is
parametrized by a smooth nonconstant J-holomorphic map u/ : CP' — M which
is not required to be simple. A special case occurs when N = 1 and the curve u = u!
is multiply covered. Then the convergence may be uniform, with all derivatives, but
the limit-curve w is not included in the space M (A, J) which only consists of simple
curves. In [64] Ruan uses the term reducible curve for a collection u = (ul,... ulV)
of nonconstant J-holomorphic curves with a connected image such that either N >
2 or N =1 and u = u' is multiply covered. We shall adopt Gromov’s terminology
in [26] and use the term cusp-curve.

Remark 4.4.1 A cusp-curve v = (u!,...,u") can be ordered such that the set
ClU---UC7 with CF = uF(CP?) is connected for every j. This means that there
exist numbers

J2,-- 5 N, 1< <k,

and points wy, 2z, € CP! such that
uI* (wy) = uF(2).

As a matter of normalization we may assume for example that zp = oo for every k.
O

Remark 4.4.2 A cusp-curve u = (u',...,u’") can be parametrized by a single
smooth but not .J-holomorphic map v : CP' — M. To see this order the curves
ul,...,u"V as in the previous remark and argue by induction as follows. Assume
that v/ : CP' — M has been constructed for j > 1 as to parametrize C'U---UCY.
Assume without loss of generality that v’ (c0) = u/*1(0) and choose a smooth map
v/ CU{o0} — M which covers v/(CP!) on the unit disc, maps the unit circle
to v7(0c0) = w/*1(0) and covers C7*1 on the complement of the unit disc. More
explicitly, choose a smooth cutoff function 8 : R — [0,1] such that G(r) = 1 for
r<1/2 and r > 2 and B(r) = 0 for r close to 1, and define

: _ [P ), i 2] < 1,
’UJ+1(Z) = { u7+1(ﬁ(|z\2 z), if|z] > 1.

This curve parametrizes C* U - .- U CItL, O

A sequence of J-holomorphic curves u, : CP! = CU {0} — M is said to

converge weakly to a curve u = (u!,...,u") (which may consist only of one

component) if the following holds.
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(i) For every j < N there exists a sequence ¢/, : CP! — CP?! of fractional linear
transformations and a finite set X7 C CP! such that wu, o ¢/ converges to u’
uniformly with all derivatives on compact subsets of CP! — X7,

(ii) There exists a sequence of orientation preserving (but not holomorphic) diffeo-
morphisms f, : CP! — CP! such that u, o f, converges in the C°-topology
to a parametrization v : CP' — M of the cusp-curve u as in Remark 4.4.2.

It follows from this definition that every point on the union C' = J, u/(CPY) is a

limit of some sequence p, € u,(CP?). Tt follows also from the definition of weak
convergence that the map u, : CP! — M is homotopic to the connected sum

w#ul# - #uN CP > M
for v sufficiently large. Hence, in particular,

N

N
w(d,) = ZW(Aj), a(Ay) =) ad),

j=1 j=1

where A, € Hy(M,Z) is the homology class of u, and A7 is the homology class of
w. In our applications below we shall in general assume that all the u, represent the
same homology class A € Hy(M,Z) and it then follows from weak convergence that
the connected sum u'# - - - #u” also represents the class A. We point out that the
notion of weak convergence also makes sense when the u, are not J-holomorphic.

Theorem 4.4.3 (Gromov’s compactness) Assume M is compact and let J, €
Jr(M,w) be a sequence of w-tame almost complex: structures which converges to J
in the C>®-topology. Then any sequence u, : CP' — M of J,-holomorphic spheres
with sup, E(u,) < oo has a subsequence which converges weakly to a (possibly
reducible) J-holomorphic curve u = (ul,... uN).

Various versions of this theorem are proved in [32], [61], [62], and [88]. The
proof given in the next section essentially follows the line of argument in [32].

Corollary 4.4.4 Given K > 0, every element J € J has an open neighbourhood
N (J) such that there are only finitely many classes A with w(A) < K which have
J'-holomorphic representatives for some J'" € N(J).

Proof: If not, there would be a sequence of curves, each in a different homology
class, of bounded energy. But these homology classes lie in the discrete lattice
Hy(M;Z), and so can have no convergent subsequence. a

If u, is a weakly converging sequence, we will see in Lemma 4.5.5 that there is
a finite set X such that u, converges to some J-holomorphic map u,, on compact
subsets of CP! — X. The corresponding component of the limiting cusp-curve can
be thought of as basic one, the other components being “bubbles ”at the points of
X. When ¥ is the sphere, this remark has little force, but if one considers a limit
of maps u, whose domain is a fized Riemann surface ¥, the basic component is
the only one which can have genus > 0. Because there is no obvious holomorphic
parametrization of the different components of a limiting cusp-curve, it is hard to
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define a good compactification for spaces M of parametrized curves. However, all
that is needed to define symplectic invariants is to compactify the space C(A, J) =
M(A, J)/G of unparametrized curves. We shall describe such a compactification in
the next chapter. This compactification can be understood without going through
the detailed analysis involved in the proof of Gromov’s compactness theorem and
the reader may wish to go directly to Chapter 5.

4.5 Proof of Gromov compactness

One key step in the proof is the following result about the energy of a J-holomorphic
curve on an arbitrarily long cylinder. It asserts that if the energy is sufficiently small
then it cannot be spread out uniformly but must be concentrated near the ends.
We phrase the result in terms of closed annuli A(r, R) = Br — int B, for r < R.
The relative size of the radii r, R will be all-important in what follows. One should
think of the ratio R/r as being very large, and much bigger than e’

Lemma 4.5.1 Let (M,w) be a compact symplectic manifold and J be an w-tame
almost complex structure. Then there exist constants ¢ > 0, h > 0, and Ty > 0
such that the following holds. If u : A(r,R) — M is a J-holomorphic curve such
that E(u) < h then

E(u; A(eTr,e”TR)) <

and

for T >1Ty.

Proof: Choose the constant i > 0 as in Lemma 4.2.2 and consider the J-
holomorphic curve v(7 +i60) = u(e™*) for log r < 7 < log R and 0 € S' = R/277Z.
Then for log r +T < 7 < log R — T, the projection Br — [logr,log R] x S! is at
most a T-fold cover and so we have E(v; Br(r + 1)) < TE(v) = TE(u). Hence,
by Lemma 4.2.2,

8E(u)
T’

|dv(T + i0)|* < logr+T<7<log R—-T.

If T is sufficiently large then the loop 7,(0) = v(r + i6) is sufficiently short and
therefore has a local symplectic action a(7y;) as in the proof of Lemma 4.2.3. Recall
that this action is defined as the integral of w over a local disc u, : By — M with
u, () = v, () and satisfies

la(ye)l < e1l(77)* < e
for log r+T < 7 <log R—T. Since u is a J-holomorphic curve we have

d 2 . H'Y H 2 Ha ) ” 2
—al(yr) = A2 do > ST (y,) > LS alx
dT“(V ) /0 97 (6)] = o (vr) = Brey la(yz)]
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In particular, the function 7 — a(~y;) is strictly increasing. If a(~,;) > 0 then

d

—/a

dr
and a similar inequality holds when a(v,) < 0. Integrating these from 79 = log r+T

to 11 = log R — T (after splitting this interval into two according to the sign of
a(7y,) if necessary) we obtain

(vr) > C?jl ||87"YTHL2

| 10l dr < (VRO + VRG] < )

0

Since ||077- |2 < esv/E(u)/T for 19 < 7 < 7 this implies

T1 E
E(u; A(eTr,e"TR)) :/ ||6T%||2L2 dr < cg ;u)

70

Moreover,
27 T1 27
[ disttn@m@)a < [ [ o) doar
0 T0 0
T1
< VEr [0l dr
70
E(u
< oyfE
and this proves the lemma. O

It is convenient to introduce some notation. Let u, : CP' — M be any sequence
of smooth maps. A point z € CP! is called regular for u, if there exists an € > 0
such that the sequence du,, is uniformly bounded on B.(z). A point z € ¥ is called
singular for w, if it is not regular. This means that there exists a sequence z, — z
such that |du,(z,)| is unbounded. A singular point z for u, is called rigid if it is
singular for every subsequence of u,. This means that the sequence z, — z can
be chosen such that |du,(z,)| — c0.? It is called tame if it is isolated (no other
singular points in some neighbourhood of z) and the limit

me(z) = lim upw
V0 JBe(2)
exists and is finite for every sufficiently small € > 0. In this case the mass of the
singularity is defined to be the number

m(z) = liII(l) me(z).

This limit exists because the function € — m.(z) is non-decreasing. We shall
prove that for a sequence of J-holomorphic curves each tame singularity has mass
m(z) > h where i > 0 is defined by the following lemma.

2Warning: If you identify CP! with CU {oco} then the point infinity is regular iff it is regular
for the sequence z — u, (1/z). Similarly for singular and rigid. In particular, co is a rigid singular
point if there exists a sequence z, — oo such that |du, (z,)|-|z,|?> — oo where the norm of du, (z,)
is taken with respect to the standard metric on C.
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Lemma 4.5.2 For every compact symplectic manifold (M,w) and every almost
complex structure J € J(M,w) there exists a constant h > 0 such that

E(u)>h
for every nonconstant J-holomorphic curve u : CP' — M.

Proof: Choose i > 0 as in Lemma 4.2.2. Let u : CU {00} — M be a J-
holomorphic curve with E(u) < h. Then for every z € C and every r > 0 we have
|du(2)|* < 8E(u, B.(2))/7r? < 8h/7r?. Hence du(z) = 0 for every z and therefore
u is constant. a

We shall need the the following observation about complete metric spaces which
is due to Hofer. The proof is left as an exercise.

Lemma 4.5.3 Let X be a metric space and f : X — R be continuous and non-
negative. Given ¢ € X and § > 0 assume that the closed ball Bs(() = {z €
X | dist(x, () < 6} is complete. Then there exist z € X and 0 < e < such that

dist(z,¢) <4, sup f < 2f(2), ef(z) > 6fT(O
B.(z)

Lemma 4.5.4 Let J, be a sequence of almost complex structures on M converging
to J in the C*-topology and let u, : CU{co} — M be a sequence of J,,-holomorphic

curves with bounded energy sup, E(u,) = ¢ < co. Then every rigid singular point
z for w, has mass m(z) > h.

Proof: This is proved by a rescaling argument as in the proof of Theorem 4.3.2.
Assume without loss of generality that 0 is a rigid singular point of u,. Then there
exists a sequence ¢, — 0 such that |du, (¢, )| — oo. Choose a sequence §, > 0 such
that

0, — 0, Oy |du, (¢)] — oc.

Now use Lemma 4.5.3 with X = C, f = |du,|, ( = ¢,, and § = §, to obtain
sequences z, € C and 0 < g, < §, such that z, — 0 and

sup |du,| < 2|du,(z,)], eylduy,(2,)] — oo.
Be, (zv)

Denote
Cy = |d’LLl,(Z,,)|, RV =E&vCy

and consider the J,-holomorphic curves v, : Bg, — M defined by
v, (2) = uy (2, + ¢, 7 12).
These satisfy

sup [dv,| <2, |dv,(0)]=1, R, — oo, FE(v,;Bg,) <c.

Ry

Hence the sequence v, has a subsequence (still denoted by v, ) which converges in
the C*°-topology to a J-holomorphic curve v : C — M. The energy of v is finite
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and hence it follows from the removable singularity theorem that v extends to a
J-holomorphic sphere v : CP! = CU{oo} — M. Since |dv(0)| = 1 this sphere must
be nonconstant and hence, by Lemma 4.5.2,

E(v) > h.
Since v(2) = lim, o0 u, (2, + ¢, ~12) we have

E(v; Br) = lim E(v,; Bryc,(2,)) < liminf E(u,; B:).
V—00 V—0o0
for every R > 0 (arbitrarily large) and every ¢ > 0 (arbitrarily small). The last
inequality follows from the fact that R/c, converges to zero and z, converges to 0.
Now take the limit R — oo to obtain
h < liminf E(u,; Be).
V—00
Here we have chosen a subsequence of u,. But the same argument shows that
every subsequence of u, has a further subsequence with this property and hence
me(0) > h. Since € > 0 was chosen arbitrarily this proves the lemma. ad

Lemma 4.5.5 Let J, be a sequence of almost complex structures on M converging
to J in the C*°-topology and let u, : CU{oco} — M be a sequence of J,-holomorphic
curves with bounded energy

sup E(u,) = E < 0.

Then there exists a subsequence (still denoted by u, ) which has only finitely many
singular points z',...,2F and these are all tame with positive mass m(z?) > h.
The subsequence can be chosen to converge uniformly with all derivatives on every
compact subset of CP* —{2% ... 2} to a J-holomorphic curve u : CP* — M with

energy
k

E(u)=E-Y m(z)).

Jj=1

Proof: By assumption there exists a constant ¢ > 0 such that F(u,) < ¢ for every
v. Hence it follows from Lemma 4.5.4 that the number of rigid singular points is
bounded above by ¢/h. Now choose a subsequence such that all its singular points
are rigid. Such a subsequence must exist because if there is any nonrigid singular
point left we may choose a further subsequence for which this singular point becomes
rigid. This process must stop after finitely many steps since otherwise there would
be a subsequence with arbitrarily many rigid singular points. By Lemma 4.5.4 this
is impossible.

Now let 2!, ..., 2¥ be the singular points of the subsequence u, and assume that
they are all rigid. By definition of singular point the sequence of derivatives du,, is
uniformly bounded on every compact subset of CP' — {z',...,2*}. Passing to a
further subsequence we may assume that u, converges uniformly with all derivatives
on every compact subset of ¥ —{z1,... ,zk}. By the removable singularity theorem
the limit extends to a J-holomorphic curve u : CP' — M.
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Now fix a sufficiently small number £ > 0 and choose a further subsequence
such that the limit m.(27) = lim, o F(u,; B:(27)) exists for every j. Then this
limit exists for every sufficiently small ¢ > 0 and hence the singular points 27 are
all tame for u,,. Now for € > 0 sufficiently small

V—00

E(w;C —U;B.(27)) = lim F(u,;C—U;B.(2)) = E — Zme(zj)

Take the limit € — 0 to obtain the formula E(u) = E -3, m(z7). 0

The phenomenon described in the previous lemma already occurs in the context
of rational maps u : CP' — CP'. For example, the reader might like to consider
a sequence of rational functions of degree 2 with a pole and a zero cancelling each
other out in the limit.

Proof of Theorem 4.4.3: Passing to a suitably reparametrized subsequence (as
in the proof of Theorem 4.3.2) we may assume that w,(1/z) converges uniformly
on compact subsets of C to a nonconstant J-holomorphic curve v? : CU{co} — M.
Hence z = 0 is the only possible singular point of the sequence u, and in view of
Lemma 4.5.5 we may assume it is tame. Denote the mass of this singular point by

mgo = lim m,, me = lim | wiw.
e—0 v—00

B,

We will write u for the limit of u, on C — {0} U co. Thus, u(z) = v%(1/2). Let
us now examine the behaviour of the sequence u, near the singular point z = 0 in
more detail. By Lemma 4.5.2 we have mg > h and hence for every v there exists a

number §, > 0 such that
h

* — —
Up,w =M — =

Bs 2

v

By definition of the mass mg the sequence 4, converges to 0. Consider the sequence
of J-holomorphic maps v, : C — M defined by

v, (2) = uy (6,2).

We shall prove that there exists a subsequence (still denoted by v,) such that the
following holds.

(i) The singular set {w!,...,w™'} of the subsequence v, is finite and tame and is
contained in the open unit disc By C C.

ii e subsequence v, converges with all derivatives uniformly on every compac

ii) The sub ith all derivati iforml t
subset of C—{w!,..., w"} to a nonconstant J-holomorphic curve v : C — M
with finite energy.

N

iii) The energy of v and the masses of the singularities w!, ..., w" are related b
gy g s y

N

E(v)+ Zm(wj) = my.

j=1
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(iv) v(o0) = u(0).

Once this is proved the theorem follows easily by induction. First note that by

definition of mg and 4,
I
limsup E(v,; A(1, R)) < 3
for every R > 1. Hence there can be no bubbling of holomorphic spheres outside
the unit ball and so statements (i) and (ii) follow from Lemma 4.5.5. Now we shall

prove that the limit curve v : C — M satisfies

h

We already have proved that E(v;C — By) < /i/2. To prove the converse choose
a sequence &, > 0 such that E(u,;B.;,) = mg. Then it follows again from the
definition of mg that £, — 0. Now consider the sequence w,(z) = u,(e,2). It
follows as above that E(w,; A(1, R)) converges to zero for any R > 1. This implies
that E(w,; A(d,1)) must also converge to zero for any § > 0 since otherwise a
subsequence of w, would converge to a nonconstant J-holomorphic curve which is
constant for |z| > 1 but such a curve does not exist. Since

h
E(wy; A(0u /€0, 1)) = E(uy; A(dv,60)) = 9
it follows that §, /e, converges to 0. Now, by Lemma 4.5.1, there exists a Ty > 0

such that for T' > Tj

EE(UV§A(6V7€V)) - I

EV.ATufTV< _cn
(5 A8, T,)) =3

Pick any number o < 1 and choose T so large that 1 — ¢/T > «. Then the energy
of u, in the union of the annuli A(d,,e’6,) and A(e~Te,,e,) must be at least
ah/2. But the energy of u, in A(e=T¢,,¢,) converges to 0 while the energy of u,
in A(6,,e’'8,) converges to E(v; A(1,el)). Hence E(v;A(1,el)) > ah/2. Since
a < 1 was chosen arbitrarily it follows that E(v,C — By) = h/2 as claimed.

Statement (iii) now follows from Lemma 4.5.5 for the curves v, : By — M with
constant energy Ep, (v,) = mo— /2. Hence it remains to prove that v(co) = u(0).
We shall prove that the collar u, (z) for R, < |z| < e converges uniformly as e — 0,
R — o0, and v > v(e, R) — oo. To see this note that

E(e,R) o Van;O E(uy; A(Rdy,€)) = E(u; B:) + E(v;C — Bg).

In fact E(u,; B:) converges to E(u; B:) +mg as v tends to co and, by definition of
d,, it follows that E(u,; A(d,,€)) converges to E(u; B.) + h/2. On the other hand,
E(uy; A(d,, RS,)) converges to E(v; A(1,R)) = h/2 — E(v;C — Bg). Subtracting
these two limits gives the required formula above.

Now E(e, R) converges to zero as € — 0 and R — oo. Hence it follows from
Lemma 4.5.1 that for 7' > 0 and v > 0 sufficiently large we have

2m

dist (u, (R6,eTT), u, (e T+9)) d < ¢v/E(e, R).

0
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Taking the limit ¥ — oo we obtain

27
/ dist(v(ReT+9), u(ee=T+)) 4o < /B R).
0

Here the constants 7' and ¢ are independent of ¢ and R. Since E(e, R) — 0 for
¢ — 0 and R — oo we obtain v(co) = u(0) as required. Theorem 4.4.3 now follows
easily by induction. a



Chapter 5

Compactification of Moduli
Spaces

Our goal in this chapter is to explain the compactification C(A,.J) of the moduli
space C(A, J) = M(A, J)/G of all J-holomorphic spheres which represent the class
A. Roughly speaking, this compactification is obtained by adding the cusp-curves
to the space C(A,J). In order for this compactification to be useful, it should
carry a fundamental homology class. This will be the case if the set of cusp-curves
which we must add has dimension at least 2 less than that of C. Unfortunately, it
is not known whether this is true for an arbitrary symplectic manifold. However,
we will see that it does hold for manifolds which satisfy a certain positivity (or
monotonicity) condition. This is an important condition, and so we will begin by
explaining it.

Our present approach modifies and streamlines the discussion in McDuff [46]
and Ruan [64]. The main results are the Theorems 5.2.1, 5.3.1 and 5.4.1. Their
proofs are deferred until Chapter 6.

5.1 Semi-positivity

Let (M,w) be a symplectic manifold and let K > 0. An w-compatible almost
complex structure J € J(M,w) is called K-semi-positive if every J-holomorphic
sphere u : CP! — M with energy E(u) < K has nonnegative Chern number
fu*cl > 0. The almost complex structure J is called semi-positive if it is K-
semi-positive for every K. This means that every J-holomorphic curve u : CP! —
M has nonnegative Chern number. The notions of K-positive and positive are
defined similarly with [u*e¢; > 0. Denote by Ji(M,w, K) the set of all K-semi-
positive almost complex structures on M which are w-compatible and by

Jr(M,w) = (| To(M,w, K)
K>0

the set of semi-positive w-compatible almost complex structures. Note that this
set may be empty. The manifold (M,w) is called weakly monotone if for every

IHere we are identifying the first Chern class ¢ with a representing 2-form.

59
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spherical homology class A € Ho(M,Z)
w(A) >0, c(A)>3—n = c1(4) > 0.
It is called monotone if there exists a number A > 0 such that
w(A) = Ae1(A)

for A € mo(M). Note that every monotone symplectic manifold is weakly monotone.
A complex manifold (M, J) (of complex dimension n) is called a Fano variety if its
anti-canonical bundle K* = A%»T*M is ample. This is equivalent to the existence
of a K&hler metric such that the Kéhler form w is monotone.

Remark 5.1.1 In Chapters 5 and 6 we shall work with the space J(M,w) of
almost complex structures which are w-compatible. However, all the transversality
and compactness theorems remain valid if we take interpret J (M, w) as the space of
all w-tame almost complex structures, replacing the word w-compatible by w-tame
wherever it occurs.

Lemma 5.1.2 Let M be a compact 2n-dimensional manifold. Then for all K > 0
the set

{(w,J) € Q*(M) x T (M,w)|dw =0, w" #0, J € T4 (M,w,K)}

is open in the space of all compatible pairs (w,J) with respect to the C'-topology.
In particular, for every symplectic form w the set J(M,w, K) is open in J(M,w)
with respect to the C'-topology.

Proof: Let w, be a sequence of symplectic forms on M which converge to a
symplectic form w in the C*-topology. Let J, € J(M,w,) be a sequence of almost
complex structures on M which are not K-semi-positive with respect to w,. Assume
that J, converges to J € J(M,w) in the C'-topology. Then there exists a sequence
u, : CPY — M of J,-holomorphic curves with c;(u,) < 0 and E(u,) < K. By
Theorem 4.4.3 u, has a subsequence which converges weakly (in the W?2P-topology)

to a cusp-curve u = (u',...,u*). One of the curves u/ must have negative Chern
number and they all have energy F(u’) < K. Hence J is not K-semi-positive with
respect to w. O

In general, the set of semi-positive almost complex structures on a compact
symplectic manifold will not be open. If J is semi-positive then the size of a
neighbourhood which consists of K-semi-positive structures may depend on K.
However, the next lemma shows that if the manifold (M,w) is weakly monotone
then the set Jy(M,w) is dense and path-connected.

Lemma 5.1.3 Assume that (M,w) is a weakly monotone compact symplectic man-
ifold. Then the set Ji(M,w) contains a path-connected dense subset. The set
J+(M,w, K) is open, dense, and path connected for every K.

Proof: We first prove that every almost complex structure J € Jreg(M,w) which
is regular in the sense of Definition 3.1.1 is semi-positive. To see this let J €
Treg(M,w) and A € Hy(M, Z) with ¢1(A) < 0. We must prove that M(A, J) = 0.
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Assume otherwise that M(A4, J) # 0. Since every curve u € M(A, J) is simple we
must have w(A) > 0 and, since (M,w) is weakly monotone this implies

c1(A) <2—n.
But the moduli space M(A, J)/G has dimension
dim M(A,J)/G =2n+2¢;(A) — 6

and the above condition on ¢;(A) shows that this number is negative. This con-
tradicts our assumption that M(A, J) be nonempty. Thus we have proved that
Treg(M,w) C T4 (M,w). Now the set Jreg(M,w) need not be connected. However,
Theorem 3.1.3 shows that any two points Jy, J1 € Jreg(M,w) can be connected by
a path [0,1] —» J(M,w) : A — Jy such that the quotient space M(A, {Jr}1)/G is
a manifold of dimension

dim M (A, {J,\},\)/G = 2n + 2¢1(A) — 5.

If ¢1(A) < 0 it follows again that this dimension is negative and so for every A the
space M(A, Jy) must be empty. Hence J) € J;(M,w) for every A. This proves
the lemma. |

The condition that (M,w) be weakly monotone depends only on the homotopy
classes of w and c¢;(M), and is the relevant positivity condition to consider in
the case of a symplectic manifold. If one starts with a Kéhler manifold though,
one is often more interested in the properties of the underlying complex manifold
(M, Jo) than in the cohomology class of the chosen Ké&hler form w. We will see in
Proposition 7.2.3 below that our results apply to complex manifolds (M, Jy) such
that Jy is compatible with some weakly monotone Kéhler (or symplectic) form w.

Remark 5.1.4 It is not hard to check that a symplectic manifold (M, w) is weakly
monotone if and only if one of the following conditions is satisfied.

e (M,w) is monotone.
e cither ¢;(A) = 0 for every A € ma(M), or w(A) = 0 for every A € mo(M).

e The minimal Chern number N, defined by (¢1,m(M)) = NZ where N > 0,
is at least N > n — 2.

These conditions are not mutually exclusive. The last condition shows that every
symplectic manifold of dimension less than or equal to 6 is weakly monotone. The
case when w(A) is always zero is not very interesting in the present context, since
obviously there cannot be any J-holomorphic spheres in such manifolds. However,
there could be J-holomorphic curves of higher genus. O

As an example, let M be a product of a number of projective spaces, M =
CP™ x---xCP™, with form ), a;7;, where 7; is the usual Kéhler form, normalised
so that it integrates to m over each complex line. Then M is monotone only if all
the a; are equal. However, it is easy to see that the standard complex structure Jy
is semi-positive. Hence, for each K > 0 there exists a neighbourhood of Jy which
consists entirely of K-semi-positive almost complex structures.



62 CHAPTER 5. COMPACTIFICATION OF MODULI SPACES

5.2 The image of the evaluation map

We now describe a first result concerning the compactification of the moduli space.
There are different ways in which this result can be stated. Instead of specifying a
topology on the closure C of the space of unparametrized curves, we have chosen to
express the fact that C is closed by stating that it has closed image in M, since this
is what is needed for the applications we have in mind. Thus we consider the image
of our spaces of curves by appropriate evaluation maps. We will use the letter W
to describe those moduli spaces which are the natural domains of definition for
evaluation maps.

Recall from Chapter 3 that the reparametrization group G = PSL(2, C) acts on
M(A, J) x CP! by

¢ (u,2) = (uod™", ().

The quotient space
WI(A,J) = M(A,J) xg CP*

is the domain of the evaluation map
e:W(A,J)— M, e(u, z) = u(z).
We shall denote the image of this map by

X(A,J)=eW(A,J) =[] wuCP.
ueEM(A,J)

Our goal is to describe the closure X (A, J) as a kind of stratified space with open
stratum X (A, J) and all other strata of codimension at least 2. We must prove that
the lower dimensional cover all possible limit points of sequences e(u,, z,) where
the sequence [u,, z,,] does not converge in W(A, J). These other strata are defined,
roughly speaking, as the images of evaluation maps on spaces of simple cusp-curves
which represent the class A. A cusp-curve

c=Cc'u---uchN

is called simple? if all its components C* are distinct and none are multiply-covered.
More precisely, a simple cusp-curve is a collection of simple J-holomorphic spheres

u:CP' > M

such that their images form a connected set and u’ # u’ o ¢ for i # j and any
fractional linear transformation ¢ € G. Observe that every cusp-curve can be
simplified to a simple curve, by getting rid of repeated components and replacing
each multiply covered component by its underlying simple component. Clearly, this
process does not change the set of points which lie on the curve, although it will
change its homology class.

2In [46] and [64] such curves were called reduced.
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Theorem 5.2.1 Let (M,w) be a compact symplectic manifold.

(i) For every w-compatible almost complexr structure J € J(M,w) there exists a
finite collection of evaluation maps ep : W(D,J) — M such that

(| eWA )= K) c|JeoW(D, ).
D

KCW(A,J)
K compact

(ii) There exists a set Jreg = Jreg(M,w, A, 1) C J(M,w) of the second category
such that the set W(D, J) is a smooth oriented o-compact manifold of dimen-
sion

dim W(D, J) = 2n + 2¢1(D) — 2N — 2
for J € Jreg. Here N is the number of components of the class D.

(iii) Assume that A is not a multiple class mB where m > 1 and ¢1(B) = 0. If
J e Jr(M,w,K) N Jreg for some K > w(A) then

dim W(D, J) < dim W(A,J) — 2
for every D # A.

In the terminology of Section 7.1, the above theorem asserts that the evaluation
map e = ey : W(A, J) — M determines a pseudo-cycle for a generic almost complex
structure J. This means that its image can be compactified by adding pieces of
codimension at least 2, and hence that it carries a fundamental class. We shall see
below that this homology class is independent of the almost complex structure J
used to define it. (See Proposition 7.2.2 with p = 1.) The proof involves choosing
a regular path of almost complex structures Jy running from Jy to J; such that
the corresponding space W(D, {Jx}) is a smooth manifold. This manifold forms a
cobordism from W(D, Jy) to W(D, J;) and there is an analogue of Theorem 5.2.1
for the evaluation map on W(D, {Jx}x). In short, the evaluation maps ey, and e,
are bordant as pseudo-cycles.

The framing D

We now give the relevant definitions for the notation in Theorem 5.2.1. The letter
D denotes an effective framed class. This means that

D={AY . .. AN jo. .. jn}

where A* € Hy(M,Z) and j, is an integer with 1 < j,, < v—1. The homology classes
A? are effective in the sense that they each have J-holomorphic representatives and
can be the classes of the components of a simplified cusp-curve C' which represents
the class A. For example there is a necessary condition w(A?) < w(A) for all i and
hence it follows from Corollary 4.4.4 that there is only a finite number of possible
framed classes D. The “framing” of D describes how the different components
intersect. The number j, indicates that the cusp-curve u = (u!,...,u") must
satisfy
u” (CPY) Nuv (CPY) # 0.
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Note that the class D of a cusp-curve can never equal {A} itself since either N > 1
or D = {A'} where A = mA® for some m > 1.

We will see in Chapter 6 that, in order to make W(D,.J) into a manifold,
we must restrict to considering simple cusp-curves. In fact, we saw already in
Chapter 3 why we must avoid multiply covered curves, and repeated components
can also cause trouble. This means that ), A" need not equal A, since the process
of simplification changes the homology class. However, there are integers m; > 1

such that _
Z miAZ = A.
If J is K-semi-positive then ¢;(A%) > 0 for all i and so

e (D) = ch(Ai) < e (A).

This is the basic reason why statement (iii) in Theorem 5.2.1 holds in this case.
Observe also that the set of points which lie on C' is unchanged if we replace C by
its simple reduction. Hence restricting to simple C' does not affect the validity of
(i).

We remark that the framing (or intersection pattern) associated to D describes
enough of the intersection pattern of the different components of C to ensure that
C is connected. For example, one might insist that the A%-curve intersects the A'-
curve, and that the A3 curve also intersects the A'-curve, and so on. Because we
do not insist on describing the full intersection pattern, our approach is somewhat
simpler than that in [64]. Also, there are cusp-curves which belong to more than
one set C(D,J). Further details may be found in Chapter 6. Elements of C(D, J)
are called simple cusp-curves of type D.

The spaces W(D, J)

According to our conventions, the spaces W(D, J) are the correct spaces on which
evaluation maps are defined. A precise definition will be given in Chapter 6. As an
example consider the case D = {A, B} with A # B. In this case there is only one
possible intersection pattern, namely the A-curve must intersect the B-curve. Fix
a point zg € CP! and define Gy = {¢ € G| ¢(20) = 20}. The group Go x Gg acts
on the space

M(D,J) = {(u,v) |ue M(A,J),ve M(B,J), u(z) =v(z20)}.

This space is the inverse image of the diagonal A C M x M under the map
M(A,J) x M(B,J) : (u,v) — (u(z0),v(20)) and hence, by a general position
argument with generic J, will have dimension

dim M(D, J) = 2n + 2¢1(A).

Now the group Go x G acts on the space M(D,J) x CP! in two ways, namely
by (¢1,62) - (u,v,2) = (uo ¢y ,vo ¢2_1,¢j(z)) for j = 1,2. This leads to two
different quotient spaces Wi (D, J) and Wh(D, J) with corresponding evaluation
maps ea,ep : W;(D,J) — M defined by

ea(u,v,2) =u(z), ep(u,v,z)=uv(z).
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We define W(D,J) = Wi(D,J) UWsy(D,J). Since the group Go x Gg is 8-
dimensional and in both cases acts freely on M(D,J) x CP! we obtain

dim W(D, J) = 2n + 2¢1(A4) — 6.

This is precisely 2 less than the dimension of W(A4, J), thus confirming the dimen-
sion formula in statement (ii) of Theorem 5.2.1.

Granted these definitions, part (i) of Theorem 5.2.1 follows immediately from
Gromov’s compactness theorem. The main additional technical point, which one
needs in order to control the dimension of the spaces W(D, J), is a proof that for
generic J the evaluation maps

ea: M(A,J) x S — M, e : M(B,J)x S* = M

are transverse. It is here that the condition u # v o ¢ becomes important. The
details will be carried out in Chapter 6.

5.3 The image of the p-fold evaluation map

In order to define the Gromov-Witten invariants we must also compactify the image
X (A, J,p) of the p-fold evaluation map

ep: W(A, J,p) — MP

defined on the quotient space W(A, J,p) = M(A,J) xg (CPY)P. Here the group
G = PSL(2,C) acts on M(A,J) x (CPY)? by

¢' (uazla"'vzp) = (uod)fl’d)(zl),...,d)(zp))

and the evaluation map is given by

ep(u, 21, .., 2p) = (w(z1), ..., u(zp)).

Denote the image of this evaluation map by X (A, J,p) = e,(W(A4, J,p)) C MP.
Essentially the same result applies in this case. Suppose that the A-curves w, :
CP! — M converge to a simple cusp-curve C of type

D:{Alﬂ"'vAij%'"vjN}

and consider possible limit points of the p-tuples (u,(21,), ..., un(2pr)). After pass-
ing to a subsequence, if necessary, the the points u,(z;,) will converge to a point
z; on some component of C. Hence we must consider all possible configurations
of limit points z; € Cp(;). Thus the domain of our p-fold evaluation maps will be
determined by pairs (D, T) where D is a framed class of simple reduced curves as
before and the label T' is a map from {1,...,p} — {1,..., N}. For each such pair
(D, T) there will be an evaluation map

EDT W(D,T, J,p) — MP

whose image X (D, T, J,p) = epr(W(D, T, J,p)) C MP consists of all p-tuples of
points (z1,...,2,) such that x; € Cp(;) where C' = U;C; runs through all simple
cusp-curves of type D. These images will form the closure of the set X (A4, J, p).
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Theorem 5.3.1 Let (M,w) be a compact symplectic manifold.

(i) For every J € J(M,w) there exists a finite collection of evaluation maps ep 7 :
W(D, T, J,p) — MP? such that

(1 eWA Jp)—K)C |JeprW(D,T, Jp)).
D, T

KCW(A,J,p)
K compact

(ii) There exists a set Jreg = Treg(M,w, A,p) C J(M,w) of the second category
such that the set W(D, T, J,p) is a smooth oriented o-compact manifold of
dimension

dim W(D, T, J,p) =2n+2c¢1(D) +2p— 2N —4
for J € Jreg. Here N is the number of components of the class D.

(iii) Assume that A is not a multiple class mB where m > 1 and ¢1(B) = 0. If
J e J(M,w,K) N Jreg for some K > w(A) then

dim W(D, T, J,p) < dim W(A, J,p) — 2
for all D # A.

This may be proved by the same methods as the previous theorem. The main
problem is in correctly defining the sets W(D, T, J,p) and this will be done in the
Section 6.5. Again, this theorem asserts that for a generic almost complex structure
J the evaluation map e, : W(A, J,p) — MP determines a pseudo-cycle in the sense
of Section 7.1. Hence its image carries a fundamental homology class, and we shall
see that this class is independent of the choice of J (see Proposition 7.2.2). This
suffices to define the Gromov invariant ®.

5.4 The evaluation map for marked curves

There is an alternative way of defining a p-fold evaluation map, namely by fixing a
p-tuple
z=(z1,...,2) € (CPYP

of distinct points in CP! and evaluating a (parametrized) J-holomorphic curve u
at the points z;. Hence define the evaluation map

ez =€a,j,: M(A,J)— MP

by
ez(u) = (u(z1),. .., ulzp)).

This map is used to define the Gromov-Witten invariant ¥ (which Ruan called
i)) and will play an important role in the definition of quantum cohomology. The
natural assumption for the definition of this invariant is p > 3 since three points
on a nonconstant curve determine its parametrization. In fact in the case p = 3 we
shall see that both invariants agree and no new construction is required. However,
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for p > 3 there are genuine differences. This will already be apparent in the proof
of the following compactness theorem for the images

Y (A, J,2) = es(M(A, J)) C MP.

It is worth pointing out that for any triple z = (z1, 29, z3) of distinct points in
CP! we have Y (A, J,z) C X(A, J,3) and the closures of both sets agree. The sets
themselves need not be the same since in the definition of X the points on which «
is evaluated are not required to be distinct.

For p > 3 there is still an inclusion Y (4, J,z) C X (A, J,p). However the set
Y (A, J,z) will have strictly lower dimension. To get a picture of how these spaces
fit together for different choices of z, consider the diagram

M(A,J) x (CPY & e
Tl
(cpPhyy

The set Y (A4, J,z) is simply the image of the fiber 7!(z) under the obvious evalu-
ation map €,. Thus the sets Y (A, J,z) may be thought of as forming the fibers of
a (singular) fibration of X (A, J,p) of codimension 2p — 6.

As before our goal is to prove that the boundary of the set Y (A4, J, z) is a finite
union of lower dimensional strata. Thus we must investigate how the images of the
manifolds W(D, T, J, p) which compactify X (A, J,p) intersect the fibers Y (A, J, z).
In particular, in order to give an accurate description of the possible limiting posi-
tions of the images of the points z;, we must keep track of the points at which the
bubbles occur. For example, if u,, is a sequence in M (A, J) which develops a bubble
at z1, then the sequence of points w,(z1) may have subsequences which converge
to any point of the bubble at z;. It follows that the whole bubble is contained
in Y (A, J,z). Multiply-covered components of the limit also pose new problems.
The upshot is that we can only prove that a good compactification exists under
additional assumptions.

More precisely, we will assume that our almost complex structure J € J(M,w)
and the homology class A satisfy the following condition.

(JA,) Every J-effective homology class B € Hy(M,Z) has Chern number
C1 (B) Z 2.

Moreover, if A = mB € Hy(M,Z) is the m-fold multiple of a J-effective
homology class B € Hy(M,Z) with m > 1 then either ¢;(B) > 3 or p < 2m.

Here a homology class A € Ho(M,Z) is called J-effective if it can be represented
by a J-holomorphic sphere v : CP! — M. In particular a J-effective homology
class is necessarily spherical. These assumptions are stronger than what is actually
needed. For example in the case p = 3 it suffices to assume

(JA3) Every J-effective homology class B € Ho(M,Z) has Chern number
C1 (B) Z 0.

Moreover, if A = mB € Hy(M,Z) is the m-fold multiple of a J-effective
homology class B € Hy(M,Z) with m > 1 then ¢;(B) > 1.
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This is precisely the condition of Theorem 5.3.1 (iii). In the case p = 4 only the
following condition is required.

(JA4) Every J-effective homology class B € Ho(M,Z) has Chern number
C1 (B) Z 1.

Moreover, it A = mB € Hy(M,Z) is the m-fold multiple of a J-effective
homology class B € Hy(M,Z) with m > 1 then ¢;(B) > 2.

For general p the above condition can also be weakened but the precise condition
required with the methods of this book is somewhat complicated to state. So we
content ourselves with the above formulation.

We point out that for the definition of quantum cohomology it suffices to con-
sider the cases p = 3 and p = 4. So in this case we may simply assume (JAj)
and (JA4) for all classes A. These conditions will be satisfied, for example, if
(M,w) is monotone with minimal Chern number at least 2.

Now it would be much nicer, of course, if statement (iii) of the following theorem
could be proved for generic J without any further assumptions on J. But this would
require a better understanding of the behaviour of multiply covered J-holomorphic
curves with Chern number less than or equal to 2 and with the present techniques
it is not clear how to do this.

Theorem 5.4.1 Let (M,w) be a compact symplectic manifold and fix a homology
class A € Hyo(M) and a p-tuple z = (21, .. .,2,) € (CPY)P of distinct points in CP!.

(i) For every J € J(M,w) there exists a finite collection of evaluation maps
eprz: V(D,T,J z) — MP

such that

(| exM(A,0)=K) c |Jeprz(V(D, T, J,2)).

KCM(A,J)
K compact

(ii) There exists a set Jreg = Jreg(M,w,A,z) C J(M,w) of the second cate-
gory such that the set V(D, T, J,z) is a finite dimensional smooth oriented
o-compact manifold for every J € Jreg.

(iii) Assume J € Jreg and the pair (J, A) satisfies (JAp). Then
dim V(D,T, J,z) < dim M(A,J) —2
for all D # A.

This theorem is proved in Section 6.6. As before, this theorem asserts that
for a generic almost complex structure J the evaluation map e, : M(A,J) — MP
determines a pseudo-cycle in the sense of Section 7.1 and so its image carries a
fundamental homology class. We shall see below that this class is independent
of the point z € (CP)? and of the almost complex structure J used to define
it (Lemma 7.4.1). The proof of this fact again relies on the construction of a
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bordism from ez, : M(A,Jg) — MP to ez : M(A,J;) — MP. This requires an
analogue of Theorem 5.4.1 for paths along the following lines. Given a path [0, 1] —
(CPY)? : X\ +— z) and regular almost complex structures Jo € Jreg(M,w, A, z() and
J1 € Freg(M,w, A, z1) in the sense of Theorem 5.4.1, we must find a path of almost
complex structures Jy € J(M,w) such that the moduli space

MA T3 = {(Mu) |[u e M(A,Jy\)}
is a smooth manifold. Now consider the closure of the image of the evaluation map
MA{Tx}r) = MP o (A u) — egq, (u).

For a generic path J) this closure will again be obtained by adding pieces of codi-
mension at least 2. The details are the same as in the proof of Theorem 5.4.1 and
this gives rise to the required bordism between the pseudo-cycles e,, : M(A, Jy) —
MP and e,, : M(A,J1) — MP. This suffices to construct the Gromov-Witten
invariant W.

Remark 5.4.2 (i) The strong condition (JA,) is used only to deal with multiply-
covered components of the limiting cusp-curve. If there is some way to ensure
that such multiply-covered curves cannot appear in the limit, then it suf-
fices to assume that the manifold is weakly monotone. We shall exploit this
observation in Section 9.3.

(ii) We emphasize that the notion of a regular almost complex structure in The-
orem 5.4.1 depends on the point z which we have fixed to begin with. In
practice it may be useful to fix instead an almost complex structure J which
is regular in the sense of Theorem 5.3.1, and then vary the point z to achieve
transversality.

O



70

CHAPTER 5. COMPACTIFICATION OF MODULI SPACES



Chapter 6

Evaluation Maps and
Transversality

This chapter contains the proofs of the main results of Chapter 5 and the reader
may wish to go directly to Chapter 7. As we explained in Chapter 5 the pieces
which must be added to compactify M(A, J) correspond to the cusp-curves. Our
first task is to show that these cusp-curves appear in finite-dimensional families,
and to calculate their dimension. This is accomplished in the first four sections.
The last two sections contain the proofs of the compactness theorems of Chapter 5.

6.1 Evaluation maps are submersions

Every embedded symplectic 2-sphere is a J-holomorphic curve for some almost
complex structure J which is compatible with w. Since the symplectic condition
is open it follows that the set of all points which lie on embedded .J-holomorphic
curves is open. This suggests that the evaluation map eg : M(A,J) — M at the
point zy € CP! should be a submersion. Our goal in this section is to prove this
for all simple curves, not just the embedded ones. Here we denote by J = J (M, w)
the space of almost complex structures on M which are compatible with w. We
could equally well consider the space of all w-tame J: the only difference would be
in the formula for the tangent space T; 7. The evaluation map

e : MA,T)—> M
at zg € CP! is defined by eg(u, J) = u(2o).

Theorem 6.1.1 For every point zg € CP! the map eq : M(A,J) — M is a
submersion.

~ Recall from Section 3.4 that the tangent space of M(A, J) at a pair (u, J) with
05(u) = 0 is the set of all pairs

(&,Y) e C®Ww TM) x C®°(End(TM, J,w))

71
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which satisfy
D&+ 1Y (u)duoi=0.

The differential of the evaluation map is obviously given by

deo(u, J)(&,Y) = &(20)-

We shall prove that, given any vector v € Ty, M there exists a pair (§,Y) €
T, ;yM(A, J) such that £(zo) = v. Moreover, we shall prove that £ can be chosen
with support in an arbitrarily small neighbourhood of zy. In fact we shall first
construct a local solution £ of D,& = 0 near the point zy and then modify £ by a
cutoff function to make it vanish outside a small neighbourhood of zy. We then have
to compensate for the effect of the cutoff function by introducing an infinitesimal
almost complex structure Y which is supported in a neighbourhood of the image
under v of a small annulus centered at zg.

Lemma 6.1.2 Given J € J(M,w) and a J-holomorphic curve u : CP* — M there
exists a constant 6 > 0 such that for everyv € Ty, )M and every pair0 < p <r < 4§
there exists a smooth vector field £(z) € Ty )M along u and an infinitesimal almost
complex structure Y € C°°(End(TM, J,w)) such that the following holds.

(1) Dy + 1Y (u)duoi=0.
(ii) &£(z0) = v.

(iii) & is supported in B,(zo) and Y is supported in an arbitrarily small neighbour-
hood of w(By(z0) — B,(20)).

Proof: Recall from the proof of Proposition 3.4.1 that
D&+ 1Y (u)duoi=mnds— J(u)ndt

where

n = 05§ + J(u)0& + (0¢J (u))Opu + Y (u)Opu.

Here we denote by z = s + it conformal coordinates on CP! and think of £(s,t) €
R2™ as the local coordinate representation of a tangent vector in TM with respect
to a Darboux coordinate chart. Now choose a unitary trivialization ®(s,t) : R?" —
Toy(s,nM such that

J(u(s,t))®(s,t) = ®(s,t)Jy, w(Pv, dw) = (Jov)Tw

0 -1
JOZ(]I 0)7

and T denotes the transpose, and write

where

E(s,t) = P(s,t)&0(s, 1), v = ®(0,0)vg, Oru(s,t) = —D(s,t)Co(s, t).

Then we have
D&+ 1Y (u)duoi = ®(ngds — J(u)no dt)
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where
no = 0s&o + Jo0&o + Ao&o — Yolo
and
Yo=Y (u)®,  Ag=2"" (0. + J(u)0® + (0o ])(u)).
The compatibility condition Y (z) € End(T, M, J;,w,) for x € M translates into
Yo =Y = JYolo.

We must find a matrix-valued function Yy : B; — R?"*2" and a vector field & :
B; — R?” such that

0560 + J00i&o + Ao = Yo (o, £0(0) = vo.

First note that the condition 9,&y + Jy0:&o = 0 means that &y is holomorphic and
there exists a holomorphic curve through every point v (for example the constant
function). Now a standard perturbation argument in Fredholm theory shows that
if Ag is sufficiently small then the equation

05&0 + Jo0:&o + Ap&o =0

with £,(0) = vg has a solution &, : By — R?" in the unit ball for every value of .
For example this can be proved by considering a regular boundary value problem.
By a rescaling argument this can be extended to arbitrary Ag but with the domain
of the solution & restricted to Bs where § depends on Ag. Now for 0 < p < r < §
choose a cutoff function
8:C—[0,1]

such that 3(z) = 1 for |z| < p and B(z) = 0 for |z| > r. Then the function 5,
satisfies

0x(0) + Jodh(B0) + Ao(BE0) = (D80 + (948 Togo ' .
So we must find Yj such that

YoCo = o
where (o = —® 10,u. Such Yy exists because each space End(R?*",.Jy,wpg) acts
transitively on the vectors in R?”. An explicit formula is given by
1 1
Yo = —5 (m0G +<¢om) + —5Jo (m0Cs + Comg ) Jo
|Col |Col
o, CO
_< C0|4> (COCOT + JOCOCgJO)
{10, JoCo)

— =22 (JoColy = €o6g Jo) -
|Col

This function is well defined wherever du(s,t) # 0 and satisfies Y = Yy = JoYoJo

and Yp(y = 19. Now it follows from Lemma 2.2.3 that the restriction of u to an

(arbitrarily small) annulus B, — B, is an embedding.! For such a choice of p and

r there exists a Y € C*°(End(T'M, J,w)) such that

D(s,t)Yo(s,t) = Y(u(s, t))P(s,t).

IThis is where we use the hypothesis that u is simple.
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This function Y has the required properties and is supported in an arbitrarily small
neighbourhood of u(B, — Bs). This proves the lemma. ]

Theorem 6.1.1 follows immediately from Lemma 6.1.2. An alternative geometric
proof can be given in terms of the local deformation theory for J-holomorphic curves
as in Nijenhuis and Woolf [57] or McDuff [44], [48], [50]: see [42, Proposition 4.1].
In fact our proof of Lemma 6.1.2 can be viewed as a linearized version of these
deformation results.

6.2 Moduli spaces of N-tuples of curves
Consider the universal moduli space
M(AL, .. AN )

of N-tuples of distinct curves. This consists of all (N + 1)-tuples (u!,...,uV J)
such that J € J, v/ € M(A7,J) and

u' #ul o for ¢ € G and i # j.

In the case A® # AJ the condition u! # w’ o ¢ is automatically satisfied and the
set M(AY, ..., AN J) is simply the union of the sets of all N-tuples (u',...,u")
with v/ € M(A7,J) over all J € J. In the case A® = A’ for some pair i # j we
have deleted the “diagonal” of all N-tuples with u* = u? o ¢ from the moduli space.
Note that if u* = u7 o ¢ for some i # j the corresponding cusp-curve {C!,... CN}
(where C* = u?(CP')) is not simple and hence will not appear in the proof of
Theorem 5.2.1 or 5.3.1.

Remark 6.2.1 It follows from Proposition 2.3.2 that the reparametrization group
G x --- x G = GV acts freely on the space M(AY, ..., AN J) by

¢ (uty . uN ) = (ulogTt, L uN o gt )

for ¢ = (¢1,...,on) € GV. O

Following the line of argument in Chapter 3 we introduce the space J* of almost
complex structures of class C¢ where £ > 1. We also choose p > 2and 1 < k < £+1

and denote by
MEAL, AN Ty = M(AL, . AN T

the corresponding universal moduli space where J € J¢ and the J-holomorphic
curves u? are of class W*P. Recall from Chapter 3 that this space is independent
of the choice of k and p.

Proposition 6.2.2 The space M*(A',... AN J) is a Banach manifold.

Proof: The proof is almost word by word the same as that of Proposition 3.4.1
and we shall content ourselves with summarizing the main points. Denote by X
the space of all smooth maps

w=(ut,...,ul): CPt - MV
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for which there exists an N-tuple (21,...,2n) € (CP')Y which satisfies the condi-
tions of Proposition 2.3.2. This set is open (with respect to the C*-topology) in the
space of all smooth maps from CP' to MY and it follows from Proposition 2.3.2
that M(A',..., AN J) C X. In fact, our universal moduli space is the set of zeros
of a section of the bundle £ — X with fibers

Su _ Qo’l((ul)*TM) DD QOJ((UN)*TM)

This section F : X — & is given by

Now the differential of this section at a zero (u, J) is the operator
DF(u,J): T, X®T;T — &,
given by
DF(u, J)(&,Y) = (Dy1& + 1Y odu' oi,..., Dynén + 1Y o du® o).

where & = (&1,...,¢én) € T,X = C®((u)*TM) @ - & C°((uN)*TM). The proof
that this operator is onto (when considered on the usual Sobolev spaces) is word
by word the same as that of Proposition 3.4.1. The only point of difference is that
the existence of an N-tuple (z1,...,2zn) € (CP')Y which satisfies the conditions of
Proposition 2.3.2 is used to prove that the operator DF(u,J) has a dense range.
Further details are left to the reader. |

Observe that if A° = A7 for some i # j then we can add a point (u,J) =
(ul,...,uN,J) with u® = u’o¢ to the moduli space without destroying the manifold
structure provided that the operator DF(u,J) is onto. For example, this will be
the case if the operators D,,; are onto for all j. However, adding such curves would
destroy the free action of the group G on M(A',..., AN, 7).

6.3 Moduli spaces of cusp-curves
Recall that a cusp-curve C' which represents the class A is a connected union
C=C'u---uch

of J-holomorphic curves C7 = u?(CP'), which are called its components, such that
the corresponding homology classes 47 = [C7] have the sum A + ... + AN = A.
Since C' is reducible, either N > 1 or C! is multiply covered. C is said to be simple
if all its components are distinct and none are multiply-covered. Any curve C' can
be simplified by deleting all but one copy of repeated components, and by replacing
any multiply-covered component by its underlying simple curve. Note that both
these operations change the homology class [C]. We will see that to compactify the
set C(A4, J) of all simple A-curves we will need to add to it all simplified cusp-curves
which represent A. The following lemma was already used in Remark 4.4.2. The
proof is an elementary exercise.
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Lemma 6.3.1 The components of C can be ordered so that C* U ---U C* is con-
nected for all k < N.

Each simple cusp-curve ¢ = C' U --- U CN has a type D. This is the set
{AL, ... AN} of homology classes A7 = [C7], together with a framing which spec-
ifies that certain components of C' intersect. We do not need to describe the full
intersection pattern as was done in [64], but just enough of it to ensure that C' is con-
nected. Now suppose that the components of of C are ordered as in Lemma 6.3.1.
Then each component C* must intersect some component C?* where 1 < j, < v—1,
and so we take the set of integers {jo,...,jn} to be the framing data. For every

framed class
D= {A17"'7ANaj27"'7jN}

and each J € J(M,w) denote by
M(D,J) c M(AY,... AN J) x (CPY)*N=2

the moduli space of all points (u,w,z) with w = (w2, ..., wy) € (CPY)N71 2 =
(22,...,2n) € (CPHN~1 and

ul € M(A?,T)
such that u = (u!,...,u") is a simple J-holomorphic cusp-curve with
u?” (wy) = u"(2y)
for v = 2,...,N. Our first goal in this section is to prove that for a generic

choice of the almost complex structure the moduli space M(D,J) is a smooth
finite dimensional manifold.

Theorem 6.3.2 There exists a set Jreg = Jreg(D) C J of the second category
such that M(D, J) is a manifold of dimension

N
dim M(D,J) =2 c1(A7) +2n+4(N — 1).

j=1
for every J € Jreg.

As before the letter J denotes the space of w-compatible almost complex struc-
tures.
To prove this theorem consider the evaluation map

ep: M(AY, ... AN J) x (CPY)2N=2 o 2N =2
defined by
ED(U, w, Z) = (ujz (wQ)a u2(22)v v 7ujN (wN)a UN(ZN))

for u € M(AY,..., AN, 7), w = (wa,...,wy) € (CPHYN~1 and z = (22,...,2n)
€ (CPY)N-1. With this notation the moduli space M(D,J) is the inverse image
of the multi-diagonal

AN = {(JT,y) = (332a92,~--733N,yN) E]\42]\7_2|xy :yy}
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under the evaluation map ep. Thus, Theorem 6.3.2 asserts that the set Jeq(D)
of J for which the evaluation map ep is transverse to Ay has second category in
J(M,w). To prove this we consider the universal moduli space

M(D, T)

of all points (u, J,w, z) with J € J(M,w) and (u,w, z) € M(D,J). This space is
defined to be the inverse image of the diagonal Ay under the extended evaluation
map

ep: M(AY, ... AN ) x (CPY)*N=2 _ p2N =2

which is defined by the same formula as above. For the case N = 2 the following
crucial transversality result was proved by McDuff in [42].

Proposition 6.3.3 For each framed class D = {A',..., AN ja,...,in} the eval-
uation map
ep: M(AY, ... AN J) x (CPY)2N=2  M2N—2

is transversal to the multi-diagonal Ay C M?*N~2. Hence
M(D,J) = ep' (An).
s an infinite dimensional Fréchet manifold.

Proof: Fix a (2N — 2)-tuple (w,z) € (CPY)2N=2. It suffices to prove that the
map
M(AY AN T) — MPY T2 (u, J) s ep(u, Jyw, 2)

is transverse to Ay. The tangent space to M(A!,..., AN, J) at the point (u,J) =
(ul,...,u™N,J) consists of all (£,Y) = (&1,...,&n,Y) where

& € C((u")*'TM), Y € C*°(End(TM, J,w)),

and
D& + 1Y (u”)du” oi = 0.
The differential of the map (u, J) — ep(u, J,w, z) at a point (u, J,w, z) € 651 (An)

is the map
N

T(u,J)M(A17 .. ,AN7 j) — @T%M eT, M
v=2
which assigns to the (N + 1)-tuple (&1,...,&n,Y) the (2N — 2)-tuple (Z,7) =
(T2,..., N, Y2, -, Yn) given by

S/El/ - Ej,, (’LUV), @\V = gl/(zll)'

Here we denote x, = w’*(w,) = u”(z,) and so ,,7, € Ty, M. Given 7, it
follows from Lemma 6.1.2 that there exists a ¥ € C*°(End(T'M, J,w)) and a
& € C®°(ufTM) such that

gu(zu) =y

Moreover, &, can be chosen with support in a small small neighbourhood B, of
z, and Y can be chosen with support in an arbitrarily small neighbourhood of
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u”(B], — B,) where B], — B, is a small annulus centered at z, By Proposition 2.3.2
these annuli can be chosen such that u”(B, — B,) does not intersect any of the
other J-holomorphic curves u? (CP!) for j # v. Moreover, if w, # z;, then the ball
B}V can be chosen so small that w,, ¢ B;V and hence

wy # 2, g 7, = & (w,) = 0.
If on the other hand w, = z;, then we have
wy = zj, = T, =&, (wy) = Yj, -

Now it is a simple combinatorial exercise that the space of all (2N — 2)-tuples
(Za,...,ZN, Yo, -..,yn) with arbitrary gy, and Z, given by the above conditions is
transverse to the diagonal. This proves the proposition. a

Proof of Theorem 6.3.2: The proof is essentially an application of the Sard-
Smale theorem. As always, this theorem applies only to maps between Banach
manifolds and so one must work with the space J* of almost complex structures of
class C* and a suitable Sobolev space of J-holomorphic curves, as in the proof of
Theorem 3.1.2. These details will be left to the reader from now on.

Consider the projection

mp: M(D,TJ)— J.
We first show that this map is Fredholm. To see this note that 7p is a composite
M(D,T) = M(ALT) = T,

where the second map 741 is Fredholm. Therefore, it suffices to consider the first
map. But this has derivative

(faYa@;E) = (&,Y),

where (&;,Y) € T(yi jyM(A7,J) for j =1,...,N. Hence its kernel and cokernel
are finite dimensional. Therefore 7p is Fredholm, and so its fibers M(D, J) are
manifolds for generic J.

We shall now prove that (u, J,w,z) is a regular point for 7p if and only if at
this point the restricted evaluation map

ep: M(AY, ... AN J) x (CPY)2N=2 5 2N —2

is transverse to the diagonal. But that (u,J,w,z) is a regular point for 7p :
M(D,J) — J just means that for every Y € T;J there exists (£, @,z ) such that
(&, Y, W,2) € Ty, j,w,-)M(D,J) or equivalently

deD(u, J,w, Z)(f7 Y, 1/13, /Z\) € TeD(u,J,w,z)AN~
Since, by Proposition 6.3.3, the vectors
deD(ua J,w, Z)(f, Y, ﬁ)\a 2)

with &; € T, M (A7, J) are transverse to the multi-diagonal Ay, it is easy to check
that the subspace of all such vectors with Y = 0 must already be transverse to A .
Thus we have proved that J is a regular value for the projection np : M(D,J) — J
if and only if ep : M(AY, ... AN J) x (CPY)2N=2 — M?N=2 is transverse to the
diagonal. This proves the theorem. a
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6.4 Evaluation maps for cusp-curves

Note that the dimension of the moduli space M(D, J) with A' + ... + AN = A
is 2¢1(A) + 2n + 4(N — 1) and hence is equal to that of M(A,J) x (CP!)2N~2,
However, this is deceptive, since the 6 N-dimensional group G¥ = G x --- x G acts
on this space by

¢ : (uj7 Wy, Zu) = (uj o ¢;1a ¢ju (’LUZ,), QJ)U(ZU))
The space of simple unparametrized curves of type D is denoted by
C(D,J)=M(D,.J)/GN.

By Proposition 2.3.2 the group G¥ acts freely on this space. Hence the quotient is
again a manifold for J € Jyeg(D) and its dimension is

dim C(D,J) = 2¢1(A* + -+ + AN) +2n — 2N — 4.

Note that in the case N = 1 and A' = A this is precisely the dimension of the space
C(A,J) = M(A,J)/G of unparametrized simple A-curves, namely 2¢; (A) +2n — 6.
In general, however the dimension of the space C(D,J) will be at least two less
than that of C(A, J) and this observation lies at the heart of Theorem 5.2.1.

In order to define the domain W(D, J) of the correponding evaluation map we
must quotient M(D, J) out by as large a reparametrization group as we can in
order to reduce the dimension as much as possible. However, one component must
be kept parametrized so that it can be used to define an evaluation map. Therefore
fix £ < N and let G, n be the subgroup

Gen ={0=(¢1,...,0n) | ¢ =id} C GV.

Then the space
C[(D7 J) = M(Dv J)/Gf,N

consists of all simplified cusp-curves C' of type D whose components, except for the
{-th, are unparametrized. It follows that G acts on C¢(D, J) by acting on its ¢-th
component in the usual way and so we define

WZ(D7J) :CZ(va) ><GC]D1

as the quotient space under the obvious action and

W(D,.J) = | WD, J).
¢
Again it follows from Proposition 2.3.2 that G acts freely on Cy(D,J) x CP! and
hence the quotient space Wy (D, J) is a manifold. There is, of course, an evaluation

map e : W(D, J) — M which is defined on Wy(D, J) by

e(w?  wy, 2, ¢) = u(C).
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Lemma 6.4.1 Assume that A € Hy(M,Z) is not a multiple class mB where m > 1
and ¢1(B) = 0. Let D be the type of a simplified cusp-curve which represents the
class A. Suppose that J € Tt (M,w,K) N Jreg(D) is K-semi-positive for some
K > w(A). Then W(D, J) is a manifold of dimension

dim W(D, J) < dim W(A,J) —2max{1l,(N — 1)}
for every D #£ A.
Proof: It just remains to check the statement about the dimension. First we have
dim C,(D,J) = dim M(A',... AV J) + dim (CP")?N~2

—dim G&N — codim AN

= ) 2ci(A7) +2nN
+4(N = 1) —6(N — 1) —2n(N — 1)
= 2+ 2 (A7) —2(N -1).

J

Now our hypotheses imply that either N > 1 or D = {A'} where A = mA! and
c1(AY) > 0. In the first case, because ¢ (A7) > 0,

> () < el(A).
J
Thus, in either case,
dim W(D,J) = 2n+ Y 2c;(A7) —2(N +1)
J

< 2n+42¢1(A) — 4 —2max{1,(N - 1)}

= dim W(A,J) — 2max{1, (N — 1)}.
This proves the lemma. a

Example 6.4.2 In the case of a cusp-curve with two components the description
of the compactified moduli space can be slightly simplified. In this case we may fix
a point zp € CP' and define

Mo(A,B,J) = {(u,v)|ue M(A,J),ve M(B,J), u(z) = v(z0),
u#vod}

For generic J this space is a manifold of dimension 2¢;(A + B) + 2n. The 8-
dimensional group Gy x Gg acts on My(A4, B, J) where Gg = {¢ € G| ¢(20) = 20}-
Thus the space

MO(Aa Ba J)
C(A,B,J)= ——""7F—
(4.B.9) = L5

of unparametrized cusp-curves of type (A, B) has dimension 2¢; (A + B) + 2n — 8,
which is 2 less than the dimension of the space C(A+ B, J) = M(A+ B,J)/G of
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unparametrized curves of type A + B. Now the natural domain of the evaluation
map can be defined as

MO(AaBa J) MO(A,B,J)
A, B =
Wo(4, B, J) Go1 x Go N Go x Go1

where Go1 = {¢ € Go| #(2z1) = 21} for some z; # z9. Both groups Go; x Gy and
Go x Goy act freely on My(A, B, J) and hence

dimWy(A4, B, J) = 2¢1(A+ B) + 2n — 6.

Again this is 2 less than the dimension of M(A+ B, J)xqCP*. The evaluation map
W — M is given by (u,v) — u(z1) on the first component, and by (u,v) — v(z1)
on the second. It is easy to check that the space Wy(A, B, J) is diffeomorphic to
the above space W(D, J) for D = {4, B}. O

6.5 Proofs of the theorems in Sections 5.2 and 5.3

We are now in a position to prove Theorems 5.2.1 and 5.3.1 on compactifying the
image of evaluation maps.

Proof of Theorem 5.2.1: By Gromov’s compactness theorem 4.4.3, the closure
of the set X (A, J) will contain points in M which lie on some cusp-curve which
represents the class A. Clearly, any such curve may be simplified, without changing
the set of points which lie on it, by deleting any repeated components and replacing
multiply covered components by their underlying simple components. Because
cusp-curves are connected the resulting simplified cusp-curve will lie in some set
C(D,J).

Thus, in order to compactify X (A, J) it suffices to add the points in X (D, J),
as D ranges over all effective, framed classes which can represent a simplified J-
holomorphic cusp-curves whose energy is bounded by w(A). By Corollary 4.3.3,
there are only finitely many of these. This corollary also implies that the set of
D which must be considered for each J is locally constant as J varies in 7. This
proves (i). Statements (ii) and (iii) follow from Lemma 6.4.1. The important
observation here is that ¢;(A7) > 0 for all j and therefore simplification of a cusp-
curve decreases the Chern number and hence the dimension of the space W(D, .J).
O

Proof of Theorem 5.3.1: This is essentially the same as the proof of Theo-
rem 5.2.1. The only challenge is to define the manifolds W(D, T, J,p) correctly.
Recall that the map

T:{1,...,p} —={1,...,N}

describes which of the NV components of C' are evaluated to obtain a p-tuple in MP.
Hence we define

X(D,T,J,p) = {($17.~.7$p) |z; € Cr(;),C € C(D,J)},

and set
W(D, T, J,p) = M(D,J) xg~ (CPY)P,
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where the v-th factor ¢, of of ¢ = (¢1,...,6x5) € GV acts on M(D,J) as before,
and acts on the j-th factor of CP! if and only if T(j) = v. Then there is an
evaluation map
EDp,T * VV(l),T7 J,p) — MP

defined by

eD,T(U, J7 w, z, C) = (UT(I)(Cl)a ERRE uT(p) (Cp))
for (u, J,w,p) € M(D,J) and ¢ = ((1,...,¢y) € (CPY)P. Now the dimension of
W(D,T, J,p) is given by

dim W(D,T,J,p) = dim M(D,J)+2p—6N
N .
= 2) e(A) +2n+4(N —1)+2p— 6N

<
Il
Jan

c1(A7) +2n +2p — 2N — 4.

|
-

<.
Il
—

In the case N = 1 with D = {A} this number agrees with the dimension of the
domain of the p-fold evaluation map on the space of simple curves

dim M(A,J) xg (CPY? = 2¢1(A) + 2n + 2p — 6.

But in the case N > 2 or N = 1 with A = mA?! for m > 2 the the dimension of
W(D, T, J,p) is at least two less than 2¢;(A) + 2n + 2p — 6. In view of this all the
statements in Theorem 5.3.1 follow from the corresponding statements in the case
p=1 a

The following lemma gives some useful information about the top dimensional

pieces in the boundary OC(A, J) = C(A,J) — C(A, J) of the moduli space of simple

curves.

Lemma 6.5.1 Assume that A € Hy(M,Z) is not a multiple class mB where m > 1
and ¢1(B) = 0 and suppose that J € J+(M,w, K) N Jreg(D) is K-semi-positive for
some K > w(A). Then the codimension 2 pieces in OC(A,J) consist of curves of
the following types:

(i) simple cusp-curves of type D = {Al, A%} where ¢y (A' + A?) = c1(A);
(i) simple B-curves where ¢1(A) =2 and A = 2B.
Proof: This follows from Lemma 6.4.1. Note that in (i) we must have mjA! +

moA% = A for some my, ms > 0, and hence we will have m; = 1 unless ¢;(C?) = 0.
Od

6.6 Proof of the theorem in Section 5.4

The definition of the spaces V(D, T, J,z) which stratify the boundary of the set
Y (A, J,p) is slightly more complicated than that of the spaces W(D, T, J, p), be-
cause we must take into account the interaction of the points z; with the limiting
process.
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There are four cases for the possible limit behaviour of the points e,(u,) for a
sequence u, € M(A,J). These are that u, converges modulo bubbling

(a) to a simple J-holomorphic sphere,

(b) to an m-fold covering of a simple J-holomorphic sphere where 2m < p,
(c) to an m-fold covering of a simple J-holomorphic sphere where 2m > p,
(d) to a constant map.

We shall treat the cases (a) and (b) simultaneously. In fact, (a) is just the
special case m = 1. Let X C CP! be the finite set at which holomorphic spheres
bubble off. Then wu, converges on the complement of X to a curve v° o ¢) where

W0 e M(A°, )

is a simple J-holomorphic curve representing the class A° and ¢ : CP' — CP! is
a rational map of degree m. Denote the space of such maps by Rat,,. It has real
dimension

dim Rat,, = 4m + 2.

Suppose that £ of the points z; lie in the set X and assume without loss of generality
that these are the points z1, ..., 2,. Then we must consider limit curves of the form
(1,00, ..., vN) with

v”(0) = 0°(¥(2,)), v=1,...,L

These equations express the fact that the first £ bubbles are attached at the images
under v° 0 9) of the points z1, ..., 2. The remaining intersection pattern of the lim-
iting curve is unconstrained, and can therefore be described by integers jyi1,...,JjN
with 0 < j, < v — 1 such that

v”(0) = v (w,), v={¢+1,...,N,

for some points w, € CP!. Thus the intersection pattern of this curve can be coded
in a framing D of the form

D = {m7AO>-~~7Anajf+1a"'7jN}7

where there are positive integers mg, mq, ..., my such that mg = m and

N
> miAl = A
=0

There is a corresponding moduli space M(D, J, z) which consists of all 2N +2-tuples
(0,00t 0N wege, .. W)

satisfying these conditions, where v7 represents the class A7.

Lemma 6.6.1 For generic J, the moduli space M(D, J,z) is a manifold of dimen-

sion

dim M(D, J,z) = 2n + 2¢1(D) + 2N — 20 + 4m + 2.
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Proof: Consider the evaluation map

ep : Rat,, x M(A, ..., AN 7) x (CPYHYN=* — MM x MV

defined by
eD(wa/UO7 L 7UNa J,’U)g+1, cee ,’LUN) = (.’I),y)
with
T = (Ul(o)v' 7UN(0))
and

Yy = (vo(w(zl)), . ,vo(w(zg)),vj”l(wgﬂ), SN (wn)).

It can be proved as in Proposition 6.3.3 that this map is transverse to the diagonal
and hence the space M(D, J,z) = e,' (A) is a Fréchet manifold.
Now consider the projection

M(D,J,z) — J.

As before the regular values of this projection are the points for which the restricted
evaluation map

ep.y: Raty, x M(A% ... AN J) x (CPYHYN = — MV x MY

is transverse to the diagonal. For such values of J the space M(D, J,z) = ez,le(A)
is a manifold of dimension

dim M(D, J,z) = dim M(A° ... AN J)+2(N —¢) +4m +2 — 2nN

2n(N +1) +2¢1(D) + 2(N =€) + 4m +2 — 2nN
= 2n+2c(D)+2N — 20+ 4m + 2.

Now choose a map T : {1,...,¢} — {1,..., N} and define the space

M(D, J,z) x (CPY)!
Gx G

V(D,T,J,z) =

where G = {¢ € G| ¢(0) = 0}, and the group G x G’ acts by
(b : (¢7 v, w, C) = (¢0 © ¢7 v”o ¢;17 ¢jy (wl/)7 ¢T(V)(CV))
for (,v,w) € M(D, J,z) and ¢ € (CP')*. The evaluation map is defined by

6D7T7z(’(/), v, W, C) = (UT(l) (<1)7 s 7UT(£) (C@)a UOW(Z@H))’ s 7’UO(¢(ZN)))'

Note that the variables (; parametrize the ith bubble, for ¢ < ¢. These bubbles
have to be added to the boundary of Y (A, J,p) because the set of points u,(z;)
might accumulate on any point on this bubble. Observe also that the image of the
points z; for j > £ is not determined completely by the map 1%, but may be moved
around by difference choices of the multiple covering ¢ : CP! — CP'.
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Lemma 6.6.2 Under the hypotheses of Theorem 5.4.1(iii), the above manifolds
V(D,T, J,z) have dimension strictly less than that of M(A,J).

Proof: The group Gy is 4-dimensional and hence the space V(D,T,J,z) has
dimension

dim V(D,T,J,z) = dim M(D,z,J)+2¢(—4N
= 2n+42c¢(D) — 2N +4m — 4.

(We have added 2¢ to the dimension of M(D,.J,z) to account for (CP')* and
subtracted 4N + 6 for the dimension of G x G{'.) If m = 1 then we must have
N > 1 and in this case the dimension is at most 2n + 2¢;(A) — 2 as claimed. Here
we only need the condition ¢1(D) < ¢1(A) which is guaranteed by semi-positivity.
In fact,

N
c1(D) =Y er(A) < er(A) = (m — ey (A7),
§=0
Now suppose m > 1. Then by assumption of case (b) we have p > 2m and so
condition (JA,) implies that ¢;(A%) > 2. Hence
c1(D) +2m —2 < ¢1(A).
This implies again that

dim V(D, T, J,z) < 2n + 2c,(A) = dim M(A, J).

Now we cannot assume in general that precisely the first ¢ points appear on the
bubbles. So for the general case we have to allow for a permutation of the points
Z1,...,%p and compensate with the inverse permutation of the factors in M?. Ob-
viously such a permutation will not change the dimension count. O

This takes care of limit points of the form (a) or (b). Now consider the case (c).
This means that u, converges to a multiply covered J-holomorphic sphere of class
mA° where

p < 2m.

The moduli space of corresponding simplified cusp-curves is determined by a framed
class

D={A .. AN ji,....jn}
with (N + 1) components, and Chern number
C1 (D) < Cl(A) — (m — 1)01(140).
Since p < 2m, the reparametrization map v acts transitively on p-tuples z of dis-

tinct points, and so the set of points u,(z) may accumulate anywhere on the lim-
iting cusp-curve. Therefore, we must define the corresponding space V(D, T, J, z)
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to be the space W(D, T, J,p) considered in the previous section. In view of Theo-
rem 5.3.1 (iii) (with N replaced by N + 1) this space has dimension

dim W(D,T,J,p) = 2n+2c¢1(D)+2p—2N —6
< 2n+2¢1(A) —2(m —1)e1 (A% +2p— 2N — 6
< 2n+2c1(A) —2(m — 1)y (AY) +4m — 2N — 6
= 2n+42c1(A) —2(m — 1)(c1(A%) —2) —2N —2
< 2n+2¢1(A) —2

dim M(A,J) — 2.

Here we have used c;1(A%) > 2 which follows from (JA,).

To complete the proof that these strata have the properties required by Theo-
rem 5.4.1(iii), it remains to consider the special cases p = 3,4 with the weakened
assumptions stated there. Now the case p = 3 is covered by Theorem 5.3.1. Fur-
ther, when p = 4 we must have m > 2. Hence we may assume that at least one
of the components of the limit curve is multiply covered. Since, by (JA4), every
J-effective class B satisfies ¢;(B) > 1 this implies that

c1(D) +1 < e1(A).

If N > 2 we obtain dim W(D, T, J,4) < dim M(A, J) as required. The only other
case is N = 1. But then D = {B} where A = mB and so it follows from (JA,)
that ¢;(B) > 2. This implies

Cl(D) + 2 S Cl(A)

and with N = 1 we obtain again that dim W(D, T, J,4) < dim M(A4, J).

This covers the case (c). The case (d) occurs when the sequence u, (z) converges
to a constant .J-holomorphic curve on the complement of a finite set X. This case
can be incorporated in the above treatment of the cases (a) and (b). Just take the
special case where m = 1 and A° € Ho(M,Z) is the zero homology class. It is a
simple matter to check that in this case we may remove the curve v° and instead
consider all tuples (v?,..., v wyiy,...,wy) which satisfy

v1(0) =+ ='(0)

and _
07 (0) = v (wy), l+1<v<N.

The corresponding domain of the evaluation map has dimension 2n + 2¢1 (D) — 2N
and since N > 1 this proves the required inequality. Here we only need to assume
that J is K-semi-positive for some K > w(A) in order to ensure the inequality
¢1(D) < ¢1(A). This completes the proof of Theorem 5.4.1.

Remark 6.6.3 The assumption that there are no J-holomorphic curves with neg-
ative Chern number plays a crucial role in the proof of the dimension formula
in statement (iii) of all three Theorems 5.2.1, 5.3.1, and 5.4.1. If there is a J-
holomorphic curve of class B with ¢;(B) < 0 then an m-fold B-curve C! may
appear in the limiting cusp-curve C = C* U --- U CY. Then simplifying the curve
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C' would increase the dimension of the moduli space by 2(m — 1)|c1(B)|. Hence
the codimension argument will fail, unless one can prove that such multiply cov-
ered curves with negative Chern number cannot appear as components of limiting
cusp-curves. So far no techniques have been developed to prove such statements for
(nonintegrable) almost complex structures. Similar results will also be needed to
remove the assumption (JA,) in Theorem 5.4.1. The development of such results
would constitute an important breakthrough in extending the symplectic invariants
discussed in this paper (as well as Floer homology) to symplectic manifolds which
are not weakly monotone. |
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Chapter 7

Gromov-Witten Invariants

The Gromov-Witten invariants count the number of isolated curves which intersect
specified homology cycles in M. (Here a curve is called “isolated” if the dimension
of the appropriate moduli space is zero.) In the case of ®, one does not care where
the curve intersects the cycles, while in defining ¥ these intersection points are
fixed in the domain S2.

Thus if M(A,J) denotes the moduli space of all J-holomorphic maps

w:CP' - M
which represent the homology class A € Hy(M;Z), consider the evaluation map
ep: M(A,J) xg (CPH? — MP

given by
ep(uy 21,0, 2p) = (u(z1), .. ulzp))

which was discussed in Chapter 1. The invariant ® counts the number of intersec-
tion points of the image of this map with a d-dimensional homology class « in MP,
where the dimension d is chosen so that, if all intersections were transverse, there
would be a finite number of such points. To define ¥, one takes a generic point
z € (CPY)P, where p > 3, and counts the number of points in which the image of
M(A, J) x z meets the d-dimensional class «, where, again, d is chosen to make
this number finite.

Since the moduli space M(A, J) is not in general compact, we must show that
these numbers are well-defined, and independent of the choice of .J and of represent-
ing cycle for a. To do this, it is convenient to introduce the notion of a pseudo-cycle.
We shall see that the compactness theorems of Chapter 5 may be rephrased by say-
ing that the evaluation map e,, and its variant e,, represent pseudo-cycles in MP.
Then ® and ¥ are simply the intersection numbers of these pseudo-cycles with
homology classes of complementary dimension in MP.

These invariants were first introduced into symplectic geometry in this generality
by Ruan (cf. [64] and [65]). (Ruan denoted the invariant ¥ by ®) Special cases of
the invariant ® were used by Gromov in [26] and by McDuff in [46] in order to get
information on the structure of symplectic manifolds. The invariant ¥ arises in the
context of sigma models and was considered by Witten in [85]. It is also possible to

89
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define “mixed” invariants, in which one keeps track of the markings of only some of
the points (cf. [67]). In the terminology of Kontsevich and Manin [35] the invariant
® corresponds to the codimension-0 classes and the invariant ¥ to the classes of
highest codimension while the mixed invariants constitute intermediate cases.

7.1 Pseudo-cycles

Let M be a smooth compact m-dimensional manifold. An arbitary subset B C M
is said to be of dimension at most m if it can be covered by the image of a map
g : W — M which is defined on a manifold W of dimension m.! In this case we
write dim B < m. A k-dimensional pseudo-cycle in M is a smooth map

f:V—-M

defined on an oriented k-dimensional manifold V' such that roughly speaking, the
boundary of f(V) is of dimension at most k — 2. More precisely, this boundary
has to be defined as the set of all limit points of sequences f(z,) where z, has no
convergent subsequence in V. This agrees with the notion of the omega-limit-set
in dynamical systems, and we shall denote this set by

Q= () FV-K).

KCV
K compact
Note that this set is always compact. Note also that if V' is the interior of a
compact manifold V' with boundary 0V = 0V and f extends to a continuous map
f:V — M then Qf = f(9V). The condition on f to be a pseudo-cycle is

dim Q; < dim V — 2.

Two k-dimensional pseudo-cycles fy : Vo — M and f; : Vi — M are said to be
bordant if there exists a (k + 1)-dimensional oriented manifold W with OW =
V1 — Vy and a smooth map F' : W — M such that

F‘|V0 :f(), F‘|V1 :fl, dim QFSk—l.

Pseudo-cycles in M form an abelian group with addition given by disjoint union.
The neutral element is the empty map defined on the empty manifold V = (). The
inverse of f : V — M is given by reversing the orientation of V. One could define
pseudo-homology of M as the quotient group of pseudo-cycles modulo the bordism
equivalence relation. It is not clear, however, whether the resulting homology groups
agree with singular homology. We shall return to this question at the end of this
section.

Remark 7.1.1 In order to represent a d-dimensional singular homology class a by
a pseudo-cycle f : V' — M represent it first by a map f : P — M defined on a d-
dimensional finite oriented simplicial complex P without boundary. This condition
means that the oriented faces of its top-dimensional simplices cancel each other out

LAll our manifolds are o-compact. This means that they can be covered by countably many
compact sets.
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in pairs. Thus P carries a fundamental homology class [P] of dimension d and « is
by definition the class o = f.[P]. Now approximate f by a map which is smooth
on each simplex. Finally, consider the union of the d and (d — 1)-dimensional faces
of P as a smooth d-dimensional manifold V' and approximate f by a map which is
smooth across the (d — 1)-dimensional simplices.

Of course, things become easier if we work with rational homology H.(M,Q).
Because rational homology tensored with the oriented bordism group of a point is
isomorphic to rational bordism Q. (M) ® Q, there is a basis of H.(M,Q) consisting
of elements which are represented by smooth manifolds. Thus we may suppose that
P is a smooth manifold, if we wish. O

Exercise 7.1.2 Let M be compact smooth manifold of dimension dim M > 3.
Prove that every 2-dimensional integral homology class A € Ho(M,Z) can be rep-
resented by an oriented embedded surface. Hint: Note first that A can be rep-
resented by a finite cycle, because M can be triangulated. Every such cycle can
be thought of as a continuous map defined on a compact 2-dimensional simplicial
complex without boundary. Every such complex can be given the structure of a
smooth 2-dimensional compact manifold without boundary (which in the case of
integer coefficients is orientable). Hence A is represented by a continuous map
f ¥ — X defined on a smooth compact 2-manifold ¥. Approximate f by a
smooth map and use a general position argument to make f an immersion with
finitely many transverse self-intersections. In the cases dim M = 3 or dim M =4
use a local surgery argument to remove the self-intersections. If dim M > 4 use a
general position argument to obtain an embedding. O

Two pseudo-cycles e : U — M and f: V — M are called transverse if

Q.NfV)=0, e(U)NQy =0,

and if
T, M = imde(u) + imdf (v)

whenever e(u) = f(v) = x. If e and f are transverse then the set

{(u,0) € UxV]e(u) = f(v)}

is a compact manifold of dimension dim U 4+ dim V — dim M. In particular, this
set is finite if U and V are of complementary dimension.

Lemma 7.1.3 Lete:U — M and f:V — M be pseudo-cycles of complementary
dimension.

(i) There exists a set Diff e (M, €, f) C Diff (M) of the second category such that e
is transverse to ¢ o f for all ¢ € Diff,eq(M, e, f).

(ii) If e is transverse to f then the set {(u,v) € U x V' |e(u) = f(v)} is finite. In

this case define
e f= Z v(u,v)

weU, veV
e(u)=Ff(v)

where v(u, v) is the intersection number of e(U) and f(V) at the point e(u) =

f).
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(iii) The intersection number e - f depends only on the bordism classes of e and f.

Proof: This is proved by standard arguments in differential topology as in [54]
and [28]. Here are the main points. The first statement can be proved by the same
techniques as the results of Chapter 6 with parameter space Diff (M) instead of J.
It is easy to see that the map

UxV xDiff (M) — M x M : (u,v,6) — (e(u),p(f(v)))
is transverse to the diagonal and hence the universal space
M ={(u,v,0)|e(u) = ¢(f(v))} CU x V x Diff (M)}

is a manifold. Now consider the regular values of the projection M — Diff (M)
to obtain that e and ¢ o f are transverse for generic ¢. Now choose smooth maps
eo : Up — M and fy : Vj — M such that dim Uy = dim U — 2 and Q. C eg(Up)
and similarly for f. Apply the same argument as above to the pairs (e, f), (e, fo),
(€0, fo) to conclude that e(U) N ¢(y) = 0 and Q. N o(f(V)) = O for generic ¢.
This proves (i).

Statement (ii) is obvious. To prove statement (iii) assume that the pseudo-cycle
f:V — M is bordant to the empty set with corresponding bordism F : W — M.
As in (i) it can be proved that this bordism can be chosen transverse to e and,
moreover,

Q.NF(W) =0, e(U)NQr = 0.

Hence the set
X = {(u,0) € U x W, | e(u) = F(v)}

is a compact oriented 1-manifold with boundary
0X ={(u,v) €U xV|e(u) = f(v)}.

This proves that e- f = 0. a

Every (m — d)-dimensional pseudo-cycle e : W — M determines a homomor-
phism
b, : Hy(M,Z) — Z

as follows. Represent the class 8 € Hy(M,Z) by a cycle f : V — M as in Re-
mark 7.1.1. Any two such representations are bordant and hence, by Lemma 7.1.3,
the intersection number

P (B)=e-f (7.1)

is independent of the choice of the cycle f representing 3. The next assertion also
follows from Lemma 7.1.3.

Lemma 7.1.4 The homomorphism ®. depends only on the bordism class of e.

Thus we have proved that every (m — d)-dimensional pseudo-cycle e : U — M
determines a homomorphism ®. : H;(M,Z) — Z and hence an element of the space
HY(M) = HYM,Z)/torsion = Hom(H4(M,Z),Z) which we denote by

ac = [®] € HI(M).
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Thus we have defined a map from bordism classes of pseudo-cycles to H¢(M). If e
is actually a smooth cycle (as in Remark 7.1.1) then the homology class of e is the
Poincaré dual of a, = PD([e]). In general, one can think of e as a weak representative
of the class o, = PD(a.) € H,,—q(M). In other words, an (m — d)-dimensional
pseudo-cycle e : U — M is called a weak representative of the homology class
a € Hy—q(M) ife- f = a0 for every homology class § € Hyq(M,Z) and every cycle
f representing 3 (as in Remark 7.1.1). That this is a meaningful definition requires
the proof that the formula (7.1) continues to hold when f : V — M is only a
pseudo-cycle representing the class § in the weak sense just defined. This assertion
is not obvious because we do not know whether any two weak representatives of a
homology class 8 € Hy(M) are bordant.

Lemma 7.1.5 Let e : U — M be an (m — d)-dimensional pseudo-cycle. If the
d-dimensional pseudo-cycle f : V — M is a weak representative of the homology
class B € Hqg(M) then ®.(8) =e- f.

Proof: It suffices to prove the assertion in the case § = 0. Hence assume that f has
intersection number 0 with every (m—d)-dimensional smooth cycle. We must prove
that f has intersection number 0 with every (m — d)-dimensional pseudo-cycle. To
see this assume that the (m — d)-dimensional pseudo-cycle e : U — M is in general
position. Thus e(U) does not intersect the (compact) limit set Q¢. Now choose
a sufficiently small open neighbourhood W C M of Qf with smooth boundary,
transverse to f. Then Vo = f~1(M — W) is a compact manifold with boundary
and the restriction of f to Vj is a smooth map fy : (Vp,0Vp) — (M —W,0W). This
map has intersection number zero with every (m — d)-dimensional cycle in M — W.
Hence there is an integer ¢ > 0 such that the ¢-fold multiple of fy is a boundary
in Hy(M — W,0W;Z). This implies that the pseudo-cycle ¢ : U — M — W has
intersection number zero with fy and hence with f. |

7.2 The invariant ¢

Let (M,w) be a compact symplectic manifold and fix a class A € Ho(M,Z). We
will assume throughout that (M, w) and A satisfy the following hypotheses.

(H1) The class A is not a nontrivial multiple of a class B with ¢1(B) = 0.
(H2) The manifold (M,w) is weakly monotone.

Recall from Section 5.1 that a symplectic manifold (M, w) is called weakly monotone
if every spherical homology class A € Hao(M,Z) with w(A) > 0 and ¢;(A4) < 0 must
satisfy ¢1(A) < 2—mn. This condition guarantees that, for generic J, there are no J-
holomorphic spheres in homology classes of negative first Chern number. As we saw
in Chapters 5 and 6, this is the essential condition which makes the compactness
theorems work.

Given a spherical homology class A € Hy(M, Z) we shall define homomorphisms

Dy, Hy(MP,Z) - Z

for p > 1 where
d=2n—1)(p—1)+4—2¢1(A). (7.2)
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Roughly speaking, the number ®4 ,(«) counts (with multiplicities) the number of
J-holomorphic curves in the homology class A whose p-fold product intersects a
generic representative of the class o € Hqy(MP,Z). The condition (7.2) guarantees
that for a generic choice of the almost complex structure J there are finitely many
such curves. Mostly we shall evaluate ®4 , on homology classes a € Hy(MP,Z)
which are products of classes o; € Hg,(M,Z) with dy + - -- + d, = d and, for such
o, will denote ® 4 () by
Dy(ag,...,ap)
suppressing the notation p. Thus we may think of ®,4 , as a collection of homo-

morphisms
Hd1(MaZ) Q- Q Hdp(MaZ) — 7

where
d:d1+...+dp

satisfies (7.2).

To define ® 4, we fix a generic w-tame almost complex structure J € J(M,w).
(More precisely, it should be regular in the sense of Theorem 5.3.1. See also Re-
mark 5.1.1.) By Theorem 3.1.2, the space M(A,J) of J-holomorphic curves has
dimension 2n + 2¢1(A). Further, formula (7.2) shows that the domain

W(A, J,p) = M(A,J) xg (CP")?

of the p-fold evaluation map e, has dimension

dim W(A, J,p) = 2n+2c¢1(A)+2p—6
= 2np—d
p

i=1

where d; + --- + d, = d. Choose homology classes a; € Hg,(M;Z) for 1 < i < p.
Then the set of A-curves which intersect the classes o, . . ., a, is a finite set provided
that the cycles which represent these classes are in general position. The invariant
D4 (0, .., qp) is defined as the number of such curves, counted with appropriate
signs:

(I)A,p(ala"'vap) = #{[uaZh' "azp] € W(Aa ']ap) |U(ZZ) € Oéi}-

(A more formal definition is given below.) We shall see that, in the weakly monotone
case, this invariant is independent of the choice of .J. Moreover, the form w is not
actually needed for the definition of the invariant ® 4, except as a tool to prove
finiteness. It follows that ®,4 , does not change when w varies, provided that it
remains weakly monotone.

Evaluation maps as pseudo-cycles

The assertion of Theorem 5.3.1 can be restated in the form that the evaluation map

ep=eagp: WA, J,p)=M(A,IJ) xa (CPYHY? — MP
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defined by e, (u, 21, ..., 2p) = (u(21), ..., u(2p)) determines a pseudo-cycle whenever
J e Jr(M,w, K) for some K > w(A) and J is regular. To see this observe that
the lower dimensional strata are given by the evaluation maps

ep,r: W(D,T, J,p) — MP.

All these manifolds W(D, T, J, p) are o-countable and have dimension at least two
less than that of W(A, J,p). Moreover, the union of the sets ep +(W(D,T, J,p))
cover the omega-limit-set €2 Hence the map es j, : W(A,J,p) — MP is a
pseudo-cycle as claimed.

It follows from the above discussion that this map determines a homomorphism

Dy ip: Hy(MP,Z) — Z

€A, J,p*

with

d=2(n—1)(p—1)+4—2c1(A),
(provided that J € J4(M,w, K) for some K > w(A) and J is regular). More
explicitly, represent the homology class a € Hy(MP,Z) by a cycle f : V. — MP
as in Remark 7.1.1. By Lemma 7.1.3 (i), put this map in general position so that
it becomes transverse to e4,;,. By Lemma 7.1.3 (ii), this implies that the set
ep(W(A, J,p)) N f(V) is finite. Define

Dy gpla) =eagp- f

as the oriented intersection number. Lemma 7.1.3 (iii) implies that the right hand
side depends only on the bordism class of f and hence only on the homology class
a. Moreover, Lemma 7.1.5 shows that the formula ® 4 j,(a) = ea s, - f continues
to hold for every pseudo-cycle f : V — MP which is a weak representative of the
class a. By Lemma 7.1.4, the homomorphism ®4 j, : Hq(MP,Z) — Z depends
only on the bordism class of the evaluation map e, .

The invariant ®4 j,(a) vanishes on all the torsion elements o € Hy(MP,Z).
Since the free part Hq(M?P, Z)/Tor is generated by product cycles o = (a1 X+ - - X ),
one often restricts ® 4 5, to such cycles and writes

@A,J’p(al,...,ap) = @A’J’p(al X -+ X Oép).

It is convenient to set ® 4 j,(c1,...,a,) = 0 when the dimension condition (7.2)
is not satisfied.

Remark 7.2.1 It is interesting to note that the invariant ®4 j,(aq,...,qp) can
be defined as the intersection number of e4 ;, with a product cycle f; x --- x f,
where the f; : V; — M are pseudo-cycles representing the homology classes «;,
respectively. In other words, transversality can be achieved within the class of
product cycles. This is a simple adaptation of Lemma 7.1.3 (i) to the case where f
is a product cycle and ¢ is a product diffeomorphism. O

Proposition 7.2.2 Assume that (M,w) is weakly monotone and A is not a non-
trivial multiple of a class B with ¢1(B) = 0. Then the homomorphism
Qpp=Pagp: Hi(MP,Z) - Z

is independent of the choice of the reqular w-tame almost complex structure J €
Treg(M,w) used to define it.
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Proof: To prove this we need a version of Theorem 5.3.1 which is valid for regular
homotopies {Jy}. That is, we need to know that, given two regular almost complex
structures Jy and Jy, any path joining them may be perturbed so that the sets

WD, T, {J}r.p) = J{A) x WD, T, Jx.p)
A

are smooth manifolds for all D and T. This follows by the same argument which
proves Theorem 5.3.1. We conclude that the evaluation maps

€A Jo,p * W(Aa J07p) - Mp? €A J1p: W(Aa Jlap) - Mpa

determine bordant pseudo-cycles. The statement now follows from Lemma 7.1.4.
O

A deformation of a symplectic form w is a smooth l-parameter family of
wt,t € [0,1] of forms starting at wp = w. In distinction to the notion of isotopy,
we do not require that the cohomology class remain constant. Because the taming
condition is open, an almost complex structure J which is tamed by w is tamed
by all sufficiently close symplectic forms. It follows easily that the homomorphism
® 4, does not change under a deformation w; of w, provided that (M, w;) is weakly
monotone for all ¢t. Since manifolds of dimension < 6 and manifolds where c;
vanishes on spherical classes are always weakly monotone, ® 4, is a deformation
invariant in these cases.

For part of our discussion the condition (H2) can be replaced by the following
weaker hypothesis. Again, the relevant definitions come from Section 5.1.

(H3) The set J+(M,w, K) of all K-semi-positive almost complex structures which
are compatible with w is nonempty for some K > w(A).

If we replace the condition that (M, w) be weakly monotone by the weaker hypoth-
esis (H3) then the homomorphism ®4 5, : Hy(MP,Z) — Z can still be defined
for generic J € J1(M,w, K) with K > w(A). However, in this case the methods
in the proof of Proposition 7.2.2 only show that ®4 ;, is locally independent of
J and we do not know in general whether or not the space J;(M,w, K) is path
connected. Thus, to prove that they are invariant, i.e. independent of the almost
complex structure J used to define them, we need hypothesis (H2).

Another situation in which there is a well-defined invariant is when M is a Kéhler
manifold (M, Jy,w) which satisfies one of the conditions mentioned in Remark 5.1.4.
We formulate this here for the invariant @, but clearly a similar result holds for .
Observe that here we somewhat change our perspective, thinking of the complex
structure Jy as given data rather than the symplectic form w.

Proposition 7.2.3 Suppose that (M,w, Jy) is a Kahler manifold such that Jy is
tamed by a weakly monotone symplectic form w'. Suppose also that A is not a
nontrivial multiple of a class B with ¢1(B) = 0. Then there is a neighbourhood
N(Jo) of Jo in the space of all almost complex structures on M such that the
homomorphism

@A,p = (I)AJ,p ) Hd(Mp,Z) — 7
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is well-defined and independent of the choice of the regular element J € N (Jo) used
to define it, and of the taming form w'. It depends on Jy up to deformations through
complex structures which are tamed by weakly monotone symplectic forms.

Proof: This is almost obvious. Since the taming condition is open, there is
a path-connected neighbourhood AN (Jp) of Jy in the space of all almost complex
structures on M, the elements of which are all tamed by w’. Since w’ is monotone,
the evaluation map ey4 j, will define a pseudo-cycle for generic J € N (Jy). Just
as before, its homotopy class is independent of the choice of the generic element
J € N(Jy), and of the choice of neighbourhood N (Jy). The rest of the proposition
is clear. O

Remark 7.2.4 (Integration over moduli spaces) There is an alternative way
to express the invariant ® 4, in terms of the integrals of certain differential forms
over the moduli space W(A4, J,p). Namely, given a homology class o € H;(MP)
where d satisfies (7.2), we can define ® 4 s, () as the integral

Py pla) = / €A p T
W(A,J,p)

Here the differential form 7 is closed and represents the Poincaré dual a = PD(«a) €
H?"=4(M%). The dimension condition (7.2) asserts that

deg 7 = 2n + 2¢1(A) + 2p — 6 = dim W(A, J, p)

and so e4 "7 is a top-dimensional form on W(A, J, p). If one takes this approach
one must show firstly that the integral is finite, secondly that it is independent of
the differential form chosen to represent the class a, and thirdly as before that it
is independent of the almost complex structure .J. The first problem can be solved
by choosing a differential form which is supported near the image of a generic
pseudo-cycle f : V — MP which represents the Poincaré dual o = PD(a). If f is
transverse to the evaluation map then the pullback e4 s,*7 has compact support.
This argument shows that the integral is finite for some form which represents the
class a. To prove this for all forms representing a, and to prove that the integral
is independent of the choice of the form, one must show that the pullback of any
exact form integrates to zero, that is

/ eA“]’p*dO' =0
W(A,J,p)

for every form o of degree dim W(A, J,p) — 1. Intuitively, this should be the case
because the boundary of W(A, J, p) is of codimension 2 and so the integral of o over
it should vanish. However, to make this precise is somewhat nontrivial. In the case
of intersection theory this problem can be avoided because of Sard’s theorem. O

In order to calculate ®4 ,, one has to be able to recognise when an almost
complex structure J is generic (i.e. in the appropriate set Jig). Our arguments
show that J is generic if it is regular for all classes A7 which can appear as com-
ponents of a reducible A-curve, and is such that all the relevant evaluation maps
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are transverse. For example, if J is regular for A-curves (which one can check by
using Lemma 3.5.1) and if A is a simple class, then there are no reducible A-curves
and J is generic in the required sense. In practice, one does not need all these
conditions to be satisfied. All that is required to make the above constructions
work is that J be “good”, in the sense that J is regular for A-curves and that all
the manifolds W(D, T, J, p) have dimension at least 2 less than that of W(A, J, p).
Then the evaluation map ey4, s, does define a pseudo-cycle in the correct homology
class.

Another important ingredient in the calculation of ® 4 is the determination of
the correct signs. If J is integrable, we saw in Remark 3.3.6 that the moduli spaces
have complex structures which are compatible with their orientations. Hence in this
case it is usually easy to figure out the sign of intersection points (see Example 7.3.6
below). However, if J is not integrable, the question is much more delicate. When
M has (real) dimension 4 and one is considering (non-empty) moduli spaces of
spheres, McDuff in [47] shows that when ¢;(A) = 1+ p > 2 the evaluation map

ep: W(A, J,p) — MP

preserves orientation. The condition ¢1(A) = 1 + p ensures that e, maps between
spaces of equal dimension, and so guarantees that ® 4 ,(pt, ..., pt) is defined. Thus
this result implies that whenever there is a J-holomorphic sphere with Chern num-
ber 1+ p > 2 in a compact symplectic 4-manifold for any w-tame J, the invariant

q)A)p(pt, ...,pt) > 0.

It follows that the moduli space M (A, J) is never empty for any w-tame J. This
result has been proved only for curves of genus 0, and it is not clear what happens
for a general symplectic 4-manifold when the genus is greater than 0. For example,
the analogous result for tori would say that if there is a J-holomorphic torus with
Chern number at least 1 for one w-tame J, then there is such a torus for all w-tame
J. It is not known whether this holds. Some relevant examples can be found in
Lorek [41].

7.3 Examples

Example 7.3.1 (Lines in Projective space) In CP" two points lie on a unique
line. This should translate into the statement that

. (pt,pt) =1,

where L = [CP'] € H2(CP™,Z) and pt € Ho(CP",Z) is the homology class of a
point.

To verify that this is indeed the case, note first that, since ¢1(4) = n + 1 and
p = 2, the dimension equation (7.2) works out correctly with d = 0. Further, the
usual complex structure Jy satisfies the conditions of Lemma 3.5.1. In fact, because
CP! ¢ CP? ¢ CP? and so on, the normal bundle to a complex line is a sum of
line bundles each of Chern number 1. Therefore, Jy satisfies the transversality
requirement of Theorem 5.3.1 needed for the definition of ®. (All the evaluation
maps ep : M(Aq,..., Ax) x (CPY)2N=2 — M2N=2 are transverse to the diagonal
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Ay C M?N=2)) Hence @1 (pt, pt) is exactly the number of lines through two points,
and so equals 1. O

Example 7.3.2 (Conics in Projective space) In order to calculate the invari-
ant ®4(cv,...,a,) when A = 2L using the standard complex structure Jj one needs
to check not only that Jp is regular for the class 24 (which follows by Lemma 3.5.1)
but also that the space of cusp-curves of type D = (A, A) has small enough dimen-
sion. In fact, we need to check that the manifold W(D, Jy) which was defined in
Chapter 5 above has dimension at least 2 less than dim W(2L, Jy) = 6n. This is
an easy exercise. Thus, because there is a unique conic through 5 points in CP?,
one finds that
(I)QL(ptv pt7 pta pt7 pt) =1
in CP2. Further, if the o; are all points then

(I)QL(Oq, AN .,ap) =0

in CP™ with n > 2. To see this, observe that when n = 3 one would need p = 4
points to make condition (7.2) hold, but there is no conic through non-coplanar 4
points. (In fact, any three points determine a unique 2-plane P. If C is a conic
through these three points then either C' C P or the intersection number C'- P > 3.
But we know for homological reasons that C- P = 2. Therefore C' must be contained
in P, which means that we cannot choose the 4th point freely.) Further, if n > 3
it is impossible to choose p so that condition (7.2) holds. Thus, if all the «; are
points, the invariants are rather limited. But with other choices of a; one does get
non-trivial invariants. For example, it is not hard to check that in CP?

D1, (pt, pt, pt, line, line) = 1. O

Example 7.3.3 (Cylinders) The result of Example 1.5.1 can be rephrased as the
statement that

Pa(pt) =1,
where A = [CP! x pt] € Ho(CP! x V). By Proposition 7.2.2, this holds whenever
(CP! x V,w) is weakly monotone, and in particular if 72(V) = 0 or dim V < 4. O

Example 7.3.4 (Rational and ruled symplectic 4-manifolds) Let (M,w) be
a compact symplectic 4-manifold which contains a symplectically embedded 2-
sphere S with self-intersection number

S-5>0

but no such sphere with self-intersection number —1. Under these conditions it
is proved in [45] (see also [51]) that there must be a symplectically embedded 2-
sphere C' of self-intersection number either 0 or 1. In the latter case the pair
(M, C) is symplectomorphic to (CP%, CP'). In the former case C' - C = 0 and
M is diffeomorphic to a ruled surface, i.e. an S?-bundle over a Riemann surface.
The base is the moduli space of J-holomorphic spheres representing the homology
class A = [C] and the fibers are the J-holomorphic curves themselves (compare
with the previous example). Positivity of intersection shows that these fibers are
mutually disjoint and the adjunction formula for singular curves shows that they
are embedded.
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Example 7.3.5 (Exceptional divisors) Consider the manifold —CP?, which is
the complex projective plane with the reversed orientation. If A € Hy(—CP?;Z)
be the class of the complex line CP! then A- A = —1. .

Now suppose that M is a complex Kéhler surface, and let M denote its blow
up at the point . This means that the point x is replaced by the set of all lines
through x. This set of lines is a copy of CP! which is called the exceptional
divisor 3. The normal bundle to X is the canonical line bundle over CP! which
has Euler class —1, and it follows that M is diffeomorphic to the connected sum
M+#(—CP?) by a diffeomorphism which identifies ¥ with a complex line in —CP?.2
Let E = [X] denote the homology class of the exceptional divisor. Then the moduli
space M(E, J) consists of a single J-holomorphic curve, up to reparametrization,
namely the exceptional divisor itself. To see this note that any other J-holomorphic
curve in this class would have to intersect X with intersection number —1, but this
is impossible because the intersection number of any two distinct J-holomorphic
curves is nonegative. Note that, by Lemma 3.5.2, the curve X is regular, and this is
consistent with the dimension formula dim M(E, J) = 4 + 2¢1(E) = 6. Therefore
we find that

Op(E)=F -FE=-1. a

Example 7.3.6 (Non-deformation equivalent 6-manifolds) This example is
due to Ruan (cf. [65]). Let X be CP? with 8 points blown up, and Y be Barlow’s
surface. These manifolds are simply connected and have the same intersection form.
Hence they are homeomorphic, but they are not diffeomorphic. By results of Wall,
the stabilized manifolds X’ = X x CP! and Y/ = Y x CP! are diffeomorphic.
Moreover, each of them is Kéahler, and one can choose the diffeomorphism

VX =Y

so that it preserves the Chern classes of the respective complex structures. The
latter statement implies that 1) takes the complex structure Jx on X’ to a structure
¥« (Jx ) which is homotopic to the obvious complex structure Jy on Y’. Moreover
an easy argument using cup-products shows that ¢,[X x pt] = [V x pt], and this
can be used to show that any class A = [¥ X pt] € Hy(X’) is mapped to a class of
the form ¥, A = [X' x pt] € Hao(Y").

Now, on any Kahler manifold, the set of Kahler forms is a convex cone, and so
any two such forms are deformation equivalent. (In fact, w and w’ can be joined
by the deformation tw + (1 — t)w’.) In other words, a Kdhler manifold Z carries a
natural deformation class of symplectic forms wy. It is natural to ask whether the
Kéhler manifolds (X' ,wx/) and (Y’,wy/) are deformation equivalent. Ruan shows
that they are not, by calculating

Pp(E)

where F € Ho(X',Z) represents the class of one of the blown up points in X. Since
c1(E) = p =1, the dimension requirement

2c1(E) =2(n—1)(p—1) +4 - dima,

is satisfied. Further, since there is exactly one holomorphic sphere ¥ in X which
represents E, the E-curves in X’ = X x CP! are precisely the curves ¥ x {z}, for

2This is all fully explained in Griffiths and Harris [25], or McDuff and Salamon [52].
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z € CP!. Hence the set of points X (F, Jg) which lie on Jx-holomorphic E-curves
is just ¥ x CP'. Since E-F = —1 in X, it is easy to check that the intersection
number E - X(E, Jx) = —1, and hence

Bp(E) = —1.

However, the Barlow surface Y is minimal and so has no holomorphic curves with
self-intersection number —1. Hence there are no Jy-spheres in Y’ =Y x CP! which
represent the class ¥, E. Here we use the fact that ¥.E = [¥' x pt] and so any
Jy-holomorphic representative of ¢, E would have to be of the form ¥’ x pt where

Y- ¥ = —1. Thus Jy is generic in the requisite sense, and so ®y, g vanishes on
Y’. But if ¢ were a deformation equivalence then ®y, g(¢.F) would have to be
nonzero. o

Example 7.3.7 (Counting discrete curves) If 2¢;(A) = 6 — 2n then the space
C(A,J) of unparametrized A-curves is discrete (i.e. has dimension 0) and one
might want to count the number N(A) of these curves, with appropriate signs
corresponding to the natural orientation of moduli space. These orientations can
be defined as in Chapter 3. (It makes no difference that the moduli space is of
dimension zero. Also, if J is integrable, it follows from Remark 3.3.6 that the
orientation of each point is positive though it need not be for general J. See [42]
and [64].) In order for condition (H1) to hold, we need ¢1(A) > 0, which restricts
us to the case 2n = 4. In this case there is, by Poincaré duality, another class
a € Hyo(M) such that A-a =k # 0, and it is easy to check that

B 4(a) = kN(A).

Observe further, that if A is represented by an embedded sphere, the adjunction
formula implies that A-A = —1. As in Example 7.3.5, it then follows from positivity
of intersections that N(A) = 1. However, this need not be true in general.

When 2n = 6, there is a way to count the curves, avoiding the problems caused
by multiple covers, which we describe in Section 9.3 below. When 2n > 6 and
the space M (A, J) is nonempty discrete curves must have ¢1(A4) < 0. Therefore
condition (H1) cannot hold and the present methods do not treat this case. a

7.4 The invariant U

We assume in this section that a generic almost complex structure J on M and
the homology class A € Hy(M) satisfy the condition (JA,) of Section 5.4. We will
consider the following additional conditions.

(H4) If A = mB is a nontrivial multiple of a homology class B with m > 1 then
either ¢1(B) > 3 or p < 2m.

(H5) For a generic almost complex structure J € J(M,w) every J-effective ho-
mology class A € Hy(M) has Chern number c¢;(A) > 2.
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Note that in the cases p = 3 and p = 4 we always have p < 2m and so condition (H4)

is empty. Condition (H5) is satisfied, for example, if the manifold (M,w) is weakly

monotone with minimal Chern number N > 2. This implies that either (M,w) is

monotone or the minimal Chern number is N > n—2. However, the important case

of Calabi-Yau manifolds with Chern class ¢; = 0 is excluded by these assumptions.
If (H4) and (Hb5) are satisfied we shall define a homomorphism

\I/A,p : Hd<Mp,Z) — 7

for p > 1 where

d=2n(p—1)—2c1(A). (7.3)
Note that in the case p = 3 this number d agrees with the one given by (7.2). In
fact for p = 3 the invariant ¥4 , agrees with ®4 ,, but for p > 3 these invariants
are different. Roughly speaking, we shall fix a p-tuple z = (z1,...,2,) € (CP')P
and homology classes o; € Hg, (M, 7Z) with

dy+ - +dy =d,

and define
Uaplar,...,op) =#{ue M(A,J)|u(z) € a;}.

The condition (7.3) will guarantee that, for a generic almost complex structure .J
and a generic point z € (CP')P, this is a finite set. The invariant ¥, , is the
number of points in this set, counted with appropriate signs.

In order to make this precise we shall assume that J is regular in the sense
of Definition 3.1.1 so that the moduli space M(A4, J) is a manifold of dimension
2n + 2¢1(A). Now consider the evaluation map

eatz: M(A,J)— MP

defined by

eagz(u) = (u(z1),...,u(zp)).
Theorem 5.4.1 shows that for generic J the closure of the image of this map can be
represented as the union of e, (M (A, J)) with lower dimensional strata. In other
words the map e, j, represents again a pseudo-cycle and therefore determines a
homomorphism

VA gz Hy(MP,Z) — Z, d=2n(p—1)—2c1(A).
As before, represent a homology class
a=o1 XXy € Hy(MP,Z)

by a pseudo-cycle f = f1 x --- x fp : Vi x -+ x V, = MP (see Remark 7.1.1). By
Lemma 7.1.3 (i) put this map in general position so that it becomes transverse to
the maps ep 15 for all D and T. By Lemma 7.1.3 (ii) this implies that the set
ea, z(M(A,J))N f(V) is finite. Thus, we may define

Vo gz(ar,...,0p) =€agz- f

as the oriented intersection number. By Lemma 7.1.3 (iii) the right hand side
depends only on the bordism class of f and hence only on the homology class
«. Further, by Lemma 7.1.4, this map depends only on the bordism class of the
evaluation map e4, 5.
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Lemma 7.4.1 Assume (H4) and (H5). Then the homomorphism
\I/AJ, = \I/A,J,z : Hd(Mp,Z) — 7

is independent of the choice of the regular w-tame almost complex structure J €
Freg(M,w) and the p-tuple z = (z1, ..., z,) € (CPY)P used to define it. Hence W 4,
depends only on the deformation class of w.

Proof: As in the case of Proposition 7.2.2 the proof relies on a version of The-
orem 5.4.1 for regular homotopies {Jx} and {z,}. We must show that any two
regular almost complex structures Jy and J; and any two points zg,z; € (CP)?
can be joined by regular paths {J\} and {z,} such that the spaces

V(D, T {Jx}{z:}) = [ J{IA} x V(D, T, J», 2)
A

are smooth manifolds for all D and 7. This follows by the same arguments used in
the proof of Theorem 5.4.1. We conclude that the evaluation maps

€A, Joy,z0 - M(A, JO) - Mp; €A, Jy,21 - M(Aa Jl) i Mpv

determine bordant pseudo-cycles. The statement now follows from Lemma 7.1.4.
O

Remark 7.4.2 (Integration over moduli spaces) As in Remark 7.2.4 the in-
variant W4 j,(o,...,q,) can be represented as an integral of a differential form
over the moduli space M(A, J). Represent the cohomology classes a; = PD(¢;) €
H?"=4i (M) by closed forms 7; € Q2"~% (M) and define

\IJA’]’Z(OZ17...,Oép):/ eiTIANesTa N ANeyTy
M(A,JT)

where e; : M(A, J) — M denotes the evaluation map e;(u) = u(z;). The dimension
condition (7.3) means that

p
> " deg 7; = 2n + 2c1(A) = dim M(A, )

j=1

and so the exterior product of the forms €} 7; is a top-dimensional form on M(A, J).
The difficulties in making this approach rigorous are the same as those discussed
in Remark 7.2.4. O

Remark 7.4.3 Both invariants ® 4 and ¥, as well as the mixed invariants of
Ruan and Tian [67] can be viewed as special cases of the Gromov-Witten classes
as formulated by Kontsevich and Manin [35]. More precisely, let ¥ be a compact
oriented Riemann surface of genus g and denote by J(X) the space of complex
structures on ¥ which are compatible with the given orientation. A (k + 1)-tuple
(4,21,---,2k) C J(X) x £ is called stable if the only diffeomorphism ¢ € Diff(X)
which satisfies ¢*j = j and ¢(z;) = z; for i = 1,...,k is the identity. Let C, C
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J(X) x ©* denote the space of such stable (k + 1)-tuples and consider the quotient
space

Coi  T(£) x T
Diff (%) Diff (%)
This is a manifold of dimension dim My, = 6g — 6 + 2k. Now consider the space
Cox(M,A) of all (k + 2)-tuples (u,j,21,...,2) where (j,21,...,2k) € Cgx and
u: X — M is a simple (j, J)-holomorphic curve representing the class A. The
group Diff (3) acts on this space by

¢*(U,j, AR '7Zk) = (U o ¢a ¢*j7¢_1(zl)a .. 'a¢_1(zk))

and, for a generic J € J(M,w), the quotient space

Mg =

Con(M,A) _ Map(E, M) x J(5) x £F

Mo (M, A) = Diff(%) Diff(%)

is a manifold of dimension dim M, (M, A) = (n — 3)(2 — 2g) + 2¢1(A) + 2k. This
gives rise to a linear map

CWagx: H*(M*) — H* (M)
defined, heuristically, by
GWa g x(a1,...,a) =PD(m.PD(eja1 A--- Aegax))

for a; € H*(M) where e; : Mgy (M, A) — M is the obvious evaluation map and
T Mg p(M,A) — M, is the obvious projection. We shall not deal here with
the rigorous definition of these invariants for higher genus which involves suitable
compactifications of all the relevant moduli spaces. (A rigorous treatment of these
higher genus invariants will appear in the forthcoming paper [70] of Ruan—Tian.)
Note that

k
deg GW 4 g k(a1,...,ar) =n(2 —2g) +2¢1(A4) — Zdeg a;.
i=1

The invariant ¥ corresponds to the case where this degree is zero and is given
by evaluating the cohomology class GW 4 4 (a1,...,ax) at a point. The invari-
ant ® on the other hand corresponds to the case where this degree agrees with
the dimension of the space M, ; and is given by evaluating the cohomology class
GWa g k(ai,...,a;) on the fundamental cycle [M,x]. This is what Kontsevich
and Manin call a codimension-0 class. The mixed invariants of Ruan and Tian [69]

in the case g = 0 and k > 3 are given by evaluating a class GW 40 (a1, ..., ax)
of degree 2d over the 2d-dimensional cycle K (w1, ..., wg—q—3) C My of all those
(4,215, 26] € Mo with z; =w; for i <k —d—3. |

Example 7.4.4 As an illustration of the difference between ® and ¥ consider
conics in the complex projective plane. As we remarked in Section 7.3, the fact
that there is a unique conic through 5 points implies that

(DQL(pta pt7 pt) pta pt) =1
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However, when A = 2L and all the «; are points, the dimensional condition (7.3)
is satisfied when p = 4 not p = 5. Thus

\I/2L,p(pt7 s 7pt) =0

unless p = 4. It is easy to check that there is exactly one map of degree 2 from
CP' — CP? such that

[1:0]—[1:0:0], [0:1]—[0:1:0],

[1:1—[0:0:1), [l:a]—[1:1:1],
namely [s : ] v [zs(s — t) : t(s —t) : (1 — 2)st]. Thus
Wy, (pt, pt, pt, pt) = 1.

To understand this, note that the pair (CP',z) may be considered as a marked
sphere. When p > 3, these markings have moduli (i.e. they are not all equivalent
under the reparametrization group G). For example, if p = 4, the cross-ratio is
the unique invariant of z modulo the action of G. Thus, the family of all conics
which go through 4 fixed (and generic) points gy, ..., g4 in CP? has real dimension

2. The above calculation shows that for each generic marking z = {z1,...,24},
only one conic in this family may be parametrized so that each z; is taken to the
corresponding q;. O

In Section 9.1 we will show how to define ¥ 4 in the weakly monotone case even
for classes A with ¢;(A) = 0. Note finally that in [66] Ruan defines invariants which
count numbers of J-holomorphic tori, and uses them to obtain some information
about the symplectic topology of elliptic surfaces.
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Chapter 8

Quantum Cohomology

Much of the recent interest in holomorphic spheres and Gromov-Witten invariants
has arisen because they may be used to define a new multiplication on the coho-
mology ring of a compact symplectic manifold. In the remaining chapters of this
book, we shall explain this construction, give an outline of some of the proofs,
and point out some of the relations to other subjects such as algebraic geometry,
integrable Hamiltonian systems, and Floer homology. For more details, see for ex-
ample Vafa [82], Aspinwall and Morrison [2], Ruan and Tian [67] and Givental and
Kim [24].

We will begin in this chapter by assuming that M is monotone, i.e. that the
cohomology class of w is a positive multiple of ¢;. In this context, quantum coho-
mology can be set up with coefficients in a polynomial ring. In the first two sections,
we define the deformed cup product and explain why it should be associative. (The
proof of associativity is given in Appendix A.) We then describe the Givental-Kim
calculation of the quantum cohomology of flag manifolds and its relation to the
Toda lattice. The chapter ends with a discussion of the Gromov-Witten potential
and Dubrovin connection.

8.1 Witten’s deformed cohomology ring

Triple intersections

We shall begin by reviewing the ordinary cup product on singular cohomology.
To avoid difficulties with torsion we shall consider integral deRham cohomology
H*(M) = Higr(M,Z), i.e. deRham cohomology classes which take integral values
over all cycles. Thus we can identify H*(M) with Hom(H(M,Z),Z)." Likewise,
we denote by H,(M) the free part of H,(M,Z) or, more precisely, the quotient of
H.(M,Z) by its torsion subgroup. Denote by

a(ﬂ)—/ﬁa

LOf course, every cohomology class a € HF(M,Z) determines a homomorphism ¢
Hy(M,7Z) — 7 but this homomorphism may be zero for a nonzero cohomology class. The
torsion in H*(M,Z) is, by definition, the kernel of the homomorphism a + ¢4. In our notation
H¥*(M) is isomorphic to the quotient of H*(M,Z) divided by the torsion subgroup.

107
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the pairing of a € H¥(M) with 3 € Hy(M) and by « - 3 the intersection pairing of
two homology classes a € Ho,— (M) and 8 € Hy (M) of complementary dimension.
This pairing determines a homomorphism Hy,, (M) — H¥(M) which assigns to
a € Hy,_ (M) the cohomology class a = PD(a) € H*(M) defined by

/ﬁaza-ﬁ

for 3 € Hy,(M). Poincaré duality asserts that the map PD : Hy,, (M) — H*(M)is
an isomorphism. We shall denote its inverse also by PD. Now fix two cohomology
classes a € H*(M) and b € HY( M) and denote by a € Ha, 1(M) and 8 €
Hoy,,_¢(M) their respective Poincaré duals. Then the cup product aUb € H*+¢(M)
is defined by the triple intersection

/an:owﬁ-'y
~

for v € Hyp4¢(M). Note that two cycles in general position representing o and /3
intersect in a pseudo-cycle of codimension k+ ¢ and so the triple intersection is well
defined. If a,b € H*(M) are of complementary dimension then we shall use the

notation
(a,b) :a-b:/ aUb.
M

In view of the above triple intersection formula this expression agrees with the
intersection number « - 8 of the corresponding Poincaré duals & = PD(a) and
8 =PD(b).

Later on, we will consider elements a € Y, H*(M) which are are sums a = Y, a;
of elements a; € H'(M) of pure degree. It will then be convenient to extend the
definition of the pairing (a, b), setting it equal to

<Z i, Z bj) =Y (ai,bj),

2,9

where (a;,b;) = 0 unless i + j = 2n.

Quantum cohomology

For now, we will suppose that (M,w) is a 2n-dimensional monotone symplectic
manifold with minimal Chern number N > 2. Then, by Section 7.4, the invariant
U 4 is defined for p = 3 and p = 4 and all homology classes A. Rescaling the form
w, if necessary, we may assume that [w] is an integral class with w(ma(M)) = Z.

As explained in Chapter 1, there are several possible choices of coefficient ring
for quantum cohomology. We will begin by defining quantum cohomology as the
tensor product with the ring of Laurent polynomials

QH*(M) =H*(M)®Z[q.q""].

Here q is a variable of degree 2N and so the elements in QH*(M) of degree k can
be expressed as finite sums

a:Zaiqi, aiEHk*QNi(M).
=



8.1. WITTEN’S DEFORMED COHOMOLOGY RING 109

We shall denote by QH*(M) the set of elements of degree k. There is a natural
Poincaré duality pairing QH* (M) ®@ QH*(M) — Z : (a,b) — {(a,b) defined by

<a7 b> = Z Qj - bj (8.1)

2N (i+j)=k+L—2n

fora =3, aiq" € QH"(M) and b =3 bj¢’ € QH'(M). The condition 2N (i+j) =
k+4¢—2n guarantees that a; and b; are of complementary dimension. We could also
sum over all pairs (¢, j) and simply define a;-b; = 0 whenever deg(a;)+deg(b;) # 2n.
Note that (a,b) = 0 unless deg(a) + deg(b) = 2n(mod 2N). Note also that the
pairing (8.1) is nondegenerate in the sense that (a,b) = 0 for all b implies a = 0.
However, it need not be positive definite. It is skew commutative in the sense that

(b,a) = (71)deg(a) deg(b) (a,b).
for a,b € QH*(M).
Remark 8.1.1 (i) Multiplication by ¢ gives a natural isomorphism
QH"(M) = QH" ¥ (M).
Moreover, there is an obvious isomorphism

QHNM)= H  HI(M)

j=k(mod 2N)

and hence the quantum cohomology of M can be thought of as the universal
cover of the ordinary cohomology with a Zsx grading.

(ii) We could also define QH*(M) as the tensor product with the polynomial ring
Z[q]. In fact we shall use the notation

QH (M) = H"(M) ® Z[q]
for this alternative definition. In this case the elements of Q~Hk(M ) are formal
polynomials
i>0

where again a; € H¥2V{(M). On the first glance this may seem slightly

simpler than the above definition. However, in this case the groups Q~Hk(M )
vanish for £ < 0 and become periodic only for k£ > 2n. We may in fact think
of Q~H*(M) as a subset of QH*(M). The restriction of the Poincaré duality
pairing (a,b) — (a,b) to this subset is given by

(a,b> = ap - bo

and is therefore degenerate.
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(iii) As we shall see when we discuss flag manifolds in Section 8.3, it is sometimes
possible to use the coefficient ring Z|qy, . . ., ¢,] where n is the rank of Hy(M)
and the variables ¢; can be thought of as (multiplicative) generators of Ho(M).
With this choice of coefficients the quantum cohomology groups, with the ring
structure defined below, will carry more information. Roughly speaking, this
is because J-holomorphic curves in different homology classes are counted
separately, while, with our simplified definition, the information about the
homology class of the curve is suppressed.

O

Deformed cup product

The deformed cup product is a homomorphism
QH' (M) x QH™ (M) — QH"™(M).

Because the Poincaré duality pairing is nondegenerate we can define the quantum
deformed cup product a * b of two classes

azz:aiqiEQHz(M), b:ijqjeQHm(M)
i J
in terms of their inner product with a third class

c= chqlC € QH?" T "m(M).
k

Recall that a; € H*72N{(M), b; € H™ 2NI(M), ¢, € H*¢=m=2NE(M[) and
denote their respective Poincaré duals by «; = PD(a;), 8; = PD(b;), and v =
PD(cy). Then we define a x b € QH**™ (M) by the formula

(axbc)y =" ®alev, B, ) (8.2)

3,5,k A

for ¢ € QH*(M). Here the last sum runs over all classes A € Ho(M) which satisfy
N(i+j+k)+ c1(A) = 0. This is precisely the condition needed in order for the
expression ® 4 (e, B, 7k) to be defined. In fact the codimension of the class «; (or
rather of a pseudo-cycle representing «;) is the degree of a; and similarly for 5; and
vk These degrees satisfy the condition

deg(a;) + deg(b;) + deg(ck) = 2n + 2¢, (A). (8.3)

This corresponds precisely to the dimension conditions (7.2) and (7.3) for the def-
inition of the invariants ® 4 and ¥,4. (Recall that these agree in the case p = 3.)
The formula (8.3) shows that —2n < ¢;(A4) < 2n and hence only finitely many
values of ¢1(A) occur in (8.2). Because M is monotone, we have w(A4) = Acy1(A4)
and hence the classes A which contribute nontrivially to the sum have uniformly
bounded energy. Thus, by Corollary 4.4.4, only finitely many such A occur and
hence the right hand side of (8.2) is a finite sum.
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Remark 8.1.2 As discussed in chapter 1 the formula (8.2) can also be expressed
as follows. Given ordinary cohomology classes a € H*(M) and b € H™(M) we
define
axb= Z(a % b) aq /N € QHT™ (M)
d

by evaluating (a * b) 4 € Ht™=21(A) (M) on a class v € Hyym—2c,(4)(M):

/(a #b)a = Pa(a, 8,7). (8.4)

Here a = PD(a) € Hap—¢(M), 8 = PD(b) € Hap—m (M), and hence the classes «,
0B, 7y satisfy the dimension condition

deg(a) + deg(B) + deg(y) = 4n — 2¢1(A).

We leave it to the reader to check that this definition of a * b is equivalent to (8.2).
]

Remark 8.1.3 The formula (8.2) involves only J-holomorphic curves with Chern
number 0 < ¢;(A) < 2n. In Section 8.5 we shall discuss a family of deformed
cup-products (z,y) — « *, y which are parametrized by cohomology classes a €
H*(M,C). The definition of these cup-products involves the invariants ® 4 , for all
p > 3 and hence J-holomorphic curves of all possible Chern numbers. The above
construction corresponds to the case a =0 and p = 3. O

The constant term in the expansion (8.2) comes from counting A-curves with
A = 0. Since J is w-tame, w restricts to an area form on any non-constant .J-
holomorphic curve. Thus the curves with w(A) = 0 are constant and ®g(«, 3,7) is
just the usual triple intersection index

q)O(avﬁa,Y) :0457

It follows that the constant term in the expansion of a * b is just the ordinary cup
product a U b. Thus this multiplication is a deformation of the cup product, as
advertised.

Proposition 8.1.4 (i) The quantum cup product is distributive over addition and
skew-commutative in the sense that

axb= (_1)deg(a) deg(®)p, 4 o
for a,b € QH*(M). It also commutes with the action of Z[q,q™"].

(ii) If a € H°(M) or a € H' (M) then the deformed cup-product agrees with the
ordinary cup-product, i.e.
axb=aUb

for allb e H*(M).

(iii) The canonical generator 1 € H(M) is the unit element in quantum cohomol-
0gy.
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(iv) The scalar product is invariant with respect to the cup product in the sense
that
(axb,c) = (a,bxc)

fora,b,c € QH*(M).

Proof: The first statement is obvious from the definition. To prove the second
statement for a € HY(M) or a € H'(M) we must prove

(I)A(Oévﬁv')/) =0

whenever ¢q(A4) # 0. We shall prove in fact that no A-curve will intersect both
classes 3 and y when these are in general position. The double evaluation map is
defined on the space W(A, J,2) of dimension

dim W(A, J,2) = 2n + 2¢1(A) — 2.
Since k =0 or k = 1 we have
2n + 2¢1 (A) = deg(a) + deg(b) + deg(c) < 1+ deg(b) + deg(c)

and hence
dim W(A, J,2) < deg(b) + deg(c) — 1.

But the codimension of 3 x v C M? is deg(b) + deg(c) and is therefore larger than
the dimension of the domain W(A, J,2) of the double evaluation map. Hence the
cycle B x v will not intersect the image of e : W(A, J,2) — M? when in general
position. This proves that the only nontrivial contribution to the deformed cup-
product occurs when ¢;(A) = 0 and this is given by

L(a*b)oza-ﬁ~7:[{aub

This proves (ii), and (iii) follows immediately from (ii). To prove (iv) just note
that ¢4 (s, B;,vk) is skew symmetric under permutations of the three entries. In
particular,

(i, B, k) = (—1) 18O, (5, 7, o)

and hence, taking the sum over all quadruples (¢, , k, A) with N(i+j+k)+c1(A) =
0, we obtain

(axb,c) = (—1)des(@dee®)+des()) (4 ¢ q) = (a,bx* c)

as claimed. O

Remark 8.1.5 A similar argument as in the proof of the previous theorem shows
that ®4(a1,...,a,) = 0 whenever one of the classes a; has degree deg(a;) > 2n—1.
O
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Associativity of the deformed cup-product is far from obvious and we defer this
to Section 8.2. If this is proved then, together with Proposition 8.1.4, it shows that
the quantum cohomology ring QH*(M) is a Frobenius algebra. The axioms for
a Frobenius algebra are precisely the assertions of Proposition 8.1.4 together with
associativity and skew-commutativity of the scalar product, which in our case is
given by the Poincaré duality pairing (8.1). Such algebras have many beautiful
and striking properties which are explained in the recent papers by Dubrovin [17]
and Kontsevich and Manin [35]. In particular, they give rise to flat connections
and integrable Hamiltonian systems. We shall discuss some of these structures in
Section 8.5.

Example 8.1.6 (Complex projective space) Consider CP" with its standard
complex structure and the Fubini-Study metric with corresponding Kéhler form w.
Let L € Hy(CP™) be the standard generator, represented by the line CP!. The
first Chern class of CP™ is given by

Cl(L) =n-+1.

Hence, for reasons of dimension, the invariant ®,,r(a, 3,7) can only be non-zero
when m = 0, 1. By Proposition 8.1.4 the case m = 0 corresponds to constant curves
and gives the usual cup-product.

The minimal Chern number in this case is N = n + 1 and so the quantum
cohomology groups are given by QH*(M) = Z when k is even and H*(M) = {0}
when k is odd. Let a € H*(M) and b € H™(M). If £ +m < 2n then the quantum
cup product agrees with the ordinary cup product a *x b = a U b. So the first
interesting case is £ + m = 2n. Consider the case where a = p € H?(M) is the
standard generator, defined by p(L) = 1, and b = p® € H?**(CP"). We shall
prove that the quantum product p * p" is the generator ¢ € QH?*"*2(CP"). In
the notation of Remark 8.1.2 we must prove that (p* p");, = 1 € H°(CP?'). This
means that fpt (pxp™)r = 1. In view of (8.4) this integral is indeed given by

/ (p*p™)r = @L([CP" 1], pt,pt) =1
pt

where [CP"~!] = PD(p) and pt = PD(p™). Thus we have proved
pxp" =q € QH*(M).

The other non-zero terms ®7 (c, 3,7) correspond to relations of the form p* * p* =
pFte=n=lg for k 4+ ¢ > n+ 1. It follows easily that quantum multiplication is asso-
ciative in this case. In explicit terms the quantum cohomology ring QH*(M) has
one generator ay € QHF (M) for every even integer k and the quantum deformation
of the cup-product is now given by

A * Ay = A4y
for all k,¢ € 2Z. This can be expressed in the form

Zlp,q,q7]
(Pl =q,q7¢=1)

QH*(CP™) =
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If we tensor with the polynomial ring Z[q] then the (non-periodic) quantum coho-
mology groups are given by

Yo Z[ 7q]
QH (CP") = ———————.
(8 (prtt =q)
Specializing to ¢ = 0, we recover the ordinary cohomology ring of CP™. ]

8.2 Associativity and composition rules

Our goal in this section is to give an outline of the proof of the following theorem.
This result was first proved by Ruan and Tian [67, 68] and subsequently by Liu [38].

Theorem 8.2.1 (Ruan-Tian) Let (M,w) be a compact symplectic manifold which
is monotone with minimal Chern number N > 2. Then the deformed cup product
* on the quantum cohomology group QH*(M) is associative.

To prove this it suffices to show that the triple product
QHI (M) ® QH" (M) ® QH'(M) — QHI (M)

which sends (a, b, ¢) to (a*b) * ¢ is skew symmetric with the usual sign conventions.
Now there is an obvious such skew symmetric triple product defined as follows.
Let o € Hyp— (M), f € Hap—i(M), and v € Hap—¢(M) be the Poincaré duals of
a€ HI(M),be H¥(M), c € HY(M). Then define

axbxc= Z(a*b*c)AqCMA)/N c QHj+k+€(M)
A

by the formula
/(a*b*c)A = Va(a,3,7,0) (8.5)

6

for § € Hjikyo—ona(M). This is well defined because M satisfies hypotheses (H4)
and (H5) in Section 7.4, and the classes «, 3, 7, 0 satisfy the dimension condition

deg() 4 deg(B) + deg(y) + deg(d) = 6n — 2¢1(A) (8.6)

which is equivalent to (7.3).2 The triple product (8.5) is obviously skew-symmetric
and so Theorem 8.2.1 is a consequence of the following

Proposition 8.2.2 If (M,w) is monotone with minimal Chern number N > 2
then
(axb)xc=axbxc

for all a,b,c € QH*(M).

2Note that, already for dimensional reasons, we cannot use ®4 in the definition (8.5) of our
triple product, since this would give a product QH? ® QH* ® QH! — QHITk+t-2,
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To understand the product (a * b) * ¢ we shall first examine the Poincaré dual
of the cohomology class a * b € QH**(M). This quantum cohomology class can

be thought of as a sum
S (@ b)ag O
A

where the cohomology class (a * b)4 € HITF=2c1(A) (A1) is defined by (8.4). We
denote the Poincaré dual of (a *b)4 by

§a =PD((axb)a) € Hanjoc, (4)—j—k(M).

In view of (8.4) the homology class 4 is defined by the intersection property

éA Y= @A(C&ﬁ,ﬁ)
where o = PD(a) € Ha,— (M), 8 = PD(b) € Hop_ (M), and v € Hjyj_oc, (a)(M).
With this notation the cohomology class

(a*xb)xc= Z((a % D) * C)Aqm(A)/N
A

with ((a* b) * ¢)4 € HITF+t=2c1(A) () is given by the formula
[(@h) s da = nian.o) (8.7)
g B

for 6 € Hjypir—2e(a)(M).

Our goal is to give a more direct description of the invariant ®5(£4,,d). For
this it is necessary to find a pseudo-cycle which represents the homology class £4.
Such a pseudo-cycle is in fact given by an evaluation map on a suitable moduli
space of J-holomorphic curves. Roughly speaking, we may think of £4 as the union
of all A-curves which go through o and 3. More precisely, if z1, z2, z3 are three
distinct points in CP! then &4 can represented by the pseudo-cycle f4 : V — M
where

V={ue M(A,J)|u(z) € a, u(z2) € 8}, fa(u) = u(z3).

Observe that the manifold V need not be compact. However, it does carry a
fundamental cycle because its boundary has codimension at least 2. The details of
this are precisely as in Chapter 6. In fact, we may consider the evaluation map

€z =¢€A7z: M(A J)— M3

and choose representatives of a and (8 such that a x 8 x M is transverse to e,
and to all the evaluation maps appearing in the closure of e, (M (A, J)). Then the
manifold V' is the preimage

V=e,(axpBxM)

and the evaluation map f4 : V' — M defines a pseudo-cycle.
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Now the invariant ® g(£4,, d) counts the B-curves which go through &4, «y, and
6. But every B-curve which meets £4 intersects some A-curve through « and 3, and
therefore determines a cusp-curve of type (A4, B). Hence the invariant ®5(£4,7,9)
counts the number of cusp curves of type (A, B) such that the A-component of
meets « and (3, and the B-component meets v and §. Here it is possible for A or
B to be zero. For example if A = 0 then the B-curve meets o N 3, 7, and 4.

To formulate the invariant ®g(£4,, ) more precisely, and to recover the sym-
metry between A and B, it is convenient to define an analogue of ¥ for pairs A, B
of homology classes. Fix a point zg € CP' and consider the space of cusp-curves

M(A,B,J) = {(u,v) € M(A,J) x M(B,J)|u(z0) =v(20)}-

We have shown in Chapter 6 that this is a manifold of dimension 2n + 2¢; (A + B)
for generic J (see Example 6.4.2). Fix a quadruple

z = (Zl7 22,23, 24)
of distinct points in CP! and define the evaluation map
€z = €A,B,Jz - M(A,B, J) — M4

by the formula
ez(u,v) = (u(21), u(22), v(zs), v(z4))-

The following proposition asserts that for a generic almost complex structure J
this map determines a pseudo-cycle. The proof is precisely the same as that of
Theorem 5.4.1 and is left to the reader.

Proposition 8.2.3 Assume (M,w) is monotone with minimal Chern number N >
2 Fiz A,B € T' C Ho(M) and a quadruple z = (21, 22, 23, 24) of distinct points in
CP'. Then there ezists a set Jreg = Jreg(M,w, A, B,z) C J(M,w) of the second
category such that the evaluation map e, = eap .y, : M(A,B,J) — M* is a
pseudo-cycle in the sense of Section 7.1 for every J € Jreq. Moreover, the bordism
class of ea .15 is independent of the choice of J.

Given homology classes a, 3,7,d € H.(M) which satisfy the condition (8.6)
choose a pseudo-cycle f : V — M* which represents the class a x 3 x v x §, and
is transverse to the evaluation map e4 p s, and to all the evaluation maps which
occur in the description of the boundary of the set e,(M(A, B,J)). Define the
invariant ¥4 g as the intersection number

\IJA,B(av ﬂ, v, 5) = €A B,Jz" f

By Lemma 7.1.4 and Proposition 8.2.3 this integer is independent of the choice of
the pseudo-cycle f and the almost complex structure J used to define it. In fact,
the above discussion shows that

\IJA,B (a7 B7 v, 6) = (PB(gAa v, 6)

where £4 = PD((a % b)4). This formula can be used to express the invariant ¥4 g
entirely in terms of the original invariant ® 4. To see this choose a basis {g;}; of the
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homology H, (M) and let {¢;}; be the dual basis with respect to the intersection
pairing in the sense that

¢;j - €i = 0y
(Note that in the odd case care must be taken with the signs.)

Lemma 8.2.4

U4 (a, B;7,0) Z@A ,B,€)@5(6i,7,0).

Proof: Denote e; = PD(g;), fj = PD(¢;), a = PD(a), etc. Then (f;,e;) = ;5
and we obtain

(a*b)a :Z<(a*b As€i)fi Z‘I)A a, B,e)f
Similarly,

(cxd)p=>> (fi(cxd)p Zch $i,7,0)

’L
Hence

((axb)a,(cxd)p qu a, 8,1)®p(di,7,9)-

With €4 = PD((a % b) 4) as above the left hand side is given by
<(a * b)A7 (C * d)B> - (I)B(£A7 v, 6) = \I/A,B(OZ, 57 v, 6)
This proves the lemma. O
Now we may write the formula (8.7) for (a * b) % ¢ in the form

/((a #b) xc)a = Z Vg a-p(a, 3;7,9), (8.8)

1

for 0 € Hjpqm—2c,(4)(M). Note that the classes a, 3, v, ¢ satisfy the dimension
condition (8.6). Comparing the formulae (8.8) and (8.5), we see that the proof
of Proposition 8.2.2, and hence that of Theorem 8.2.1, reduces to the following
identity.

Lemma 8.2.5 Assume (M,w) is monotone with minimal Chern number N > 2
and let A € Hy(M). Then

Valar, az, a3, 04) = Z Up a-—p(ar, az;as, o)
B

for cohomology classes o; € H, (M) with - ; deg(a;) = 6n — 2c1(A).

Combining Lemma 8.2.5 and Lemma 8.2.4 we obtain the following composition
rule which was stated by Ruan and Tian [67] in much more generality.

Corollary 8.2.6

Ua(an, a2, 03,00) = Y Y Wa_plar,a2,&)Up(di, as, au).
B 1
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To understand why Lemma 8.2.5 might be true consider the evaluation map
ezt M(A,J) — M*

for the quadruple z = (0,1, 00,2) € (CP)* where the point z varies in C — {0, 1}.
The elements w € M(A, J) with e,(w) € f are A-curves which satisfy

w(oo) € ay, w(l) € az, w(0) € a3, w(z)€ ay. (8.9)

Here we assume that the product cycle a; X as X ag X a4 is transverse to the
evaluation map e, (see Remark 7.2.1). The invariant W 4 (o, a2, a3, ay) counts the
number of curves which satisfy this condition. The goal is to show that when z is
sufficiently close to 0 there is a one-to-one correspondence between such A-curves
and the connected pairs of curves which are counted by ¥ 4_p (a1, a2; asz, aq).
Consider what happens for a sequence w, € M(A, J) which satisfies (8.9) when
the corresponding point z, tends to 0. Then either the sequences w,(z,) and w, (0)
converge to the same point which therefore must lie in aiz Ny, or they converge to
different points. In the former case the limit is an A-curve which contributes to

O (0, a0, a3 Nag) = Wy oa, az; asz, ).

In the latter case, the two nearby points 0 and z get mapped to widely separated
points, and so the derivative of w, must blow up somewhere near 0. When one
rescales at the blow-up point as in the proof of Theorem 4.3.2, one will obtain a
bubble which meets a3 and a4 and lies in some class B. Generically, in view of
Lemma 6.5.1, there will only be this one bubble. Hence the restriction of w, to
compact subsets of CP! — {0} will converge to a curve wo, = u € M(A — B, J)
which still takes co to a3 and 1 to ay. Thus the limiting cusp-curve contributes to

Va_p,glar, as; a3, 04).

Included here is the possibility that the limit curve w is constant, which corresponds
to the term

D 4(0n Nag, a3, c4) = Yo alan, az; az, ag).

This argument shows that if z is sufficiently close to 0 every element w which is
counted in the computation of the invariant W (aq, s, as, a4) has a counterpart
which contributes to the sum

Z‘I’A—B,B(al,az;as,%)-
B

To complete the proof one must show that, conversely, every pair of intersecting
curves (u,v) € M(A — B, B, J) with u(CP!) intersecting o; and ay and v(CP?!)
intersecting ag and ay determines a unique curve w € M(A, J) which satisfies (8.9)
provided that z is sufficiently close to 0. A proof using Floer’s original technique
involving infinite cylindrical ends has been worked out by Liu [38]. We shall present
a more direct argument in Appendix A. Ruan and Tian take a somewhat different
approach to this problem which involves the perturbed Cauchy-Riemann equations.
Their argument is outlined in [67] and the details are carried out in [68].
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Remark 8.2.7 An observant reader will notice that no mention has been made
above of the effect of multiply-covered curves. It would be possible for the limiting
curve to be a cusp-curve with one or both components multiply-covered. However,
the fact that each component only contains two marked points means that such an
event occurs with high codimension and so may be ignored. This may be proved
by the methods of Chapter 6. a

Example 8.2.8 We have already seen that in CP?,
\I’QL(pta pt7 pta pt) =1

Since a; N a; = O here, there is no contribution from decompositions 2L = A + B
where one of the classes A or B is zero. According to Lemma 8.2.5 we should
therefore have

Uy, 1(pt, pt; pt, pt) = 1.

Here the left hand side is the number of pairs of intersecting lines L1, Lo with the
first two points on L; and the second two on Ls. Clearly, there is a unique such
pair. In a similar way one can check this lemma for cases such as ¥y, (pt, pt, pt, line)
in CP3 or Uy (pt, line, line, line) in CP2. Tt is also easy to check that Lemma 8.2.4
holds in these cases. O

8.3 Flag manifolds

In a beautiful recent paper [24], Givental and Kim have computed the quantum
cohomology ring of the flag manifold F}, 11, and related it to the Toda lattice. To do
this they made certain assumptions about the properties of quantum cohomology
which so far have not been established. However, their formula has been verified by
Ciocan-Fontanine in a recent paper [10]. In [3] Astashkevich and Sadov generalize
these results (in a heuristic way) to partial flag manifolds. The extreme case of
Grassmannians G(k,n) will be discussed in the next section.
Recall that the flag manifold F,; is the space of all sequences of subspaces

FiCcE,C---CE,

of C"*! with dimc E; = j. This manifold is simply connected and carries a nat-
ural complex structure. The minimal Chern number is 2. Its cohomology ring is
generated by the first Chern classes u; € H*(M,Z) of the canonical line bundles

Lj — Fna

with fiber E;41/E; for j = 0,...,n. Since the sum Ly & - -- & L,, is trivial, these
classes are related by the condition

ug 4+ -+ u, =0.
The full cohomology ring of F,,1; is the quotient

Zlug, . . ., uy]

(o1(u), ..., ong1(u))

H*(Fn+1) =
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where the o;(u) denote the elementary symmetric functions. To understand this,
observe first that the cohomology classes ¢; = oj(u) € H*(F, ;) are the Chern
classes of the trivial bundle Ly & --- @ L,, and so must obviously be zero. The
above formula asserts that these obvious relations are the only ones and that all
the cohomology of F),; is generated by the classes u; via the cup product.

The cohomology ring can also be expressed in terms of the basis

p]:uj+..+un

with 7 = 1,...,n. In this basis the first Chern class of the tangent bundle TF}, 11
is given by
c1=2(p1+-+pn)

The classes p; can be represented by forms which are Kahler with respect to the
obvious complex structure J on F, ;1. In fact a cohomology class a =) j Ajp; can
be represented by a Kéhler form precisely if the coefficients ); are all nonnegative
and their sum is positive. In particular, there exists a Kéahler form with respect
to which the manifold F),; is monotone and hence quantum cohomology is well
defined. It also follows that p;(A) > 0 for every J-effective homology class A and
every j, since J is tamed by the Kéhler form in class p;.

Define the degrees d; of a homology class A in terms of the homomorphisms
pj : Ho(M,Z) — 7Z. In other words, a homology class A € Hy(M) is uniquely
determined by the integers

dj = pj(A)

for j = 1,...,n and, conversely, any such set of integers determines a homology
class A = Ay. Above we associated to a class A € Ho(M) the monomial ¢¢ where
¢1(A) = Nd, N is the minimal Chern number, and deg ¢ = 2N. Now, in order to
capture the full structure of Hy(M), we take n auxiliary variables ¢, ..., ¢, each of
degree 2N = 4, which represent the basis of Ho(F),+1) dual to the basis py,...,pn
of H%(F,11). We then represent the class A by the the monomial
¢ =g g

where d = (d1,...,dn) € Z™ and d; = p;(A). Since ¢1 = 2(p1 + -+ + pp), this is
consistent with our previous definitions when we identify all ¢; with g.

Since d; = p;(A) > 0 for every effective homology class A it follows that the
pairing

(axb,y) =Y ®a,la,fB,7)q"
d

(with Ag € Hy(M) determined by p;(Aq) = d; for d € Z™) is a polynomial of
degree £ + k — j for each a € H*(F,41), b € H(F,41), and v € H;(F,41). Hence,
we may take the coefficient ring A for quantum cohomology to be the polynomial
ring Z[q1, - - ., qn]- In other words, we define

QH (Foy1) = H* (Fos1) © A = H' (Fo1) @ Zlqu, - ., -

Since the u; are multiplicative generators of H*(F, 1), the quantum cohomology
ring QH*(Fn_H) is isomorphic to some quotient of Z[ug, ..., Un,qo, - - -, qn]-
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In [24] Givental and Kim conjectured® that there is a natural isomorphism

Q~H*(Fn+1) ~ Zlug, . . ., u;, 40, - -+ qn)
where T C Z[uog, - .., Un,qo,- - -, qn] denotes the ideal generated by the coeflicients
of the characteristic polynomial of the matrix

w q 0 0 - .- 0
-1 w q@ O :
0 -1 we g3
=10 o0 -1
0
: : © Un—1 (n
0 v -er o0 -1 uy,
More explicitly consider the polynomials
¢j = X;(u,q)

determined by the formula
det(A, +N) = A" e\ + - e A+ engt

The ideal Z is generated by these functions ¥;. In the case ¢ = 0 these are the
elementary symmetric functions o;(u) = X, (u, 0) and thus the ordinary cohomology
ring appears as expected when we specialize to ¢ = 0. In other words the classical
Chern classes are given by the elementary symmetric functions and the polynomials
¥; can be regarded as the quantum deformations of the Chern classes. A
similar phenomenon appeared in the discussion of Grassmannians in [79).

This result has some very interesting connections with completely integrable
Hamiltonian systems which we now explain. We will see that the quantum Chern
classes X, are the Poisson commuting integrals of the Toda lattice (cf. [56]).

Recall that the Toda lattice is a Hamiltonian differential equation for n + 1 unit
masses on the real line in the positions xg, 1, ..., Zy,. If

Uj =pj = Pi+1 = Yj =

is the momentum of the particle at position x; and if

T —Xj 1
q; = e T,

then the Hamiltonian function of the Toda lattice is given by

n n
H(z,y) = strace(A2) = £ > y2 = Y e,
j=1

Jj=0

3The computation of Givental and Kim assumes an equivariant version of quantum cohomology
which so far has not been established. The argument of Ciocan-Fontanine avoids this difficulty.
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(The reversal of the usual signs corresponds to considering forces which repel when
rg < 1 < --- < x,.) In [56] Moser discovered that the functions Fj(z,y) =
trace(A%) for j = 1,...,n + 1 form a complete set of Poisson commuting integrals
for this system, where the matrix A, is as defined above. As a result the ideal 7
generated by the quantum Chern classes X; is invariant under Poisson brackets.

To state this more precisely, observe that the standard symplectic structure
w = Z?:o dx; A dy;, when restricted to the set zg + --- 4+ x,, = 0 (zero center of
mass) and yo + - - - + ¥y, = 0 (zero momentum) and written in terms of the variables
q1,-++>Gqn,P1,---,Dn, takes the form

d d
w=" Ndp+-+ 2 Adp,.

q1 n
The Poisson structure is to be understood with respect to this symplectic form.
We can give the following geometric interpretation of w. Consider the complex

torus
Te = HZ(F7L+1;(C/Z) = H2(Fn+1;(c)/H2(Fn+l;Z)

which is parametrized by the coordinate functions

4 (a) — eQwi(a,Aj) )

The cotangent bundle of T¢ can be naturally identified with
T*T¢ = H?*(Fn+1,C/Z) x Hy(Fy41,C)

where the p; : Ho(M,C) — C are to be understood as coordinate functions on the
cotangent space. (These coordinate functions have a geometric meaning in terms of
the cone of Kéhler forms as explained above.) Then the form w can be understood
as a symplectic structure on the cotangent bundle T*T¢. In this interpretation the
above Hamiltonian system with particles xg, ..., z,, when restricted to the set of
zero center of mass and zero momentum, lives on the imaginary part of T*T.

This leads to a geometric interpretation of the quantum cohomology itself. The
ideal

jcc[pla"'7pn7QIa"'aQH]

which corresponds to Z determines an algebraic variety
LCT'Tc.

This variety is defined as the common zero set of the polynomials in 7. Hence the
quantum cohomology ring

C[p17"'apnaq17"'7qn]
J

with complex coefficients can be interpreted as the space of functions on £. The
invariance of the ideal J under Poisson brackets translates into the condition that
the variety £ is Lagrangian. It should therefore have a generating function and this,
according to Givental and Kim, should have a bearing on the question of mirror
Ssymimetry.

QH (M,C) =
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8.4 Grassmannians

The quantum cohomology ring of the Grassmannian G(k, N) has been studied by
Bertram, Daskalopoulos, and Wentworth in [6], Witten in [87], and Siebert and
Tian in [79]. In [87] Witten also relates the quantum cohomology of G(k, N) to
the Verlinde algebra of representations of U(k). His explanation for this relation is
based on a beautiful, but heuristic, consideration involving path integrals, and so
far there is no rigorous proof.

Denote by G(k, N) the Grassmannian of k-planes in CV. Thus a point in
G(k,N) is a k-dimensional subspace V' C CV¥. A unitary frame of V is a matrix
B C CN** such that

V:imB, B*B:]lkxk.

Two such frames B and B’ represent the same subspace V' if there exists a unitary
matrix U € U(k) such that B’ = BU. Hence the Grassmannian can be identified
with the quotient space

G(k,N) = P/U(k)
where P ¢ CV*F denotes the set of unitary k-frames. A moment’s thought shows
that the Grassmannian has real dimension

dim G(k, N) = 2k(N — k).

It can also be interpreted as a symplectic quotient. The space CV*¥ is a symplectic
manifold and the natural action of the group U(k) on this space is Hamiltonian with
moment map u(B) = B*B/2i. The Grassmannian now appears as the quotient
G(k,N) = p=1(1/2i)/U(k).

Now there are two natural complex vector bundles, E — G(k, N) of rank k and
F — G(k,N) of rank N — k, whose Whitney sum is naturally isomorphic to the
trivial bundle G(k, N) x CV. The fiber of E at the point V € G(k, N) is just the
space V itself and the fiber of F' is the quotient C /V:

By =V, Fy =CN/v.
Denote the Chern classes of the dual bundles £* and F* by
z; = c;(E*) € HY(G(k,N)), y; = c;(F*) € H*(G(k, N)).

These classes generate the cohomology of G(k, N). Since E @ F is isomorphic to
the trivial bundle there are obvious relations

J
Z iYj—i =0
i=0

forj=1,...,N. For j > N this equation is trivially satisfied. For j =1,...,N—k
it determines the classes y; inductively as functions of x1,...,z) via
Yj = —T1yj—1 — - — Tj—1y1 — Ty, j=1...,N -k

For j > N — k the classes y; vanish and this determines relations of the x;. These
are the only relations and hence the cohomology ring of the Grassmannian can be
identified with the quotient

Clon,..., )

H*(G(k,N),C) = (YN ksl UN)
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Moreover, the first Chern class of the tangent bundle is given by ¢;(T'G(k, N)) =
Nzxp and so the minimal Chern number is N. The following theorem was essentially
proved by Witten [87]. Independently, a rigorous proof with all details was worked
out by Siebert and Tian [79].

Theorem 8.4.1 (Siebert-Tian, Witten) The quantum cohomology of the Grass-
mannian is isomorphic to the ring

(C[.Z‘l,. .. ,xk,q]
(UN—k+41,-- -, YN—1,YN + (—=1)N=Fq)

QH*(G(k, N)) =

Here x; is a generator of degree 25 and q is a generator of degree 2N. The relation
yn + (=1)N=kq =0 can also be written in the form

zryn—k = (—1)V g
Proof: We remark first that, by an easy induction argument, the classes =1, ..., zg
still generate the quantum cohomology of G(k, N). This means that every coho-
mology class can be expressed as a linear combination of quantum products of the
x;. To prove this one uses induction over the degree and the fact that the difference
x+y—xUy is a sum of terms of lower degree that Uy. (See Lemma 2.1 in [79] for
details.) Now this same argument shows that the original relations in the classical
cohomology ring become relations in quantum cohomology by adding certain lower
order terms. It follows again by induction over the degree that these new relations
generate the ideal of relations in quantum cohomology. (See Theorem 2.2 in [79]
for details.)

In view of these general remarks we must compute the quantum deformations of
the defining relations in the cohomology ring. In this we follow Witten’s argument
in [87]. The quantum cup product of the classes x; and y; is a power series of the
form

Ti*Yj = Z(%‘ * yj)dqd
d
where (x; * y;)q € H*272N4(G(k,N)) and (z; * y;)o = x; Uy,. It follows that
the quantum cup-product x; * y; must agree with the ordinary cupproduct z; U y;
unless ¢ = k and j = N — k. Now the relations y; =0for j =N —-k+1,... N—1
only involve the products z;y; with either 7 < k or j < N — k and hence they
remain valid in quantum cohomology. However the relation yy = 0 involves the
product zxyn_k and the only nontrivial contribution to the quantum deformation
of this product is the term (x * yn_x)1 € H°(G(k, N)). We claim that

(.’,Ek * yN—k)l = (71)N7k]1 (810)

To see this we must examine the moduli space M(L,%) of holomorphic curves
u: CP! — G(k,N) of degree deg(u) = c1(L) = 1. The space of such curves has
formal dimension

dim M(L,i) = 2k(N — k) + 2N.

Every holomorphic curve u € M(L, %) is of the form

u([z0 : z1]) = span {zovg + 2101, V2, ..., Uk} (8.11)
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where the vectors vy, ...,vx € CV are linearly independent. Note that these maps
form indeed a space of dimension 2N (k + 1) — 2k? which is in accordance with the
dimension formula for M(L, 7). Moreover, one can check that all these curves are
regular. We must prove that

Dr(Ek,MN—k,Pt) = <_1)N—k

where &, = PD(zy) and ny_r = PD(yny—_x). Now the Poincaré dual of the top-
dimensional Chern class of a vector bundle can be represented by the zero set
of a generic section. For example fix a vector w € C™ and consider the section
G(k,N) — E which assigns to every k-plane V C C¥ the restriction of the func-
tional v — w*v to V. This section is transverse to the zero section and its zero set
is the submanifold

X ={VeG(k,N)|wv=0VveV}.

This submanifold is a copy of G(k, N — 1) in G(k, N) and represents the class & €
H?¢(G(k,N)). Now fix a vector vy € CV and consider the section G(k, N) — F
which assigns to every V € G(k, N) the equivalence class [vg] € CV/V = Fy,. The
zero set of this section is the submanifold

Y={VeGk,N)|v eV}.

This submanifold with its natural orientation represents the Poincaré dual of the
top Chern class ey_x(F) = (—=1)Y *en_1(F*). In summary,

[X] = &, Y] = ()N *nn .
Finally fix any point Vo € G(k,N) — X such that vy ¢ Vb and choose a basis
v1,...,U, of Vg such that the vectors vg, ..., v, and vg + vy are perpendicular to w.
Then the curve u([zo : z1]) = span{zovg + z1v1, V2, ..., v} } satisfies

w(0:1) =Vo, w(l:1)eX, wu([l:0]) €Y.

Moreover, the intersection number at u is 1 and it is easy to see that there is no
other curve of degree 1 whose image intersects X, Y, and Vj. Hence

(I)L([X]a [Y],pt) =1

and this proves the formula (8.10). It follows that in quantum cohomology the
deformed relations are y; = 0 for N —k+1<j <N —1and yny + (-1)V"*g=0.
This proves the theorem. O

More details of the proof can be found in the paper [79] by Siebert and Tian.
For example they give a proof of the fact that every holomorphic curve of degree 1
in G(k, N) must be of the form (8.11) and that they are regular in the sense that
the associated Cauchy-Riemann operator D,, is surjective.

Theorem 8.4.1 shows once again how the quantum cohomology reduces to the
classical cohomology ring if we consider ¢ to be a complex number rather than a
variable and specialize to ¢ = 0. More explicitly, if we define the Chern polynomials

k N—k
c(E*) = inti, ct(F*) = Z y,t!
i=1 j=1
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then the classical cohomology ring is determined by the relation
c(E*)e(F*) =1
whereas the quantum cohomology ring is determined by
ct(E*)ey(F*) =1+ (=) RtV (8.12)

where g € C.

Landau-Ginzburg formulation

The relations in classical cohomology can be generated by the derivatives of a
single function Wy = Wy(x1,...,2x). The same is true for the relations in quan-
tum cohomology and the corresponding function W = W(xy,...,xx) is called the
Landau-Ginzburg potential. In our discussion of this approach we follow closely
the exposition of Witten in [87].

Consider the polynomial

k
a(E*) = Z it
i=1

where x; = ¢;(E*) € H*(G(k,N)). Define polynomials y; = y;(z1,...,zx) for
j > 0 by the formula

1 .
" — y-tJ.
Ct(E ) ]; J

Then the classical cohomology ring of the Grassmannian is described by the rela-
tions y;(z) =0 for N —k+ 1 < j < N. These relations imply y;(z) =0 for j > N
and, of course, for 1 < j < N — k the classes y; are the Chern classes of F'*. In
the following we shall, however, not impose the condition y;(x) = 0 and then the
power series > y yjtj may no longer be a polynomial.

Consider the holomorphic functions U, = U,.(z1, . .., z)) defined by the equation

—log ¢;(E*) = Z U, (x)t".
r>0

Differentiating this expression with respect to x; we see that

v U,
ct(E*) 0 7

Comparing coefficients we find U, /0z; = —y,—; for 1 < j < k. In particular, when
r — j is negative this formula implies the vanishing of the corresponding derivative
of U,. The most interesting case is r = N + 1. With

WO _ (*1)N+1UN+1

we obtain o
0 N
oz, (=1)Vyn+1 J
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for 1 < j < k. Hence the defining relations for the classical cohomology of the
Grassmannian can be written in the form

dWy = 0.
Now consider the function
W =Wy + (—1)"qz,
where ¢ is a fixed complex number. Then the condition dW = 0 is equivalent to
YN-kt1=0, ... yn—1=0, yn+(-D"Fg=0

and these are precisely the defining relations for the quantum cohomology ring of
G(k, N). Now the higher coefficients of the power series > ; y;t7 will no longer van-
ish. Comparing the coefficients up to order N in the equation c;(E*)- (32,5 y;t7) =
1 we obtain

k ) N—k )
Soaitt || Dyt | =14 ()N gV
j=1 j=1

and this agrees with (8.12). The function W is called the Landau-Ginzburg
potential. It can be conveniently expressed in terms of the roots Ay, ..., Ax of the
Chern polynomial

k k
a(E*) =) ait' = [J(1+ Nit), (8.13)

namely

k )\_N+1
WAL, ) Z( : +(1)kq)\i>. (8.14)

i=1
Geometrically, the quantum cohomology ring of G(k, N) can be interpreted as the
ring of polynomials in the variables z1, ..., xj restricted to the zero set of dW. Now
the function W : C¥ — C has only finitely many critical points and the equivalence
class of any polynomial f € C[xy,...,zx] with respect to the ideal

ow ow
Jo = (YN—tks1s-- - Yn—1,Yn + (=) Fg) = < >

Oz’ Oxy,

is determined by the values of f at the critical points of W. This gives rise to
localization formulae such as

_1\k(k=1)/2 2 -1
I(f):% > det(aig[;j> f(z) (8.15)

for every polynomial f of degree 2k(NN — k). Here the variable z; is understood to
be of degree 2i and the functional I(f) denotes the integral of the differential form
wy € Q*WN=F)(G(k, N)) associated to f under the isomorphism H*(G(k, N),C) =
(C[xl, .. ,a:k]/(dW()}
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Exercise 8.4.2 Prove that

/ k(BN =1
G(k,N)

by considering intersection points of N — k copies of G(k, N — 1) in G(k, N). Now
check the formula (8.15) by applying it to the polynomial

k

fla) = m Nk =TT AN

=1

which represents the class ¢ (E*)Y~*. The general case follows from this because
H?*(N=k)(G(k,N)) is one dimensional. Hint: First use change of variables and
the residue calculus to express the sum (8.15) as a contour integral of the form

(~1)kh-D/2 STy i = A)?
K (2mi)F /AJ_R [T, OW/ox;

I(f) = d\1 .. .d)

where R is large. Then note that the term dW/d\; = \;"¥ 4 (—=1)¥q in the denom-
inator can be replaced by A — AV ™% without changing the value of the integral.
Now use the residue calculus again to evaluate the new integral. For details see [87]
and [79]. O

Relation with the Verlinde algebra

There is a beautiful relation between the classical cohomology ring of the Grass-
mannian G(k, N) and the algebra of representations of the unitary group U(k)
furnished by the Chern character. First note that the isomorphism classes of finite
dimensional representations p : U(k) — Aut(V,) form an algebra R with addi-
tion given by direct sum and multiplication by tensor product. More precisely one
should form the free Z-module generated by the isomorphism classes of irreducible
representations. Now there is an algebra homomorphism

Ri — H*(G(k,N)) : p+— ch(E,)

defined as follows. Denote by E, — G(k, N) the complex vector bundle associated
to a representation p : U(k) — Aut(V) via E, = P x, V. In this formula P —
G(k, N) denotes the principal U(k)-bundle of unitary k-frames discussed above.
The Chern character of a vector bundle E can be obtained from the Chern classes
¢;(E) via the formula

ch(§) = exp (trace (;i)) , det ()\ — ;fr) — ;zzl:ocj(g))\n—j

where n = rank F' and £ € u(n). Alternatively, evaluate the power series ch on
the curvature of a connection on F to obtain a differential form representing the
class ch(E). This is the contents of Chern-Weil theory and we refer to Milnor—
Stasheff [55] for details. The formulae

ch(E @ F) = ch(E) + ch(F), ch(E ® F) = ch(E)ch(F)
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show that the Chern character determines an algebra homomorphism. This be-
comes in fact an isomorphism if we replace the finite dimensional Grassmannian by
the limit of G(k, N) as N tends to co. This limit is in fact the classifying space of
the unitary group U(k). If we consider only a fixed Grassmannian G(k, N) then it
is natural to restrict to a suitable subalgebra Ry n C Ry.

Now there is a deformed product structure on the algebra Ry y which is sim-
ilar to quantum cohomology. This deformed product can roughly be described as
follows. Given a compact oriented Riemann surface ¥ of genus g we consider the
moduli space My of flat U(k)-connections over X. This is a finite dimensional
Kéhler manifold (with singularities). It can be described as a quotient

o Aﬂat(z)
My ==55)

of flat U(k)-connections A € Q'(3,u(k)) divided by the action of the gauge group
G(X) = Map(3,U(k)). There is a natural holomorphic line bundle

L—>Mg

whose curvature is the symplectic form on My. We are interested in the dimension
of the space H°( My, L®*) of holomorphic sections of the /-th power of this bundle.
More generally, given marked points z1,...,%, € ¥ and representations p1,...,pp
of U(k), we can construct a representation

PGS =V =Vi®0V  p)=piu(z) @ ® pylu(z)
of the gauge group and form the vector bundle

Ei(p1,.--,pp) = L% ® Afat(8) x, V
over Ms,. Now define the numbers

Ne(Z;p1,- .., pp) = dim HY(Ms;, Ee(p1, ..., pp))-

To give a precise meaning to these numbers one must define the space of holomor-
phic sections in the right way. This is particularly apparent in the case ¥ = 52
since in this case the moduli space of flat connections is just a point. However,
this is a point with nontrivial isotropy subgroup and the spaces of holomorphic
sections will be nontrivial. They should in fact be defined as global holomorphic
maps A(2) — C on the space of all connections which are invariant under a suit-
able action of the gauge group G(X). Even if this programme has been carried out
the above formula for Ny(3;p1,...,pp) is only correct if the higher cohomology
groups vanish and should otherwise be replaced by a suitable Euler characteristic.
Another difficulty arises from the presence of a U(1) factor in U(k). As a result we
must specify a pair of integers (¢, m) (called the level) to characterize the required
line bundle over My rather than just taking the ¢-fold tensor product of the given
bundle L. This would give rise to invariants N¢ ,,,. In the following we shall discard
the choice of the level in the notation and simply write N(3; p1, ..., pp) instead of

NZ(E§017~-~>I)1¢)-
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The numbers N(X; p1,. .., pp) satisfy the Verlinde gluing rules. One such rule
is of the form

N(Sg41:p1 -2 0p) = D N(Sgi p1, - pps 01 p7)
P

where the sum is over a basis of Ry y. Here the subalgebra Ry ny C Ry must
be chosen an accordance with the level at which the invariants N(Z;p1,..., pp)
are defined. For example, in the slightly simpler context of the group SU(k), if
the invariants are defined in terms of the ¢-the power of the canonical line bundle
L — My, then the algebra should be chosen with generators s™(C*) (the symmetric
powers of C¥) up to order |n| < ¢. According to Witten, the right level to choose in
connection with the Grassmannian G(k, N) is £ = N — k, and the additional U(1)
factor should be treated at the level m = N. Henceforth this will be our choice for
the subalgebra Ry ny C Ry and for the corresponding line bundle in the definition
of the invariants.
A similar gluing rule takes the form

N(S%;p1, p2, p3; pa) = ZN(S2§P17P2,P*)N(S2§P7 p3, Pa)- (8.16)
P

This is reminiscent of the composition rules for the Gromov-Witten invariants and
can in fact be interpreted in terms of a deformed product structure on the algebra
Ri,n. The Verlinde product structure is defined by

po*ps =Y N(S% pa:ps. p3)pr. (8.17)

Y

The gluing rule (8.16) asserts that this product is associative. Now in [87] Witten
conjectured that there should be an isomorphism

Ry n — QH*(G(k,N)) : p— qch(E,)

which maps the Verlinde product structure onto the quantum cup-product structure
of the Grassmannian. This isomorphism should be a kind of quantum deformation
of the Chern character where the deformation involves lower order terms. It is
perhaps not unreasonable to expect that the quantum Chern character of a com-
plex line bundle L, — G(k, N) should be the quantum exponential of the first
Chern class (i.e. the exponential with multiplication replaced by the quantum cup-
product). The existence of this isomorphism is a surprising and beautiful conjecture
which should have interesting consequences. Moreover, there is a generalized ver-
sion of this conjecture for Riemann surfaces of higher genus with marked points if
one considers the corresponding Gromov-Witten invariants ¥. For more details the
reader may wish to consult [87].

8.5 The Gromov-Witten potential

In a recent paper [35] Kontsevich and Manin describe various remarkable structures
related to the associativity rule and Frobenius algebra structure of quantum coho-
mology. Another discussion of these developments can be found in Ruan-Tian [67].
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To describe these structures in their full generality requires the formalism of super-
manifolds. In order to avoid these additional technicalities we shall consider in this
section only the even dimensional part of the quantum cohomology groups, with
complex coefficients, and denote it by

H =H"(M,C) =P H*(M,C).

The Poincaré duality pairing with complex coefficients is the Hermitian form

(a,b) = /Mau b (8.18)

for a,b € H. This form is complex linear in the second variable, complex anti-linear
in the first variable and, because we consider only even classes, it satisfies

<a7 b> = <b7 CL>.

Note that the restriction of this pairing to integral classes agrees with the one
defined in Section 8.1. It need not be positive definite. The extension of the
quantum cup product to complex coefficients is given by the same formula as before,
but with ¢ set equal to 1 € C. Thus

<a‘ * bv C> = Z (I)A(E7B, 7)
A

where @ = PD(a), § = PD(b), and v = PD(c). Here we think of ®4 as being
complex linear in all variables and denote by @ complex conjugation. Observe that
if a,b,c have pure degree — that is, if they each belong to some space H'(M;C)
— the only classes A which contribute nontrivially to this sum are those for which
deg(a) + deg(b) + deg(c) = 2n + 2¢1 (A). In general, we must interpret this formula

for {a*b,c) as
ZZ(I)A(atha’yk%
igk A

where Y «; is the decomposition of « into terms of pure degree, and similarly for

With this this notation H is a complex Frobenius algebra in the sense that
{axb,c) = {a,bxc).

The restriction to even classes suffices for many applications such as flag manifolds
and Grassmannians.
Following Dubrovin [17] we can interpret the quantum cup product

HXxH—H:(a,b) —axb
as a connection on the tangent bundle of H given by
VyX(a) =dX(a)Y(a) +iX(a)*Y(a) (8.19)

for a € H and two vector fields X,Y : H — H. (Here we identify all the tangent
spaces of H with H in the obvious way, so that the derivative dX (a) of the map
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X at a becomes a linear map of H to itself.) The commutativity of the quantum
product can now be interpreted as the vanishing of the torsion, associativity can be
interpreted as vanishing of the curvature and the Frobenius condition {(a b, c) =
{(a,b * ¢) means that V is compatible with the Hermitian structure.

Lemma 8.5.1 (i) The connection (8.19) is torsion free, i.e.

[X,Y]=VyX — VY.

(ii) The connection (8.19) is compatible with the Hermitian structure, i.e.

AY,Z) - X = (VxY,Z) + (Y,VxZ)

(iii) The connection (8.19) is flat, i.e.

VxVyZ -VvVxZ + V[Xﬁy]Z =0.

(iv) The connection (8.19) satisfies
Vx1=1iX.
Proof: Our sign convention for the Lie bracket is
[X,Y]=dX Y —-dY - X

where dX (a) denotes the differential of the map X : H — H and should be thought
of as a linear transformation of H which takes Y to dX - Y. The first statement is
now obvious. The second statement follows from the Frobenius condition by direct
calculation:

ay,zy - X = <dY~Y,Z>+<Y,dZ-X>
= (VY — iV *X,2) + (Y,VxZ —iZ+ X)
= (VxY,Z)+(Y,VxZ).

To prove flatness note that

VxVyZ = Vx(dZ-Y +iZ*Y)
d(dZ Y +iZ*Y) - X +i(dZ-Y +iZ+Y)* X
= d*Z(Y,X)+dZ-dY - X +iZ % (dY - X)
+i(dZ - X)*Y +i(dZ - V)« X — (Z+Y)* X
= VayxZ+d*Z(X,Y) - Z*(Y xX)
+i(dZ - X)* Y +i(dZ - Y) x X.

The fourth statement is obvious. O

The above connection is of a very special form because the 1-form

A:TH — End(H)
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given by
Aa(@)y =iz *y

is constant and does not depend on the base point a. A general connection 1-form
A € Q'Y(H,End(H)) can be interpreted as a family of products

HXH—H:(x,y) — T *q Y, (8.20)
parametrized by the elements of H itself, via the formula
Au(2)y = iw %0 y (8.21)

for a € H and x,y € T,H = H. The corresponding connection, when regarded as
a differential operator C*°(H, H) — Q(H,H) is given by

V=d+ A
or, more explicitly, by
VyX(a) =dX(a)Y(a) +iX(a) *, Y(a) (8.22)

for two vector fields X,Y : H — H. The properties of the Dubrovin connec-
tion (8.22) are related to the products (8.20) as follows. We assume here that the
map H X H X H — H : (a,z,y) — « *4 y is holomorphic and complex bilinear in
x and y. We shall consider the case where these products determine a family of
Frobenius algebra structures, one on each tangent space T, H = H.

Lemma 8.5.2 (i) The connection (8.22) is torsion free if and only if the prod-
ucts (8.20) are commutative, i.e.

THg Y =Y *q T
for all a,z,y € H.

(ii) Assume that the connection (8.22) is torsion free. Then it is compatible with
the Hermitian structure if and only if the products (8.20) satisfy the Frobenius
condition

(T * ¥, 2) = (2,Y *a 2)
foralla,z,y,z € 'H.

(iii) Assume that the connection (8.22) is Hermitian and torsion free. Then the
1-form (8.21) is closed if and only if there exists a holomorphic function

S :H — C such that
(T * 47, 2) = 03Sa(z,9, 2) (8.23)

(iv) Assume that the connection (8.22) is Hermitian and torsion free. Then the
1-form (8.21) satisfies
ANA=0

if and only if the products (8.20) are all associative.

(v) The connection (8.19) satisfies Vx1 =1iX if and only if 1 is a unit for all the
products (8.20).



134 CHAPTER 8. QUANTUM COHOMOLOGY

Proof: The first two statements are proved as in Lemma 8.5.1. To prove (iii) note
that the function

¢a(x,y,z) = <f* Eyv Z)

is symmetric in z,y, z. Moreover, a simple calculation shows that its derivative

¢a+tw (33, Y, Z)
t=0

wa(waxayrz) = %

is symmetric in w, z,y, z if and only if the connection 1-form A given by (8.21) is
closed. Now the symmetry of 1, is equivalent to the existence of a holomorphic
function S : ' H — C such that

¢a(%y’ Z) = 838(1(377 Y, Z)

In fact, an explicit formula for S is given by

1 1
S(a) = 5/ (1= )°ra(a, a, a) dt.
0
The statements (iv) and (v) are obvious. 0

Remark 8.5.3 The proof of statement (iii) in the previous lemma can be for-
mulated more explicitly in terms of a complex basis eg,...,e, of the cohomol-
ogy H = H®(M,C). Then H can be identified with C™*! via the isomorphism
C"tl - H:z— > 2'e;. Define the functions Aiji C™*t! — C by

Aijr(z) = (€ * a€j, ex), a= inei.
i

These functions are holomorphic by assumption. They are symmetric under per-
mutations of i, j, k if and only if the products (8.20) are symmetric and satisfy
the Frobenius condition of (ii) in Lemma 8.5.2. If this holds then there exists a
holomorphic function S : C™*! — C such that

93S
0z10xI Oz

if and only if the derivatives d;A;;i, are symmetric under permutations of 4, j, k, .
An explicit formula for S is given by

= Ajjk

1
S(x) = %/ (1 =) Agje(tz)a'a’ 2" dt.

0 i,k

In [35] all the conditions of Lemma 8.5.2 are formulated in local coordinates. In
particular one can introduce a matrix

9ij = gji = (€i,e;)

which represents the metric and obtain

e *q €5 = E Afj(x)eg, a= E r'e;
¢ i
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where

¢ (z) = dekAijk
k
and g represents the inverse matrix of g;;. O

A holomorphic function

S:H—-C

is called a potential function for the Dubrovin connection (8.22) if its third
derivatives satisfy the equation (8.23). In view of Lemma 8.5.2 such a function
exists if and only if the connection is Hermitian and torsion free and the connection
1-form is closed. Conversely, if the potential function S : H — C is given and and
the products (8.20) are defined by (8.23) then these products are automatically
commutative and satisfy the Frobenius condition. Moreover, 1 is a unit if and only
if the function S satisfies

3Sa(,z,y) = (T, y). (8.24)

Associativity translates into the remarkable system of quadratic third order partial
differential equations

2833 (w,z,e,)0°Sa(fi,y, 2) 283 w, z,€;)0°Sa(fi, 2, y) (8.25)

i
where e; denotes a basis of H and f; denotes the dual basis with respect to the
Hermitian form (8.18), i.e B
<fjaei> = 0y
Equation (8.25) is called the WDV V-equation (as in Witten-Dijkgraaf-Verlinde-
Verlinde).

Remark 8.5.4 In the notation of Remark 8.5.3 with eg = 1 the condition (8.24)
takes the form
%S B
900z 0xs I
and the WDV V-equation can be written as

Z 93S i 893S B Z 893S " 893S
o 02000277 Drrorkort o 020200177 DrrdzI Ok
for all 4, 5, k, £. |

Lemma 8.5.5 Let S : H — C be a holomorphic function which satisfies (8.24)
and let the quantum multiplication x *, y be defined by (8.20) for a € H. Then the
following are equivalent.

(1) The products x x4 y are associative.
(ii) The Dubrovin connection (8.22) is flat.
(iii) The potential function S satisfies the WDV V-equation (8.25).
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Proof: The equivalence of (i) and (ii) follows from the fact that the connection 1-
form A, given by (8.21), is closed and, in view of Lemma 8.5.2, the condition AANA =
0 is equivalent to associativity. Since the curvature of V is the endomorphism valued
2-form

Fao=dA+ANA

we obtain in fact that associativity is equivalent to the condition that all the con-
nections

Vi=d+ M

with A € R are flat. B
To prove the equivalence of (i) and (iii) note that y = > _,( f;,y)e; and hence

<.’£, y> = Z<x7 €i><7ia y>

%

for all =,y € H. This implies

ZGBSa(waxa ei)assa(fiayv Z) Z<w* al, ei><?i7y *a Z>

<.

= (W 5T,y *q 2)

(W, 7 %4 (Y *a 2))

and therefore associativity is equivalent to the condition that the left hand side
of (8.25) is symmetric under permutations of z, y, and z. This proves the lemma.
O

If we consider the quantum deformation of the cup-product which is independent
of a then the corresponding potential function § is a cubic polynomial. By definition
of the quantum cup product this cubic polynomial is given by

1
S3(a) = 3 Z@A(a,a,a)
A
where o = PD(a). It is another remarkable observation of Witten that the function

S(a) = Z;EA:@A,,,(@,...,Q) (8.26)

p>3

with @ = PD(a) should be a solution of the WDVV-equation (8.25). As before,
the class a may be a sum of terms of different degrees, i.e. a = ), a; where
deg(a;) = d;. In this case the term @4 ,(c, ..., @) should be interpreted as the sum
of the terms ® 4 , (0, ..., a;,) over all multi-indices (iy,...,%,). The only nonzero
terms in this sum are those where A satisfies the dimension condition

2¢1(A) = > (deg(a;,) — 2) + 6 — 2n. (8.27)

=1

This condition is equivalent to (7.2) and guarantees finiteness of the second sum for
fixed p (in the monotone case) but there are infinitely many possibly nonzero terms
corresponding to increasing values of p. As a result there is a nontrivial convergence
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problem, even in the monotone case. Note also the interesting case of Calabi-Yau
manifolds with n = 3 and ¢; = 0. In this case the right hand side of (8.27) is zero
for a € H?*(M), and so the dimensional condition is satisfied for all classes A. So
in this case the sum on the right is infinite, even for fixed p, and we must multiply
the terms by a factor e *(4) to have any hope of convergence.

The fact that the third order term in S satisfies the WDV V-equation is precisely
the formula of Corollary 8.2.6 and is, of course, equivalent to the associativity law
proved above. The proof that the whole function (8.26), if the series converges, is a
solution of (8.25) requires a gluing argument for J-holomorphic curves which, as we
now explain, involves the mixed invariants of Ruan and Tian [67] or equivalently
the higher codimension classes of Kontsevich and Manin [35].

Notice that the third derivative of the Gromov-Witten potential (8.26) is given
by

833a(m,y7z) = Zﬁzq),q,p(&n,(,a,...,a)
A

p=>3

where a« = PD(a), £ = PD(z), n = PD(y), ¢ = PD(z). If the classes a, z, y, and 2
are all of pure degree then the only classes A which contribute nontrivially to the
sum are those which satisfy the dimension condition

2¢1(A) = (p — 3)(deg(a) — 2) + deg(z) + deg(y) + deg(z) — 2n.

(In general this condition has to be appropriately modified.) The corresponding
product of x € H*(M) and y € H(M) (with k and ¢ even) is given by

1
€T kg Y = — T *q Y)A,
EAEER
where (2 *q ¥)ap € QH™ (M) is defined by

l(x *a y)A,p = @A,p(&nv Ca Q, ..., a)

for ¢ € H,,(M) with m =k + £+ (p — 3)(deg(a) — 2) — 2¢1(A).
Now one can show as in Section 8.2 that the WDV V-equation for the Gromov-
Witten potential translates into the composition rule

p—1
\IJAJI(07€7777<;057'~"O‘):Z< Zq):g ) (828)

q=3

Z (I)B,q(ea 57 iy Oyenny a)q)AfB,pqurQ((bh m, Cu Q... a)
B,i

where W, , denotes the so-called mizred invariant defined with 4 marked points
on CP' and arbitrary intersection points otherwise, and where €;,¢; are as in
Lemma 8.2.4. The equation (8.28) is correctly stated for even homology classes. In
the general case there is a similar equation which involves signs corresponding to
permutations (see Kontsevich-Manin [35] or Ruan—Tian [67]).

The proof of (8.28) involves a gluing argument as in Section 8.2 and Appendix A.
One interprets the expression on the right in terms of intersecting pairs of J-
holomorphic curves, which represent the classes B and A — B and intersect the
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appropriate homology classes. The analytical details are no different than in the
case p = 4 of 4 intersection points. An alternative proof is given in [67].

Example 8.5.6 In the case M = CP" the cohomology ring H can be naturally
identified with C**! where the point z = (zo,. .., 2,) corresponds to the cohomol-
ogy class

a =zl +21p+ 20p® + -+ z,p".

We compute the third order term Ss of the Gromov-Witten potential S. In view
of Example 8.1.6, it is not hard to check that this term is given by

Ss3(z) = = Z 2iZj2, + Z 222 | - a

i+j+k=n i+j+k=2n+1

Example 8.5.7 In the case M = CP! the system (8.25) imposes no condition at
all on the function S and the Gromov-Witten potential is given by

2 z 2
S(z0,21) = 1z5z1+ € —1— 2z — 327

(cf. Kontsevich and Manin [35]). This is equivalent to the obvious fact that
D4 ,(pt,...,pt) =1 for A =[CP!] and any p while all invariants with A = k[CP!],
k > 2, are zero. O

Example 8.5.8 In the case M = CP? the equation (8.24) takes the form

23S 23S

320(92062’2 ’ 620621821

)

and all other third derivatives involving zy vanish. Moreover, it was observed by
Kontsevich and Manin in [35] that in this case the system (8.25) is equivalent to
the single differential equation

¥s . Ps #s ([ B\
822322822 82182182’1 821822822 821821822

This corresponds to the case i = j = 1, k = £ = 2 in Remark 8.5.4. Now let
N(d) = ®ar,3a-1(pt, - - ., pt)

be the number of rational curves of degree d in CP? intersecting p = 3d — 1 generic
points. This number is well defined because the condition (8.27) is satisfied with
a = [pt], deg(a) =4, A =dL, p = 3d—1, and n = 2. The Gromov-Witten potential
is given by*

o0 3d—1

z
S(2) = 5(2027 + z322) + ZN(d)medzl
d=1 '

4This formula contains a second order term 5222 which corresponds to the formula ®, (pt, pt) =
1 and, of course, does not affect the third derivatives.
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and the above differential equation is equivalent to the recursive formula

vw= 3 s (e( 373 ) -k (371))

k+f=d

for d > 2 with N(1) = 1 (cf. Kontsevich and Manin [35]). Observe that in this
case the recursion formula follows directly from the composition rule (8.28) and
so it holds regardless of the convergence of S. It also uniquely determines the
numbers N(d) and the Gromov-Witten potential S. The first few values of N(d)
are N(2) =1, N(3) =12, N(4) = 620, N(5) = 87304, N(6) = 26312976. ad

Remark 8.5.9 (i) If we include the odd-dimensional cohomology groups in the
above discussion then the commutativity and the action of the permutation
group involves signs and this leads naturally to the notion of a supermanifold.
The signs will also be involved in the correct definition of the Gromov-Witten
potential (8.26). We shall not discuss this extension here and refer the inter-
ested reader to [17] and [35].

(ii) The definition of the Gromov-Witten potential can also be extended to man-
ifolds which are not monotone. However this would involve exponents of
the form e~ *(4) and one has to solve a nontrivial convergence problem as

explained in the next chapter.
O
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Chapter 9

Novikov Rings and
Calabi-Yau Manifolds

The goal of this chapter is to extend the definition of the Gromov-Witten invariants
to all weakly monotone symplectic manifolds. An application to quantum cohomol-
ogy for Calabi-Yau manifolds is given in Section 9.3. Recall from Remark 5.1.4 that
(M,w) is weakly monotone if either it is monotone, or the first Chern class vanishes
over mo (M), or the minimal Chern number is N > n — 2. So far we have only dealt
with the monotone case with minimal Chern number N > 2.

In general, if the manifold M is only weakly monotone, then the dimension
condition (8.3) on ¢;(A) will no longer guarantee that the energy of the curve A is
uniformly bounded and hence the sum in (8.2) will no longer be finite. In this case
the deformed cup product can be defined by

(axrbe) =Y > @l B, m)e A (9.1)

gk A

for ¢ € QH*(M). As before, the sum should run over all quadruples (i, 7, k, A)
which satisfy N(i+ j+ k) + c1(A) = 0. This is a beautiful formula and shows how
the quantum deformed cup product is actually a deformation of the ordinary cup
product for large t. However, as is often the case with beautiful formulae, there
are several problems to overcome in order to make this rigorous. The first, and
not so serious, problem is the presence of multiply covered curves of Chern number
zero. We shall see in Section 9.1 how to circumvent this difficulty. The second,
and rather more serious, problem is the question of convergence. We must find a
uniform exponential bound on the invariants ® 4 («, £, ) in terms of e“*(Y) for some
constant c¢. That such a bound should exist has been conjectured by physicists in
the case of Calabi-Yau manifolds (cf. [8], [9]). This convergence problem is related
to enumerative problems in algebraic geometry. Without solving this convergence
question one can work instead with formal sums and this leads naturally to the
Novikov ring. We shall discuss this approach in Section 9.2.

141
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9.1 Multiply-covered curves

We now consider the problem of extending the definition of ® 4(a, 3,7) to the case
where A = mB is a nontrivial multiple of a class B with ¢;(B) = 0. For such
classes there is first of all the problem of proving that the number of simple curves
representing A (and intersecting v, 8, ) is finite under the appropriate conditions
on the dimensions of the homology classes and on the regularity of the almost
complex structure J. Secondly, there is the question of how to take account of
the multiply-covered curves which represent the class A. Moreover, in the proof of
associativity there is the difficulty of extending the definition of ¥ 4(a, 3,7,0) to
cases in which condition (JA4) is not satisfied. In this section, we shall outline a
way to get around these difficulties.

As we have seen in Chapter 6, when A = mB is a nontrivial multiple of a class
B with ¢1(B) > 0 and m > 1, then the multiply covered B-curves form part of
the boundary of the image X (A4, J) of the evaluation map and so do not contribute
to ® 4. However, if ¢;(B) = 0, the moduli spaces M(A, J) and M(B,J) have the
same dimension and the statements in Theorems 5.2.1 and 5.3.1 break down. To
illustrate the problems which occur in this situation, let us consider the case when
M is a 6-dimensional manifold with ¢; = 0. Then the dimension of M(A4, J)/G
is zero for all A and this implies that for a generic almot complex structure J all
(unparametrized) A-curves are isolated. However, if A = kB, what we have proved
so far does not imply that there are only finitely many A-curves, since there could be
a sequence of A-curves which converge to a multiply covered B-curve u : CP! — M.
This will not happen if .J is integrable near the curve Cg = u(CP') and if u is an
embedding. In this case it follows from the surjectivity of the linearized d-operator
D, that the normal bundle of Cp must have type (—1,—1), i.e. it decomposes
into a sum of holomorphic line bundles each of which has Chern number —1. This
implies that the pull-back of the normal bundle by a map of degree k has no sections
and hence, by results on complex geometry, that there are no A-curves near Cp.
However, it is not clear how to extend this argument to the case of non-integrable
J. Moreover, in order to show that ® 4 and ¥ 4 are well defined, one would have
to show that such a sequence of A curves converging to a multiply covered B-curve
can only occur for a set of almost complex structures J of codimension at least 2.
Even if the above problems are solved, so that one does have a well-defined finite
number of simple A-curves, the problem remains of how to count those A-curves
which are multiple covers of some B-curve.

As noted by Ruan, one can get around both these problems by using Gromov’s
trick of considering the graphs

:CP' > M=CP'x M, 1i(z) = (2 u(2)),

of J-holomorphic curves u : CP' — M. These curves are j—holomorphic with
respect to the almost complex structure

T=ixJ
on M. Moreover, if J is w-tame (or w-compatible) then the product structure Jis G-
tame (or W-compatible) where & = 79 X w and 79 is the standard symplectic form on
CP" corresponding to the Fubini-Study metric. Conversely, every J-holomorphic
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curve with projection ¢ = m o : CP' — CP! of degree 1 is the graph of a
J-holomorphic curve up to reparametrization. In [26], Gromov used this method
in a more general context to interpret graphs of solutions u : CP!' — M of an
inhomogeneous equation of the form 0;(u) = h as a Jp-holomorphic curve, where
the complex structure J;L depends on h.

Denote by A the homology class [CP! x {pt}] € Ho(M ) and, given A € Hy (M),
denote A= Ag+A. Then, instead of counting A-curves in M, we can count A-curves
in M. These curves cannot be multiply covered because A is not a multiple class.
However, because we must allow for a generic perturbation of the almost complex
structure, we cannot in general work with the product structure J =4 x J but with
an almost complex structure nearby. (In fact, it suffices to consider structures of the
form Jj, above, whose curves are graphs of the inhomogeneous equation d;(u) = h.)

For each v € M(A,J) there is a 6-dimensional family of reparametrizations of
the graph 7. This corresponds to the formal relation between the dimensions of the
moduli spaces for generic almost complex structures:

dim M(A,J) = dim M(A,J) + 6

Observe further that each class o € H, (M) gives rise to an element in H, (M\ ) in
two ways. There is the homology class of {z} x a for z € CP! which has the same
degree as o and also the class @ = [CP! x a] of degree 2 higher.

Lemma 9.1.1 Assume that the manifold (M,w) is weakly monotone.

(i) If the almost complex structure J € J(M,w) is semi-positive then so is the
product structure J =i x J € J(M,®).

(ii) Assume that A is not a nontrivial multiple of a class B with ¢;(B) = 0. As-
sume, moreover, that J € J(M,w, K) for some K > w(A) and is regular in
the sense of Theorem 5.3.1. Then J is also regular and

~

(I)A7J(a1,...7ap) = CD[&j‘({Zj} X Ozl,...,{Zg} X 0437(/34\4,...7041,)
for any three distinct points zy, 2o, 23 € CP™.

(iii) If A =mB is a nontrivial multiple of a class B assume that either c1(B) > 3
or p < 2m. Moreover, assume that J € J(M,w) is regular in the sense of
Theorem 5.4.1 and that every J-holomorphic curve has Chern number at least
2. Then J =i x J has the same properties and

\IJA’J(Oél,...7ap) = \I/A\,j\({zl} X Ozl,...,{Zg} X 053,(/)(\4,...,65\1,)
for any three distinct points zy, 2o, 23 € CPY.

Proof: Exercise. O

It is not hard to see that the right hand side in these identities is well-defined for
all classes A and all p > 3 whenever M is weakly monotone and the almost complex
structure J is sufficiently close to a product structure. In this case, a sequence
u, € M(A,J) with 4,((;) € {#;} X a; cannot converge (modulo bubbling) to
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a multiply covered curve. This is because the projection ¢, = m o u, satisfies
¢u(¢;) = z;j and, in the case J =i x J, is a holomorphic map of degree 1. These
conditions determine ¢, completely. In the general case, ¢, satisfies a slightly
perturbed inhomogeneous Cauchy-Riemann equation and the points z; will also be
perturbed because the cycles representing {z;} x o; must be put in general position.
But it is still impossible for ¢, to converge to a multiply covered curve. Hence the
proof of Theorem 5.4.1 shows that the codimension argument works for each class

"~

A. Tt follows that the invariants ® ; 7 and VU3 7 are always well defined and do

not depend on the choice of J. , provided that this is sufficiently near a product
structure. In view of Lemma 9.1.1 we can use these invariants to define ® 4 and
U4 for all classes A € Hy(M,Z) in a weakly monotone symplectic manifold.

This is the approach taken by Ruan and Tian in [67]. It allows us to extend the
definition of quantum cohomology to all weakly monotone symplectic manifolds.
Also the proof of associativity will be essentially the same as in Section 8.2. Of
course, the problem of computing the deformed cup product will in general be
nontrivial and is a topic for future research. We give one example at the end of this
chapter.

9.2 Novikov rings

If the symplectic manifold M is not monotone then the set of J-holomorphic curves
with given Chern number will in general not have uniformly bounded energy. One
way to overcome this difficulty is to count J-holomorphic curves in a given homol-
ogy class and this leads naturally to the Novikov ring A = A, associated to the
homomorphism

w:I'—=7Z.

Here I' C Hy(M) is the image of the Hurewicz homomorphism wo(M) — Ha(M)
and w is the symplectic form on M. One should think of the Novikov ring as a
completion of the group ring of I'; which is associated to a grading of I' induced by
w. Thus it is more like a Laurent ring than a polynomial ring. Because we have
divided out by the torsion subgroup, I' is isomorphic to Z™ for some m and below
we shall give a description which depends on an explicit choice of this isomorphism.
But we begin our discussion in a coordinate free setting.

An element of the Novikov ring can be thought of as a Fourier series of the form

A\ = Z )\A627TiA
Aer

where Ay € Z. Alternatively, we could allow the A4 to be in any principal ideal
domain. The Novikov ring A, consists of all formal sums A of this form, such that,
for each ¢ > 0, there are only finitely many nonzero coefficients A4 with energy
w(A) < c. In other words, the coefficients A4 are subject to the finiteness condition

#{AeT|da#0,w(A) <c} <

for every ¢ > 0. Thus the Novikov ring is a kind of completion of the group ring of
I'. The ring structure is given by

A\ % = Z )\A,U/BeQﬂ-i(AJrB)~
A,B
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Thus
(Axp)a =Y Na_pus.
B

It is a simple matter to check that the finiteness condition is preserved under this
multiplication.
The Novikov ring carries a natural grading given by the first Chern class via

deg(e?™4) = 2¢,(A).

If our symplectic manifold is monotone, this grading agrees up to a positive factor
with the energy level w(A) used in the finiteness condition. The monotonicity condi-
tion also implies that the homomorphism w : I' — Z has an (m—1)-dimensional ker-
nel (if ' = Z™). If the monotonicity condition is dropped then w will in general not
be an integral class. However, it does determine a homomorphism w : Hy(M) — R,
which may be injective. This case may occur for example in Calabi-Yau manifolds
where the first Chern class is zero. Note that in the case ¢; = 0 the Novikov ring
is not graded.

An integral basis Aq,..., A, of I' determines an explicit isomorphism Z™ — I'
which assigns to every integer vector d € Z" the homology class

Ag=diA1 4+ +dnAn.

Correspondingly, the vector d is assigned the energy level w(Ag). We may in this
case introduce the auxiliary variables q; = e2™ 4 which we think of as multiplicative
representatives of the classes A; With this formal notation the elements of the
Novikov ring are formal sums

A=Y Mgt dt =g g
d

The finiteness condition now becomes
H#AAeZ™ | N #0, w(Ay) <c} <0

and the grading is given by deg ¢% = 2¢;(Aq4). Note that the exponent d may have
negative components.

Now consider the special case where I' = Hy(M). This occurs, for exam-
ple, when M is simply connected. In this case the map Z™ — Hy(M) : d —
Ay is an isomorphism and the components p1,...,p, of the inverse isomorphism

p : Ho(M) — Z™ can be interpreted as cohomology classes in H?(M). They
form a basis of H?(M) which is dual to the basis Aj,...,A,, of Hy(M) since
pi(Aj) = 0;;. Moreover, in this case we may think of the auxiliary variables ¢; which
were introduced above as coordinates on the cohomology groups H?(M,C/Z) =
H?*(M,C)/H?*(M,Z) given by

gjla) = ¢

for a € H?(M,C). This would give a rigorous meaning to the formal expression
qj = e*™4i. Each coordinate function g; : H*(M,C/Z) — C* is a homomorphism
with respect to the multiplicative structure of C*. We took essentially this approach
when discussing flag manifolds, except that we considered only positive powers of
the generators ¢;.
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Remark 9.2.1 (i) If ¢; # 0 we denote by Ay C A the subset of all elements of
degree k. Then Ay is a ring, but, in general, multiplication changes the degree
via the formula

deg(A  p) = deg(A) + deg(p).

In other words, Ay is a module over Ag. Moreover, multiplication by any
element of degree k provides a bijection Ag — Aj. Note that Ay # () if and
only if k£ is an integer multiple of 2N where IV is the minimal Chern number
of M (defined by {(c1,ma(M)) = NZ).

(ii) If T' = Z then A is the ring of Laurent series with integer coefficients. This is
a principal ideal domain and if the coeflicients are taken in a field then A is
a field. These observations remain valid when the homomorphism w : I' = R
is injective. (See for example [32].) In the case mo(M) = Z it is interesting
to note the difference between ¢; = 0 and ¢; = [w]. In both cases A, is the
ring of Laurent series but if ¢; = 0 then this ring is not graded and in general
we cannot exclude the possibility of infinitely many nonzero coefficients. This
case appears for example when M is a quintic hypersurface in CP* (see below).

(iii) Novikov first introduced a ring of the form A, in the context of his Morse
theory for closed 1-forms (cf. [58]). In that case I" is replaced by the funda-
mental group and the homomorphism 7 (M) — R is induced by the closed
1-form.

(iv) As we shall see in Chapter 10 below, the Novikov ring A,, does arise in the
context of Floer homology from a closed 1-form defined on the free loop space
of M. This was used by Hofer and Salamon in [32] to prove the Arnold
conjecture in the weakly monotone case, and is an indication of the close
connection between quantum cohomology and Floer homology.

O

Quantum cohomology with Novikov rings

In the monotone case this can be defined much as before. Again, we define
QH*(M)=H"(M)®A.
where A is now is the Novikov ring A,,. It is graded by
2n
QH*(M) = @ H;(M) & Ay—;.
§=0

Here we have dropped the notation w in A and denote by A the elements of the
Novikov ring of degree k. Thus a class a € QH*(M) may be written in the form

a=>Y ase®™?  aye HTW (M), (9.2)
A

The finiteness condition of the Novikov ring now becomes

#{A €T |as #0,w(A) <c} <
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for every ¢ > 0. The Novikov ring A, acts on QH*(M) in the obvious way by

A*ka= Z Z Aa_pager™4.

A B

So QH*(M) is a module over A,,. If the first Chern class vanishes, then QH* (M)
is a module over A, for every k. Note that in this case the quantum cohomology
groups are graded by the integers and we have QH*(M) = H*(M)®A,,. In general
the group QH*(M) is only a module over the subring Ay C A,, of all elements of
degree zero. In the monotone case, this is just the group ring over the kernel of
w: T'— Z. The dimension of QH*(M) as a module over A is

dimy, QHF(M) = Y~ b,
j=k (mod 2N)

where b; = dim H7(M) is the j-th Betti number of M.

Remark 9.2.2 If the first Chern class ¢; does not vanish, then the quantum co-
homology is periodic with period 2N where N is the minimal Chern number. In
other words there is an isomorphism

QH"(M) = QH"*N (M)

given by multiplication with a monomial e?™*4 where A has Chern class ¢;(A) = N.
This isomorphism depends on the choice of the monomial and so is not unique
(unless Ho(M) = Z). a

Deformed cup product

As before, the deformed cup product is the homomorphism
QH"(M) x QH (M) — QH"**(M)

defined by

axb= Z(a % b) 424
A

for a € H*(M) and b € H'(M), where (a % b) 4 € H*H=21(A) (M) is given by
/(a xb)a = Pa(a,,7) (9:3)
y
for v € Hk+€—2c1(z4) (M) where a = PD(CL) S Hgn_k(M),ﬂ = PD(b) S Hgn_g(M).
Here the invariant ® 4 is defined whenever A is a multiple class by the right hand

side of the identity in Lemma 9.1.1 (ii). Apart from this, the previous discussion
carries over without essential change. For example, formula (8.7) becomes

JACEUREIES S IR
s B
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where {5 = PD((a % b)) and v = PD(c¢). Thus, in the weakly monotone case,
quantum cohomology with coefficients in the Novikov ring A, is well-defined and
has an associative multiplication. Moreover, as before, the constant term in the
expansion (9.3) is just the usual triple intersection index and so corresponds to the
ordinary cup product a U b.

Theorem 9.2.3 Assume that (M,w) is weakly monotone. Then the deformed cup
product on QH*(M) is associative, distributive, and skew-commutative. Moreover,
ifa € H*(M) or a € HY(M) then the deformed cup-product a * b agrees with the
ordinary cup-product a Ub. In particular, the canonical generator 1 € HO(M) is
the unit element.

9.3 Calabi-Yau manifolds

There are some interesting phenomena in the structure of the quantum cohomology
ring QH*(M) for general weakly monotone symplectic manifolds which do not
appear in the monotone case. For example the homomorphism w : I' — R need no
longer be integral, and this has its consequences for the Novikov ring A,,. The first
interesting case for this phenomenon is that of symplectic manifolds with vanishing
first Chern class.

A class of symplectic manifolds which satisfy this condition are the Calabi-Yau
manifolds. These are complex Kéahler 3-folds M (6 real dimensions) with ¢; = 0.
By a theorem of Yau, such manifolds admit Kéahler metrics with vanishing Ricci
tensor. Calabi-Yau manifolds have found considerable interest in the recent physics
literature (see for example [8] and [9]), and the mirror symmetry conjecture which
arises in this context has greatly intrigued mathematicians. All this formed part of
the motivation for the development of quantum cohomology.

A particular example of a Calabi-Yau manifold is a quintic hypersurface in
CP*. Another such example is a product M = T? x X where X C CP? is a quartic
hypersurface (the famous K3-surface). Recall that in a Calabi-Yau manifold the
dimension of the moduli space M(A, J)/G is zero for every class A and hence, for a
generic almost complex structure J, every simple J-holomorphic curve is isolated.
It has been conjectured by physicists that, in the case where M is a quintic in
CP*, this should continue to hold for generic complex structures. However, for
general Calabi-Yau manifolds with by > 1 it is necessary to consider non-integrable
almost complex structures in order prove the existence of only finitely many j-
holomorphic curves in each given homology class. An explicit counterexample is
given by P.M.H. Wilson in [84].

Convergence

An alternative (conjectural) definition of quantum cohomology can be given with
QH*(M) = H*(M,C) in which the deformed cup product depends on a complex
parameter ¢ with sufficiently large real part. For two classes A € H*(M,C) and
b€ H*(M,C) the product a *; b € H*+*(M,C) should be defined by

[axb=3 @ata,57)e (949)
v A
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for v € Hy1¢(M,C). It was conjectured by physicists that the series should converge
for Calabi-Yau manifolds. If this is the case, then the quantum deformation of the
cup product is an actual deformation of the ordinary cup product with deformation
parameter ¢, and the ordinary cup product appears as the limit when ¢t — oo.

Note also that, in the case of Calabi-Yau manifolds, the only interesting coho-
mology group, from the point of view of quantum cohomology, is H(M) and,
because H>?(M) = HY'(M) we can think of quantum cohomology as a prod-
uct structure on H%!. 1In fact all other groups, apart from H%°(M) = Z and
H3%(M) = 7Z are either zero or, as in the case of HY2(M), will only have trivial
quantum-cup-products. Now the deformation ring of M is a ring structure on H1?
which gives rise to a differential equation similar to the WDV V-equation above. The
mirror symmetry conjecture states that associated to each Calabi-Yau mani-
fold M there is a mirror manifold M* such that the rings H%!(M*) and H?(M)
are naturally isomorphic.

Quintic hypersurfaces in CP*
Consider the hypersurface of degree k in CP*

4
Z = [ZO:~~~ZZ4]€CP4|Zij:0
=0

This manifold is simply connected and has Betti numbers
by =by =1, by = k* — 5k + 10k — 10k + 4.

In particular the identity b = by = 1 follows from the Lefschetz theorem on hy-
perplane sections. It follows that m3(Z;) = Z and the symplectic form w does not
vanish over m(Z). Moreover the first Chern class of Zj, is given by

c1=(5—k)'h

where h € H?(CP*,Z) is the standard generator of the cohomology of CP* and
t: Z) — CP* is the natural embedding of Z; as a hypersurface in CP*.

Now let A € mo(Zk) be the generator of the homotopy group with w(A) > 0.
An explicit representative of A is given, for example, by the holomorphic curve
[20 : 21] — [20 : 21 1 —20 : —#1 : 0] when k is odd. Evaluating the first Chern class
on this generator gives

C1 (A) =5—k.

So for k < 4 the manifold Z;, is monotone. For & < 3 the minimal Chern number
is at least 2 and so the quantum cohomology can be defined with the methods of
Section 8.1. For k = 4 the minimal Chern number is 1. In this case the quantum
cohomology can still be defined with the techniques of Section 8.1, but to prove
associativity one has to combine the methods of Section 8.2 with those of Sec-
tion 9.1. For k > 5 there are no nonconstant J-holomorphic curves for a generic
almost complex structure because either w(A) <0 or ¢1(A4) < 0. In the latter case,
there cannot be any J-holomorphic curves for dimensional reasons because in 6
dimensions dim M(A, J)/G = 2¢;(A) < 0.
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Hence the most interesting case is that of the quintic hypersurface M = Zj
with Chern class zero. This is the archetypal example of a Calabi-Yau manifold. In
order to compute the quantum product, we need to calculate all non-zero invariants
D 4(aq, @2, a3). We would like the answer to be given in terms of the numbers ngy
of simple J-holomorphic curves of degree d = w(A). (Here w is normalized to give
an isomorphism Hy(M) — 7Z.) The answer should depend only on the original
manifold M, and not on some perturbation of J.

For A # 0 it is easy to check that, for dimensional reasons, the invariant
® 4(a1, 2, a3) is non-zero only when each «; has dimension 4. More precisely,
by condition (8.3), the sum of the degrees of the a; must equal 12. Since the curves
in M are all isolated a generic representative of any cycle «; with degree deg(a;) < 4
will avoid all nonconstant J-holomorphic curves. Therefore, since by = 1, it suffices
to calculate

(I)A(HaHaH)

where H = [Z5 N CP3] € Hy(Zs) is the class of the hyperplane section.
Observe first that, because Z5 is a hypersurface in CP* of degree 5, we have

&y(H,H,H)=H-H -H =[CP'|-Zs = 5.

Moreover, if C' is a simple curve in class A of degree d then C - H = d. Thus, if
we perturb H to general position, C' intersects H in d distinct points and it follows
easily that the contribution of the curve C to ®4(H, H, H) is exactly d®.

Now let us consider the contribution of C' to ®,,4(H, H, H). Choose a holomor-
phic parametrization u : CP' — Z5 of C, let ¢ : CP! — CP! be a rational map of
degree m, and consider the graph v : CP' — CP' x Z5 of u o ¢:

(2) = (2, u(¢(2))-

<)

This curve is not regular with respect to the complex structure 7 x J. It belongs to a
family of curves M(Ag+mA,ix J) of dimension 6+ 4m + 2 while the dimension in
the regular case should only be 842¢;(mA) = 8. (Here 4m+-2 is the real dimension
of the space Rat,, of parametrizations ¢. One can also verify that v is non-regular
by using Lemma 3.5.1.) Thus, in order to see how C contributes to ®,,4(H, H, H),
one should perturb the complex structure i x J to a generic element J and count
the number of J-holomorphic (49 + mA)-curves near C. By assumption, there
are only finitely many simple J-holomorphic mA-curves which are all regular, and
these are therefore separated from C. Hence under the perturbation j x J — J
their graphs move slightly but remain separated from C. Similarly, if A = m/A’,
the perturbation of any m’-fold cover of an A’-curve is separated from C. Thus one

~

can isolate the contribution from C' to M(Ag +mA, J).

No one has yet performed this calculation. However, Aspinwall and Morrison
in [2] give a different but very natural calculation of this contribution using methods
coming from algebraic geometry. Their answer is that each m-fold cover of C' should
also contribute d® to ®,,4(H, H, H). (This means that there should be exactly
one element of M(Ag +mA, J) coming from C.) Thus, their definition gives the
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following beautiful formula for a * a when a € H?(M) is dual to H

/a*a = Z/(a*a)Ae%iA
H o JH

> ®a(H, H, H)e*™
A

5+Z Z B+ P+ 3+ )
d=1 deg(C)=d

o0 qd
5 a3 )
+dz:;nd l—qd

Here we use the notation €>™4 = ¢¢ where A € Hy(M) is the unique homology
class of degree d. The second sum is over all simple holomorphic curves C' of degree
d and ng is the number of such curves. R

It seems very likely that the calculation of a * a using the perturbation J will
agree with this Aspinwall-Morrison formula. Observe also that, if we insert ¢ = e~*
then the deformed cup-product is given by the formula

e —td
a*¢ a4 = (5+and31ie—td> a
d=1

and the convergence problem is now restated in terms of the convergence of the
series on the right hand side.
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Chapter 10

Floer Homology

There is a completely different approach to quantum cohomology arising from
Floer’s proof of the Arnold conjecture and the resulting notion of Floer homol-
ogy (c.f. [18] and [20]). In this chapter, we will actually construct a cohomology
theory, rather than a homology theory. We briefly describe the construction of
Floer cohomology and outline a proof that it is isomorphic to the (additive) quan-
tum cohomology defined above. There is also a natural ring structure on Floer
cohomology, and we discuss the conjecture that this is isomorphic to the deformed
cup product in quantum cohomology.

Floer originally developed his homology theory in the context of monotone sym-
plectic manifolds. This was later extended by Hofer and Salamon in [32] and Ono
in [60] to the weakly monotone case and it is this extension which we shall explain
below.

10.1 Floer’s cochain complex

Let (M, w) be a compact weakly monotone symplectic manifold and let H; = Hyy; :
M — R be a smooth, 1-periodic family of Hamiltonian functions. Denote by
X : M — TM the Hamiltonian vector field defined by «(X;)w = dH; and consider
the time dependent Hamiltonian differential equation

(1) = X (z(t)). (10.1)

The solutions of this equation generate a family of symplectomorphisms ¢, : M —
M via

d
awt = X0y, o = 0.

It is not hard to see that the fixed points of the time-1-map 1 = 1)1 are in one-to-
one correspondence with the 1-periodic solutions of (10.1). We now explain how to
interpret the contractible 1-periodic solutions as the critical points of the symplectic
action functional on the universal cover of the space LM of contractible loops in
M.

For every contractible loop x : R/Z — M there exists a smooth map u : B — M
defined on the unit disc B = {z € C||z| < 1} which satisfies u(e?*"") = x(t). Two

153
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such maps u; and ug are called equivalent if their sum wu; #(—us2) is homologous
to zero (in the space Hy(M) of integral homology divided by torsion). We use the
notation

[z, u1] ~ [z, us]

for equivalent pairs and denote by LM the space of equivalence classes. The el-
ements of LM will also be denoted by Z. The space LM is the unique covering
space of LM whose group of deck transformations is the image I' C Hy(M) of the
Hurewicz homomorphism mo(M) — H2(M). We denote by

T x LM — LM : (A, %) — A#7

the obvious action of ' on LM. .
The symplectic action functional ag : LM — R is defined by

aH([iI?,u])_/Bu*w+/01Ht(x(t))dt

and satisfies
ag(A#2) = ag () + w(A). (10.2)

This function can therefore be interpreted as a closed 1-form on the loop space LM
rather than a function on the covering space LM, which is exactly the situation
considered by Novikov: cf Remark 9.2.1.

It is not hard to check that the critical points of ay are precisely the equivalence
classes [z, u] where x(t) = (¢t + 1) is a contractible periodic solution of (10.1). We
shall denote by P(H) C LM the set of critical points and by P(H) C LM the
corresponding set of periodic solutions. Floer homology is essentially an infinite
dimensional version of Morse-Novikov theory for the symplectic action functional.

Consider the (upwards) gradient flow lines of ag with repect to an L2-metric on
LM which is induced by an almost complex structure on M. These are solutions
u: R? — M of the partial differential equation

Oou Ou
_VH = 10.
s + J(u) 5 VHi(u) =0 (10.3)
with periodicity condition u(s,t + 1) = u(s,t) and limit condition
lim u(s,t) = 2 (1) (10.4)
s—Foo

where 2+ € P(H). We denote by M(i~,3T) = M(7~,3%, H, J) the space of all
solutions of (10.3) and (10.4) with Z~#u = 7. The elements of this space have
finite energy

1

E<u>=;/7<gf_j

0

2

ou

i X (u)

+!

) dsdt = ag(it) —au(i™).

Moreover, for a generic Hamiltonian function H : M x R/Z — R, the space
M(Z~,Z7) is a finite dimensional manifold of dimension

dim M(77,37) = u(@1) — p@").
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Here the function x : ﬁ(H ) — Z is a version of the Maslov index due to Conley
and Zehnder. The integer p([z,u]) is defined by trivializing the tangent bundle
over the disc u(B) and considering the path of symplectic matrices generated by
the linearized Hamiltonian flow along x(t). We refer to [75] and [15] for more details.
Here we only point out that

H(A#E) = pu(F) + 201(4) (10.5)
for 7 € ﬁ(H ) and A € T'. Moreover, the index can be normalized so that
w(Z) = indg (z) (10.6)

whenever H; = H is a C?-small Morse function and 7 = [z,u], where z(t) = x is a
critical point of H and u(z) = x is the constant disc. The right hand side in (10.6)
is then to be understood as the Morse index.

In the case p(y) — u(Z) = 1, the space M(Z, §) is a 1-dimensional manifold, and
so each point in the quotient M(Z,7)/R (with R acting by time shift) is isolated.
Moreover, for a generic Hamiltonan H we have the following finiteness result.

Proposition 10.1.1 For a generic almost complez structure J and generic Hamil-
tonian H we have
S 4 {M(@F A45)/R} < 0
w(A)<c
c1(A)=0

for all #,§ € P(H) with u(§) — (Z) = 1 and every constant c.

To prove this, one has to show that the relevant moduli spaces are compact.
This will be the case if no bubbling occurs. The key observation is that, for a
generic almost complex structure J, the set of points lying on a J-holomorphic
sphere of Chern number 0 forms a set in M of codimension 4 and so, for a generic
H, no such sphere will intersect an isolated connecting orbit. Thus, it follows
from Gromov’s compactness theorem that they cannot bubble off. Moreover, J-
holomorphic spheres of negative Chern number do not exist by weak monotonicity.
J-holomorphic spheres of Chern number at least 1 connot bubble off because oth-
erwise in the limit there would be a connecting orbit with negative index difference
but such orbits do not exist generically. This is the essence of the proof of Propo-
sition 10.1.1. Details are carried out in [32].

Whenever u(g) — 1(Z) = 1 we denote

n(i‘vg) =# {M(jv?D/R}a

where the connecting orbits are to be counted with appropriate signs determined
by a system of coherent orientations of the moduli spaces of connecting orbits as
in [21]. These numbers determine a cochain complex as follows. Define

CF* = CF*(H)

£= Z &z (2)

w(@)=Fk

as the set of formal sums
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which satisfy the finiteness condition
4 {a: € P(H)|& #0, an(F) < c} < .

Here the generators (Z) of the Floer complex run over the set P(H) of critical points
of the action functional, and the coefficients £z may be taken in Z or in Q. This
complex CF* is a module over the Novikov ring A = A,, defined above, with action

given by the formula
AE=3 " Naf—aypa (&)
i A

Note that this action will change the degree, unless A 4 is nonzero only when ¢; (A) =
0. Further, the dimension of CF*(H) as a module over A, is precisely the number
#P(H) of contractible periodic solutions of the Hamiltonian system (10.1).

The above numbers n(Z, ) determine a coboundary operator

0:CF*(H)— CF*(H)
defined by

w()=k+1
Proposition 10.1.1 and the formula (10.2) guarantee the finiteness condition re-

quired for
5% € CFFTL(H).

Floer’s proof that the square of this operator is zero carries over to the weakly
monotone case. Here the key observation is that 1-parameter families of connecting
orbits with index difference 2 will still avoid the J-holomorphic spheres of Chern
number 0 because they form a 3-dimensional set in M while these J-holomorphic
spheres form a set of codimension 4. Similarly, holomorphic spheres of Chern
number 1 can only bubble off if they intersect a periodic solution, and this does
not happen for a generic H because the points on these spheres form a set in M of
codimension 2 while the periodic orbits form 1 dimensional sets. For J-holomorphic
spheres with Chern number at least 2 the same argument as above applies. Hence no
bubbling occurs for connecting orbits with index difference 2 and hence such orbits
can only degenerate by splitting into a pair of orbits each with index difference 1.
As in the standard theory (cf. [20], [43], [75]) this shows that 6 o § = 0. Hence the
solutions of (10.3) determine a cochain complex (CF*,§), and its homology groups

ker &

imé

HF*(M,w, H,J) =

are called the Floer cohomology groups of the pair (H, J). Because the cobound-
ary map is linear over A, it follows that the Floer cohomology groups form a module
over A,. In [32] it is proved that the Floer cohomology groups are independent of
the almost complex structure J and the Hamiltonian H used to define them.

Theorem 10.1.2 For two pairs (H,J*) and (HP,J?), which satisfy the regu-
larity requirements for the definition of Floer cohomology, there exists a natural
isomorphism

P HF*(M,w, H*, J*) — HF*(M,w, H® JP).
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If (H",J7) is another such pair then
1Y = 70 o PP, P = id.
These isomorphisms are linear over A,,.

The theorem is proved by choosing a homotopy (Hs,Js) from (H<,J%) to
(HB, J%) and considering the finite energy solutions of the following time dependent
version of equation (10.3)

ou ou

T — —

gs W
Here u satisfies the usual periodicity condition u(s,t + 1) = wu(s,t). Any such
solution will have limits

VHS’t (’LL) =0.

lim (s, t) = z*(¢), lim w(s,t) = 2P (t)
S§— —00 s——+o00
where 2% € P(H®) and 2% € P(HP). These solutions determine a chain map
CF*(H®) — CF*(H"”) which is of degree zero and, choosing a homotopy of ho-
motopies, one can see that the induced map on Floer cohomology is independent
of the choice of the homotopy. These arguments are again precisely the same as in
Floer’s original proof in [20] for the monotone case, and for the present case they
are carried out in [32]. (See also [75] for the case ¢; = [w] = 0.)

Now one can specialize to a time independent Hamiltonian function and prove
that the Floer cohomology groups are naturally isomorphic to the cohomology of
the underlying manifold M with coefficients in the Novikov ring A,. But these are
precisely the quantum cohomology groups of M. (In order not to be concerned
with torsion, we take here cohomology with rational coefficients, replacing A, by
A, ®Q))

The following theorem was proved by Floer [20] in the monotone case and by
Hofer and Salamon [32] in the case where either ¢;(A) = 0 for all A € mo(M) or
the minimal Chern number is N > n. The general case is treated with different
methods in [63].

Theorem 10.1.3 Assume that (M,w) is weakly monotone. Then, for every reqular
pair (H*, J%), there exists an isomorphism

. HF*(M,w, H*,J*) — QH*(M),

where the cohomology groups are to be understood with rational coefficients. These
maps are natural in the sense that

7 o @ = o2
and they are linear over A, .

Floer’s original proof for the monotone case and the proof in [32] are based on
the following idea. Choose a time independent Hamiltonian H : M — R which
is a Morse function. If H is sufficiently small in the C?-norm then the 1-periodic
solutions of (10.1) are precisely the critical points of H and, by (10.6), their Maslov
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index agrees with the Morse index. Moreover, the gradient flow lines u : R — M
of H are solutions of the ordinary differential equation

u(s) = VH(u(s))

and they form special solutions of the partial differential equation (10.3), namely
those which are independent of ¢. These solutions determine the Morse-Witten
coboundary operator

Sarw : C*(H) — C*(H).

This coboundary operator is defined on the same cochain complex as the Floer
coboundary § and, by (10.6), the cochain complex has the same grading for both
theories. But the homology of the Morse-Witten coboundary operator is naturally
isomorphic to the quantum cohomology of M

ker &
QH*(M) = SO OMw

1m 5MW
(See [86], [73], or Schwarz’s book [76].) Thus, to prove Theorem 10.1.3 one must
show that all the solutions of (10.3) and (10.4) with

p(u) = p(@*) —p@") <1

are independent of ¢, provided that H; = H is a Morse function which is indepen-
dent of ¢ and is rescaled by a sufficiently small factor.

To prove this result without any bound on the energy of the solution requires
one to assume that either M is monotone, or ¢;(A) = 0 for all A € my(M), or the
minimal Chern number is N > n. In the other cases of weak monotonicity (where
the minimal Chern number is N = n — 1 or N = n — 2) it has so far only been
possible to prove t-independence for the solutions of (10.3) with a given bound on
the energy, with the required smallness of H depending on this bound. To use such
a result for the proof of Theorem 10.1.3 one needs an alternative definition of Floer
cohomology. (First truncate the chain complex and then take inverse and direct
limits.) These ideas are due to Ono and in [60] he proved Theorem 10.1.3 with this
modified definition of Floer cohomology.

To prove this theorem with the original definition of the Floer groups requires
a different approach which was found by Piunikhin-Salamon—-Schwarz [63]. The
idea is to consider perturbed J-holomorphic planes u : C — M such that u(re?™)
converges to a periodic solution z%(t) of the (time dependent) Hamiltonian system
H* as r — oo and such that u(0) lies on the unstable manifold of a given critical
point z of the Morse function H : M — R (with respect to the upward gradient
flow). One can think of these as J-holomorphic spiked disks where the spike is the
gradient flowline from z to «(0). In the case where the index difference is zero the
moduli space of such spiked disks is 0-dimensional and hence the numbers n(z, Z%)
of its elements can be used to construct a chain map C*(H) — CF*(H®*). In [63]
it is shown that this map induces an isomorphism on cohomology.

As a corollary of Theorem 10.1.3 it follows that all weakly monotone symplec-
tic manifolds (M,w) satisfy the Arnold conjecture. To see this recall that the
dimension of the Floer chain complex CF*(H®) as a module over the Novikov ring
is the number of contractible periodic solutions.
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Corollary 10.1.4 (Arnold conjecture) [20, 32, 60] Let (M,w) be a weakly
monotone compact symplectic manifold and ¥ : M — M be a Hamiltonian sym-
plectomorphism with only nondegenerate fized points. Then

2n
#Fix() > Y b;(M)
3=0
where bj(M) = dim H;(M) denote the Betti numbers of M.

10.2 Ring structure

There is a natural ring structure on Floer cohomology which is defined using trajec-
tories which connect three periodic orbits, in contrast to the cylindrical trajectories
used above to define the boundary operator. The domain of these trajectories is
the “pair of pants” 3, and we begin by describing this space.

>} is a noncompact Riemann surface of genus zero with three cylindrical ends,
provided with a conformal structure which is the standard product structure on
the cylindrical ends. To define this precisely, fix parametrizations

¢17¢2:(*0030)XR/Z*>23 ¢3(O»OO)XR/Z*>Z

of the cylindrical ends with disjoint images U; = ¢,((—00,0) x R/Z) for j = 1,2
and Us = ¢3((0,00) x R/Z). Assume that the complement

Y =S-U Uy~ Us

is diffeomorphic to a 2-sphere with three open discs removed. In particular ¥’ is
compact. Choose a complex structure on ¥ which on the three cylindrical ends
pulls back to the standard structure s + it.

In order to define the appropriate trajectory space, choose three Hamiltonian
functions H; : R x R/Z x M — R which vanish for |s| < 1/2 and are independent
of s for |s| > 1. Then consider the space of smooth maps

u:x— M

such that the restriction of u to ¥’ is a J-holomorphic curve and u; (s, t) = uog;(s,t)
satisfies 5 5
U Uj

— + J(uy)—==

s (us) ot

for j = 1,2, 3. Here the gradient in the last term is to be understood with respect to
the third argument which lies in M. Any finite energy solution of these equations

satisfies the limit conditions

— VHj(S,t, Uj) =0

lm wq(s,t) =21(t), lim wa(s,t) =x2(t), lim wus(s,t) = x3(t)
§——00 §——00 §—+00

where z; € P(H;). (Here we slightly abuse notation and denote by P(H;) the
periodic solutions of the Hamiltonian H;(—o0,t,x) for j = 1,2 and of H;(+00,t, x)
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for j = 3.) The space of such solutions u in the correct homology class will be
denoted by M(Z1, &2, 3). It has dimension

dim M(Z1, 22, Z3) = w(Zs, H3) — u(Z1, H1) — p(Z2, Ha)

In the zero dimensional case we get finitely many solutions by the same argument
as above.
By the usual counting procedure, these finitely many solutions determine a chain
map
CFF(Hy) x CF!(Hz) — CF"(Hs) : (§,1) = €%,

It follows by the usual gluing techniques in Floer homology that this map is a
cochain homomorphism and therefore induces a homomorphism of Floer cohomolo-
gies

HF*(H,) x HF*(Hy) — HF*"*(Hs).

In view of its construction this map is called the pair-of-pants product. It is
easy to see, by the usual deformation arguments, that the pair-of-pants product is
independent of the conformal structure on the Riemann surface ¥ used to define
it. It is also independent of the Hamiltonian functions Hj, as long as they are not
changed at +oo. If they are changed at 00, one again uses Floer’s gluing techniques
to prove that the product is natural with respect to the isomorphisms ®°¢ of
Theorem 10.1.2. To prove that the product is skew-commutative with the usual
sign conventions, choose an orientation preserving diffeomorphism f : 3 — ¥ which
interchanges the two cylindrical ends on the left. This diffeomorphism changes the
conformal structure of ¥ but, as we have seen above, the resulting map on Floer
cohomology is independent of the choice of the conformal structure on Y. The proof
of associativity requires the gluing of two surfaces 3123 and X34 5 with 3 cylindrical
ends over a very long cylinder. This process cancels the two ends labelled by 3 and
results in a Riemann surface 394 5 with 4 cylindrical ends. If the neck is sufficiently
long then the resulting triple product corresponds to the composition (§xn)*(. Now
vary the conformal structure on the surface X124 5 and decompose it in a different
way to obtain the identity (€ xn) * ¢ = £ x (n * ¢). This variation of the conformal
structure corresponds to the moving of the point z in the proof of the associativity
of quantum cohomology in Section 8.2.

An alternative definition of a product structure on Floer cohomology which uses
differential forms is presented by Viterbo in [83].

10.3 A comparison theorem

According to Theorem 10.1.3 the Floer cohomology groups H F*(M) are naturally
isomorphic to the quantum cohomology groups QH*(M) and one would expect
the pair-of-pants product to correspond to the quantum deformation of the cup
product under this isomorphism. This question is already nontrivial in the case
(M) = 0 where the quantum deformation agrees with the ordinary cup product.
This was recently proved by Schwarz [77] in his thesis for the case mo(M) = 0,
by Piunikhin—-Salamon—Schwarz [63] for the general case, and independently by
Liu [39] and Ruan—Tian [69].
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Theorem 10.3.1 Let &~ : HF*(M,w,H*,J%) — QH*(M) be the isomorphisms
of Theorem 10.1.3 and similarly for ®° and ®7. Then

(¢ &7) = d2(£7) x 0P (¢P)

for €& € HF*(H®) and £° € HF*(H?). Here the product on the left is defined
by the pair-of-pants construction while the product on the right is the quantum
deformation of the cup product.

The proof of this theorem goes along the following lines. First use the Morse-
Witten complex to represent the quantum deformation of the cup product in a
somewhat different way. Given three Morse functions Hy, Ho, Hs : M — R, three
critical points x1, 2,3, and three distinct points 21, 22,23 € CP!, consider the
space

Ma(z1,22,23) = Ma(x1, 22,23, H, 2)

of all J-holomorphic A-spheres u : CP' — M such that
U(Zl) c W“(xl,Hl), U(ZQ) c Wu((EQ,HQ), U(Zg) S WS($3,H3).

Here W#(z, H) and W*(x, H) denote the stable and unstable manifolds of a critical
point x of H with respect to the (upward) gradient flow of the Morse function H.
One can think of such objects as spiked J-holomorphic spheres. Since

dim W¥(z, H) = indg (z), dim W*(z, H) = 2n — ind g (z),
we have generically
dim M (21,22, 23) = 2¢1(A) + ind g, (x3) — ind g, (x1) — ind g, (z2).

Whenever this dimension is zero, denote by n4(x1, xs,z3) the number of points in
M (21,29, x3) counted with appropriate signs. This gives rise to a chain map
C*(Hl) X C*(HQ) — C*(Hg)

defined by

(1) * (22) = ZnA(xl,:Eg, x3){xs), (10.7)

A

and this induces a map on quantum cohomology. Here the boundary map is taken
to be dyw and is determined by counting the connecting orbits of the finite dimen-
sional gradient flows. This product agrees with the deformed cup product because
the stable and unstable manifolds of critical points of Morse functions represent
cohomology classes which generate the cohomology of M.

Now it follows from the standard gluing arguments in Floer homology that
the isomorphism ®® : HF*(H®*) — QH*(M) of Theorem 10.1.3, as described
in [63], intertwines the two product structures. To see this one has to glue three
J-holomorphic spiked disks to the boundary of a J-holomorphic pair-of-pants. More
precisely, the boundary components are cylindrical ends abutting on periodic solu-
tions and one uses Floer’s gluing theorem. As a result one obtains a (perturbed)
J-holomorphic sphere with three spikes as described above. More details of this
argument are given in [63]. The full details of the proof will appear in Schwarz [78].
A physicist’s approach to this problem may be found in Sadov [72]. Note also that
Theorem 10.3.1 gives rise to an alternative proof of the associativity of quantum
cohomology.
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10.4 Donaldson’s quantum category

Symplectomorphisms

The Floer homology approach to quantum cohomology can be extended in two
directions. Assume for simplicity that the symplectic manifold (M, w) is compact,
simply connected, and monotone. Then there are Floer cohomology groups H F*(¢)
for every symplectomorphism ¢. As above they are graded modulo 2N where N is
the minimal Chern number, and the Euler characteristic of the theory

X(HF"(¢)) = L(¢)

is the Lefschetz number of ¢. The critical points that generate the Floer com-
plex are now the fixed points of ¢, which we assume to be all nondegenerate, and
the connecting orbits are J-holomorphic maps u : R x [0,1] — M which satisfy
u(s,1) = ¢(u(s,0)). We may think of these as J-holomorphic sections of a sym-
plectic fiber bundle P — R x S* with fiber M and holonomy ¢ around S*. If there
are degenerate fixed points then we must choose a Hamiltonian perturbation as in
the previous section. The resulting Floer homology groups are independent of the
Hamiltonian perturbation and the almost complex structure used to define them
and they only depend on the symplectic isotopy class of ¢. (See [20], [22], and [14]
for more details.) Now for any two symplectomorphisms ¢ and 1) there is a natural
isomorphism

HF*(¢) — HF* (o gop).

Moreover, according to Donaldson, there is an analogue of the deformed cup-
product, namely a symmetric and associative pairing

HF*(¢) @ HF" () — HF" (¢ 0 ).

This should be defined in terms of J-holomorphic sections of a symplectic fiber
bundle P — S with fiber M where S is a 2-sphere with three punctures and the
holonomies around these punctures are conjugate to ¢, ¥, and ¥ o ¢, respectively.
This product structure can be interpreted as a category in which the objects are
the symplectomorphisms of M and and the morphisms from ¢ to ¥ are the elements
of the Floer cohomology group HF*(¢) o ¢~ !). Composition of two morphisms is
given by the quantum product.

Now in the case 1 = id it follows from the discussion of Section 10.1 that, in
the monotone case, the Floer cohomology groups are isomorphic to the ordinary
cohomology groups HF*(id) = QH*(M) = H*(M), where the grading is made
periodic with period 2N. Thus the cohomology of M acts on the Floer cohomology

of ¢
H*(M)® HF*(¢) — HF*(¢).

In this case there is yet another way to think of the cuantum product structure.
Namely, one can represent a k-dimensional cohomology class by a codimension-k
submanifold (or pseudocycle) V' C M and then intersect the spaces of connecting
orbits in the construction of the Floer homology groups of ¢ with this submanifold.
More generally, one can intersect these connecting orbit spaces with finite dimen-
sional submanifolds of the path space Qs = {7 :[0,1] — M |v(1) = ¢(v(0))} and
obtain an action of the (low dimensional) cohomology H*(£,) on HF*(¢).
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Specializing further to the case ¢ = id, we see that the above product construc-
tion agrees with the pair-of-pants product of Section 10.2, and so in this case the
Donaldson category reduces to the quantum cohomology of M.

Mapping tori

The previous structures are particularly interesting when the symplectic manifold
M is the moduli space My of flat connections over a Riemann surface ¥ (of large
genus) with structure group SU(2) or SO(3). In this case the mapping class group
of ¥ acts on the manifold My, by symplectomorphisms ¢; : My, — Ms, (where f :
¥ — ¥ is an orientation preserving diffeomorphism) and one can examine the Floer
cohomology groups HF*(¢y) generated by the mapping class group. Results in this
direction will appear in the thesis of M. Callaghan [7]. Now there is an alternative
construction, based on Floer cohomology groups for 3-manifolds and Yang-Mills
instantons on 4-dimensional cobordisms. Every diffeomorphism f : ¥ — ¥ induces
a mapping torus Yy = ¥ x R/ ~ where ¥ x {t} is identified with ¥ x {t + 1}
via f. These 3-manifolds determine Floer homology groups HF*(Y}) constructed
from flat SO(3)-connections on Yy and anti-self-dual instantons on Y; x R. It was
conjectured by Atiyah and Floer, and proved in Dostoglou-Salamon [16], that there
is a natural isomorphism

HF*(¢y) = HF*(Yy).

Now in Floer-Donaldson theory there is a pairing
HF*(Yy) @ HF*(Y,) — HF*(Yyy)

determined by anti-self-dual instantons over the 4-manifold X which is fibered over
the 3-punctured sphere S with fiber S and holonomy f, g, and gf. Of course, it is
natural to conjecture that the two product structures should be preserved by the
above isomorphisms and this will be proved in Salamon [74].

An interesting special case arises when g = id. In this case the symplectic Floer
cohomology of ¢, and hence the instanton Floer cohomology of Y, agrees with the
ordinary cohomology of the moduli space My made periodic with period 4. So
H*(Ms) acts on the Floer cohomology of Y}

H*(Ms) ® HF*(Yy) — HF*(Yy).

Now the cohomology of My is well understood and is closely related to the homology
of the Riemann surface X itself. For example there is a universal construction of
a homomorphism p : H;(X) — H3(Bg) where By = Asx/Gs, denotes the infinite
dimensional configuration space of connections on the bundle P — ¥ modulo gauge
equivalence. This is Donaldson’s p-map. It can be roughly described as the slant-

product

1

wy) == (P) /v

where p;(P) € H*(Bs x X) denotes the first Pontryagin class of the universal
SO(3)-bundle P — By, x X. In more explicit terms, the induced cohomology class
in H3(Msy) is represented by the codimension-3-submanifold V., C My of those
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flat connections which have trivial holonomy around ~. In summary, we have the
following diagrams

HF*(v;) "0 HF(v)) HF*(Yy) 3 HF*(vy)
il i : ! | )
HF*(¢5) = HF*(¢y) HF*(¢f) — HF*(¢y)

In each diagram the vertical arrows are the natural isomorphisms of [16]. In the
diagram on the left the horizontal maps are defined by cutting down the moduli
spaces of connecting orbits by intersecting them with suitable submanifolds. In
the diagram on the right the horizontal maps are given by the product structures
which are defined in terms of cobordisms. For example, the class v € H;(X)
determines a natural cobordism X, with boundary 0X, = (—Y;) UY}. Of course,
all four definitions of the product should agree under the natural isomorphisms.
The relations between these product structures play an important role in the work
of Callaghan about symplectic isotopy problems on My and a detailed discussion
will appear in his thesis [7].

These product structures also play an important role in the Floer-Fukaya con-
struction of cohomology groups HFF*(Y,~) associated to pairs (Y,~) where Y is
a 3-manifold and v € H1(Y). In another direction, the homomorphisms in Floer’s
exact sequence can be interpreted in terms of these product structures and any
analogue in symplectic Floer theory should be related to quantum cohomology.

Lagrangian intersections

There are similar structures in Floer cohomology for Lagrangian intersections.
These form in fact the original context of Donaldson’s quantum category construc-
tion. With M as above (compact, simply connected, and monotone) there are Floer
cohomology groups HF*(Lg, L1) for every pair of Lagrangian submanifolds L and
Ly with HY(L;,R) = 0. In this case the critical points are the intersection points
LyN Ly and the connecting orbits are J-holomorphic curves u : R x [0,1] — M with
u(s,0) € Ly and u(s,1) € Ly. This is the context of Floer’s original work in [18].
The Euler charcteristic of Floer cohomology is now the intersection number

X(HF*(Lo,L1)) = Lo - L.
Again there is a pairing
HF*<LOaL1) ®HF*(L17L2) - HF*(LOaL2)

defined by holomorphic triangles. In [18] Floer proved that HF*(Lg, Lg) is iso-
morphic to the ordinary cohomology of Lo provided that mo(M) = 0. Under our
assumptions, where M is simply connnected, this condition is never satisfied and
the corresponding assertion is an open question.

This multiplicative structure can be interpreted as a quantum category where
the objects are the Lagrangian submanifolds L C M (with H!(L,R) = 0) and
the morphisms from Ly to L; are the elements of the Floer cohomology group
HF*(Lg,L1). The above structur with symplectomorphisms is a special case of
this with M = N x N, Lo = A, Ly = graph (¢), and Lo = graph (¢).
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Heegard splittings

The Floer theory for Lagrangian intersections is related to 3-manifolds as follows.
If Y is a homology-3-sphere choose a Heegard splitting Y = YyUY; over a Riemann
surface ¥. Then each handlebody Y; determines a Lagrangian submanifold L; =
Ly, C Ms and, according to Atiyah [4] and Floer, there should be a natural
isomorphism

HF*(YoUYy) 2 HF*(Lo, L1).

As before, there is a product structure
HF* (Yo UY:) ® HF*(Y3,Y3) — HF* (Y, Y2)

defined directly in terms of Yang-Mills instantons on a suitable 4-dimensional cobor-
dism and the two product structures should be related by the above (conjectural)
isomorphisms.

10.5 Closing remark

We close this book with the observation that both in the definition of Floer co-
homology and in the definition of quantum cohomology the same difficulties arise
from the presence of J-holomorphic spheres with negative Chern number. In order
to extend either theory to general compact symplectic manifolds one has to find
techniques of dealing with J-holomorphic curves of negative Chern number and
their multiple covers. For example an important putative theorem would be that
multiply covered J-holomorphic curves of negative Chern number cannot be ap-
proximated by simple curves (in the same homology class). In the almost complex
case no one has so far developed such techniques. One would expect that if such
methods can be found then they should give rise to both an extension of quantum
cohomology to general compact symplectic manifolds and a proof of the Arnold
conjecture in the general case.
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Appendix A

Gluing

In this section we give a proof of the decomposition formula in Lemma 8.2.5. This
proof is based on a gluing theorem for J-holomorphic curves which is the converse of
Gromov’s compactness theorem. It asserts, roughly speaking, that if two (or more)
J-holomorphic curves intersect and satisfy a suitable transversality condition then
they can be approximated, in the weak sense of Section 4.4, by a sequence of J-
holomorphic curves representing the sum of their homology classes. The proof is
along similar lines as the Taubes gluing theorem for anti-self-dual instantons on 4-
manifolds. Our proof is an adaption of the argument in Donaldson-Kronheimer [13],
page 287-295, to the two dimensional case of J-holomorphic curves.

We shall consider two J-holomorphic curves u € M(A,J) and v € M(A,J)
such that u(0) = v(c0) and the corresponding Fredholm operators D,, and D,, are
surjective. This means that the moduli spaces M(A, J) and M(B, J) are smooth
manifolds near u and v, respectively. However, as pointed out to us by Gang Liu,
this condition alone cannot be enough to obtain a nearby J-holomorphic curve
w with surjective Fredholm operator D,,. Consider for example the case where
c1(A) < 0 and ¢;(B) < 0 with indexD,, = 2n + 2¢;(A) > 0 and index D, =
2n + 2¢1(B) > 0 but indexD,, = 2n + 2¢;(A + B) < 0. Then there cannot be
any J-holomorphic curve in the class A + B with surjective Fredholm operator. To
obtain such a curve we must assume that

2n + 2¢1(A) 4 2¢1(B) > 0.
In fact we shall assume that the evaluation map
M(A, J) x M(B,J) = M x M : (u,v) — (u(0),v(c0))

is transverse to the diagonal in M x M. This implies the above inequality. Moreover,
by Theorem 6.3.2, this is satisfied for generic J.

Given two curves u € M(A,J) and v € M(B,J) with u(0) = v(c0) we shall
then consider an approximate J-holomorphic curve u#v and prove that nearby
there is an actual J-holomorphic curve w. In particular, this involves a proof that
the Fredholm operator D, is onto and an estimate for the right inverse. For
this we shall need the following elementary, but subtle, observations about cutoff
functions. Throughout the appendix all integrals are to be understood with respect
to the Lebesgue measure unless otherwise mentioned.
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A.1 Cutoff functions

Lemma A.1.1 For every constant ¢ > 0 there exists a § > 0 and a smooth cutoff
function 3 : R? — [0, 1] such that

(1 i<
W"{a if 2| > 1,

and
JN\ Ol
lzI<1
In fact, such a function exists with § = e=27/¢.

Proof: We first define a cutoff function of class W2 by g(z) = 1 for |2| < 4,
B(z) =0 for |z| > 1, and

log |z|
= 6 < <1
B = d, o<l <
Then the gradient V3 satisfies
IVB(2)| :
A = G
|z] - [log 4|

Hence

1 L on o
TR G S S
/m.q' CIF= | i TePTIogd — J, 3iog o “* = Tiogd)

This function £ is only of class W2 but not smooth. To obtain a smooth function
take the convolution with ¢x(z) = N2¢(Nz) where N is large and ¢ : R? — R is
any smooth function with support in the unit ball and mean value 1. a

The previous lemma says that there is a sequence of compactly supported func-
tions on R? which converge to zero in the W2 norm but not in the L>*-norm. This
is a borderline case for the Sobolev estimates. For p > 2 there is an embedding
WLP(R?) — C(R?) and hence the assertion of the previous lemma does not hold if
we replace the L2-norm of V3 by the LP-norm for p > 2. In the following we shall
see that the L?-norm is precisely what is needed for the proof of surjectivity of a
first order operator in 2 dimensions. A similar argument in n dimensions requires
the L™-norm of V{3 to be small and this is again a Sobolev borderline case. The
case n = 4 is relevant for the gluing of anti-self-dual instantons and this is explained
in [13], page 287-295.

Now consider the functions

Ba(z) = B(Az)

where (3 is as in Lemma A.1.1 and A > 1. In view of the conformal invariance of
the L2-norm of V3 we have the following estimate for ¢ < 2 and ¢ € W12(R?)

VB - Ell g < IVBAllL2 €l < VBl 2 [Elwa -
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The first inequality above uses the Holder inequality

(o) "< (o) (fi)" 22

with s = 2. Hence we must take r = 2¢/(2 — ¢) and so, by Theorem B.1.5, there is
a Sobolev embedding W4 < L. This implies the second inequality above. If the
L?-norm of V3 is sufficiently small then we obtain

IVBx - €ll e < ell€llwr.a

for every ¢ € WH4(R?). In the above proof of this inequality it is essential to
assume that ¢ < 2. However, the following lemma shows that the last inequality
remains valid for ¢ > 2 provided that £(0) = 0.

Lemma A.1.2 For every p > 2 and every € > 0 there exists a d > 0 and a smooth
cutoff function 3 : R? — [0,1] as in Lemma A.1.1 such that

IVOx - &lle < ell€llrs

for every & € WHP(R?) with £(0) = 0 and every X\ > 1. Here 3y : R? — [0,1] is
defined by Bx(z) = B(Az2).

Proof: With (8 as in the proof of Lemma A.1.1

1

VA=) = AIVBO2)| = ey

Moreover, by Theorem B.1.4, ¢ is Holder continuous with exponent u = 1 —2/p
and hence there exists a constant ¢ > 0 (depending only on p) such that

()| < clzl' 2P |[€ll s

for every £ € WP(R?) with £(0) = 0. Hence

1
IVOA(R)PIE(2)P < / S E— T3 ]
/6/A§|z|§1/>\ )P | §/A<|2|<1/A |z|P\log5\P E I HWl

€110

< cl)/ R
5/A<|2|<1/A |Z|2|10g5|p

< P ———ds||€|)%,
— & / S|10g6|p 3||§HW11P

2m

‘log(s‘P 1 Hg”wlp

This proves the lemma with 3 € W, To obtain a smooth cutoff function one
uses the usual convolution argument. ]
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A.2 Connected sums of J-holomorphic curves

Fix a regular almost complex structure J such that the operator D, is onto for
every J-holomorphic curve u : CP' — M. Consider the space

M(A, B, J) € M(A,J) x M(B, J)

of intersecting pairs (u,v) of J-holomorphic curves which represent the classes
A, B € Hy(M) and satisfy
u(0) = v(o0).

Denote by Mg (A, B, J) C M(A, B, J) the subset of those pairs (u,v) which satisfy
|ldul|| ;o < K and ||dv]| ;. < K, where the norm is taken with respect to the Fubini-
Study metric on CP! and the J-induced metric (3.1) on M.

Given a pair (u,v) € Mg (A, B, J) and a large number R > 0 we shall construct
an approximate J-holomorphic curve wg : CP! — M which (approximately) agrees
with u on the complement of a disc By, of radius 1/R and with the rescaled curve
v(R?z) on By g. The condition u(0) = v(co) guarantees that these maps are
approximately equal on the circle |z| = 1/R. We shall thicken this circle on each
side to annuli of the form A(dr,r) for a sufficiently small number § > 0. We shall
use cutoff functions as constructed in Lemma A.1.1 which are supported in these
annuli and this determines the smallness of §. We shall fix a suitable constant §
and consider sufficiently large numbers R > Rs so that the product JR is large. In
the limit R — oo we obtain the converse of Gromov’s compactness. In other words
the curves wr will converge in the weak sense of Section 4.4 to the pair (u,v).

More precisely, for any sufficiently small number § > 0, any sufficiently large
number R > 0, and any pair (u,v) € Mg (A4, B, J) we shall construct an approzi-
mate J-holomorphic curve wg = u#rv : CP' — M which satisfies

v(R%2), if |2 < 5,

wr(z) = u(0) =v(o), if &< |2 < 55

R

e

u(z), if |z| > .

To define the function wg in the rest of the annulus 6/2R < |z| < 2/JR we fix a
cutoff function p : C — [0, 1] such that

(2) = 1, if |z| > 2,
PEI= 0, if|z] <.
Now denote the point of intersection of the curves u and v by z = u(0) = v(00)

and use the exponential map in a neighbourhood of this point. Let &,(z) € T, M
for |z| < € and &,(z) € T, M for |z| > 1/e be the vector fields such that u(z) =

exp, (&.(2)) and v(z) = exp, (&, (2)). Define
wi(z) = exp, (HERAE(:) + pOR /2 (R22))

for §/2R < |z| < 2/JR. This is well defined whenever R > 2/de. Moreover, the
number € > 0 depends only on the uniform bound K for du and dv. The map wg
is not a J-holomorphic curve, however we shall see that the error converges to zero
as R — oco. Our goal is construct a true J-holomorphic curve wg near wg.
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Remark A.2.1 The curves wg converge to the pair (u,v) in the weak sense of
Section 4.4. More precisely, wr(z) converges to u(z) uniformly with all derivatives
on compact subsets of CP! — {0} and wr(z/R?) converges to v(z) uniformly with
all derivatives on compact subsets of C = CP! — {occ}. The J-holomorphic curves
wg which we construct below will converge to the pair (u,v) in the same way. O

Remark A.2.2 Consider the curves ug, vy : CP! — M defined by

- w (z), if |Z| > ]-/Ru
ur(z) = { ﬁ(o), if |z2| <1/R,

and
() = wgr(z/R?), if|z| <R,
VR\Z) = v(co), if [2| > R.

Then ug converges to u in the WP-norm and vg converges to v in the WP-norm.
Moreover, the convergence is uniform over all pairs (u,v) € Mg(A, B,J). Note
that uniformity requires the uniform estimate on the derivatives of du and dv (by
the constant K). Note also that up and vy do not converge in the C''-norm. O

Example A.2.3 Consider the case M = CP! with the standard complex struc-
ture. Then the holomorphic curves

u(z) =1+ 2z, v(z)=14+1/z
satisfy u(0) = v(co0) = 1 as required. The above maps wg : CP! — CP? satisfy

1+1/R%z, if|2| <§/2R,
wr(z) = 1, ifd/R<|z|<1/0R,
142z, if|z| >2/R.

Nearby J-holomorphic curves are given by

2 1 2
Bn(2) = v(B%) +u(z) — 1 = 2t 2 IR
z
and these converge to the pair (u,v) as in Remark A.2.1. a

A.3 Weighted norms

In order to apply the implicit function theorem we must specify the norm in which
0s(wg) is small. The guiding principle for our choice of norm is the observation
that the curves v and v play equal roles in this gluing argument. However, the map
v appears in rescaled form and is concentrated in a small ball of radius 1/R. So in
order to give u and v equal weight we shall consider a family of R-dependent metrics
on the 2-sphere such that the volume of the ball of radius 1/R is approximately
equal to the volume of S? with respect to the standard (Fubini-Study) metric. The
rescaled metric is of the form 05, (ds? + dt?) where

On(z) = R™2+ R%|z2, if |z] <1/R,
R\Z) = 1+ 22, if|2| > 1/R.
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The area of S? with respect to this metric is given by
Volp(S?%) = / 0, < 2. (A1)
C

where, as always, we integrate with respect to Lebesgue measure. The effect of
this metric on the LP and WP norms of vector fields along wg, is as follows. If we
rescale the vector field {(z) € Ty, ()M with support in By s to obtain a vector
field £(2/R?) € Ty(zyM along v then the standard norms of this rescaled vector
field agree with the weighted norms of the original vector field £&. More explicitly,
define the weighted norms

nmwﬂ=(4%u>%&wfm,

1/p
1€l p.r = (/(; Or(2)2lE(2)IP + 9R(Z)p_2V£(z)l”> ~
Here V denotes the Levi-Civita connection of the metric induced by J and, with

z = s+ it, we denote |VE(2)]? = |Vi€(2)|? + |Vi€(s)|?. Similarly, for 1-forms
n =mds + nedt € QY (wiTM), consider the norms

|wﬂ=(4%@wﬂmmﬂvﬁ

[Mll0,00,r = sUP Or(2)[n(2)],
zeC

lIm

1/p
nwmﬂ=(é%@w*map+%wW4wmmﬂ |

where [n|* = [m|* + [n2]* and [Vn|* = [Vami [* + |Vim |[* + [Vanz|* + [Vina .

In the case R = 1 these are the usual LP? and WP norms with respect to the
Fubini-Study metric on C (as a coordinate patch of CP'). For general R these
norms should be considered in two parts. In the domain |z| > 1/R they are still
the usual norms and in the domain |z| < 1/R they agree with the usual norms of
the rescaled vector field

or 1-form
il = R?(m(R™?2)ds + n2(z/ R*)dt)

along v(z) in the ball of radius R, again with respect to the Fubini-Study metric on
C. Hence we obtain the usual Sobolev estimates (see Theorems B.1.4 and B.1.5)
with constants which are independent of R.

Lemma A.3.1 (i) Forp > 2 and K > 0 there exist constants Ry > 0 and ¢ > 0
such that

€l < c ”5”1,;),1:;37 ||77||07007R <c ||77H1,p,R

for all R > Ry, £ € C®(wiyTM), n € QY (wrTM), (u,v) € Mk (A, B,J).
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(ii) Forp <2,1<q<2p/(2—p), and K > 0 there exist constants Ry > 0 and
¢ > 0 such that

||f||0,q,R < c|‘§||1,p,R’ ||77||0,q,R < CH77||1,p,R
for all R > Ry, £ € C®(wiTM), n € QY (wETM), (u,v) € Mk (A, B,J).

The following lemma can be proved by a straightforward argument involving
change of variables. It plays a key role in our application of the implicit function
theorem. Note in fact that in Theorem 3.3.4 we do not specify the metric on the
Riemann surface ¥ = CP' with respect to which the norms are defined. We do
however assume that the volume and the LP-norm of du are uniformly bounded
with respect to this metric.

Lemma A.3.2 Forp > 2 and K > 0 there exist constants Ry > 0 and ¢ > 0 such
that

||dwR||07p7R <c

for R> Ry and (u,v) € Mg(A, B, J).

A.4 An estimate for the inverse

We must now prove that the Fredholm operator D,,,, is surjective with a uniformly
bounded right inverse provided that R > 0 is sufficiently large. This argument will
involve the cutoff function of Lemma A.1.1. We use the notation of Section 3.3.
We begin by rephrasing our transversality condition. Abbreviate

Wk = {(€u. &) € WHP(w"'TM) x WHP(v"T'M) | £,(0) = & (00) }

and
LP = LP(AY'T*CP' @y u*TM).

Note that this definition of the space W, only makes sense for p > 2 since it is only
in this case that W1 P-sections are continuous and can be evaluated at a point. The
space W&;g should be interpreted as a limit as R — oo of the spaces WP (wiT M)
of vector fields along the glued curves. Our transversality assumption means that
the operator

Dy : Wy — L8 x LB, Dyy(€us&0) = (Dubu, Duto)
is onto. Hence D, has a right inverse Q. : L%, x L¥ — W,;'? such that

Du,v o Qu,v = ]l, ||QU,UH < ¢p.

Here the constant ¢y can be chosen independent of the pair (u,v) € Mg (A, B, J)
but will in general depend on A, B, K, and J. Because the space Mg (A, B, J)
is compact it suffices to prove this locally and this can be done by reducing the
dimension of the kernel of D,, ,, to zero through additional (say pointwise) conditions
on the pair (§y,&y)-
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Remark A.4.1 Here are a few more comments on the existence of the uniformly
bounded inverse @, of the operator D,, ,.

1. Assume first that D, , has index zero. Then it is bijective and the open
mapping theorem shows that Q. = D, 1"is bounded. Moreover, the operator
D, , depends continuously on (u,v) in the norm topology. This implies that also
the operator @, , depends continuously on (u,v) in the norm topology and hence
the required estimate is uniform in the case of index zero. (Warning: Note that the
domains of the operators and their range actually depend on the pair (u,v). So one
has to choose some kind of identification of say, W, ? and W;,’ﬁ}, for nearby pairs
(u,v) and (u',v") to make this continuous dependence precise. This can be done
by parallel transport along short geodesics as in the proof of Theorem 3.3.4.)

2. If the index is bigger than zero, for example 2n, one can fix some point
29 € S? and impose the condition &,(29) = 0. For a generic point zy this cuts
down the dimension of the kernel by 2n and results in an operator of index zero,
reducing to the previous case. More generally cut down by imposing the condition
€u(20) € Ey(z,) for some subbundle E C T'M of the right dimension. In any case,
reduce to the case of index zero to deal with the general case. a

Our strategy is now to use the operator )y, to construct, for R sufficiently
large, an approximate right inverse Qg : L}, — Wl’p(w}"%TM ) of the operator
D, such that

1Qrll <c1,  [[DuwpQ@r— 1 <1/2. (A-2)

Under these conditions the operator D, Qg : L%, — LF is invertible and a right
inverse of D,,, is given by

QwR = QR(DwRQR)71~

Roughly speaking, we will construct the operator Qg by means of the commutative
diagram

1,p Quv D D
Wuw — LP x LD

| : (A.3)
Qr

WP (wpTM) & Ly .
Here the vertical maps are given in terms of cutoff functions. In fact it is convenient
to modify the diagram slightly and replace v and v by the curves ur and vg defined
in Remark A.2.2. Then up converges to u in the W!P-norm and similarly for vg.
Hence the operator D, ., still has a uniformly bounded right inverse Q. »,. The
following diagram should serve as a guide to the definition of Qg.

(fuagv) Q?R—WR (ﬁu,m)

! T

§ = 1-

Given n € L%, = we define the pair (1,,7,) € L, x L?) simply by cutting off 5 along
the circle |z| = 1/R:

() = nr(z), if |z] > 1/R, (2) = R72ngp(R72%2), if|z] <R,
T 0, if|z|<1/R, v 0, iflz|>R.
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The discontinuities in 7,, and 7,, do not cause problems because only their LP-norms
enter the estimates. Now the pair (§,,&,) is defined in terms of the right inverse

Qup,vr DY
(§u7fv) = QuR,vR(nuvnv)-

In particular
gu(O) = fU(OO) = fo S Tu(O)M
Finally, we define £ = Qrn by

Culz), ]2l >
€u(2) + (1= B/R))(E(R22) — &), if & <2l < 5.
§u(R22) + (1 - B(R2))(Eu(2) — &0), i 4 < |2 < &,

& (R%2), if|z] < iy

The easiest way to understand this definition is by considering the case {; = 0. Then
in the annulus §/R < |z| < 1/6R the maps ugr,vr and wg all take the constant
value z, and the function £(z) € T, M is simply the superposition of the functions
(1 — B(R2))éu(2) and (1 — B(1/Rz))&,(R?z). The important fact is that, in the
first term, the cutoff function S(Rz) only takes effect in the region |z| < 1/R where
D, &, = 0. Similarly for the second term because the construction is completely
symmetric in u and v. In the case £ # 0 the formula can be interpreted in the
same way, but relative to the “origin” &g.

Exercise A.4.2 Check the symmetry in the formula for £ by considering the func-
tions (z) = v(1/2), 0(z) = u(1/z), wr(z) = wr(1/R?z) and the vector fields
§u(2) = &u(1/2), &u(2) = u(l/2), &(2) = E(I/RQZ)

Lemma A.4.3 The operator Qg satisfies the estimate (A.2).

Proof: We must prove that

1
1Dwr€ = nllop,r = 5 l1llo,p,r - (A4)

Since Dy, &, = 0, and D,.§, = n, the term on the left hand side vanishes for
|z| > 1/6R and for |z| < §/R. In view of the symmetry of our formulae it suffices
to estimate the left hand side in the annulus

é <zl < l

R-"" TR
In this region, ugr = vg = wg is the constant map. Therefore over this annulus the
corresponding operators D, ., D,,, and D,,, are all equal, and on functions are sim-
ply the usual d-operator. Further, the definition of &, implies that D, &,(R?-) = 7.
Hence, with the notation 8r(z) = B(Rz),

DwR£ -n = DUR((]- - BR)(fu - 50))

= (1 - ﬁR)DuR(fu - 50) + gﬂR ® (fu - EO)
= (ﬁR - I)DuREO + gﬁR ® (gu - 60)
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Here we have used the crucial fact that D,,,&, = 1, = 0 in the region |z| < 1/R.

Now we must estimate the LP-norm of this 1-form with respect to the R-
dependent metric. The next crucial point to observe is that the weighting function
for 1-forms is O (2)P~2. Since p > 2 and Or(z) < 61(z) < 2 in the region |z| < 1/R,
it follows that the (0, p, R)-norm of our 1-form is smaller that the ordinary LP-norm
(up to a universal factor less than 2). Hence we obtain the inequality

[ Duwr& =1

0,p,R;B1/r < 2||D“’R€777”LP(B1/R)

S 2 ||DuR§O||LP(B1/R) + 2 ||5ﬂR ® (gu - fo)HLp(Bl/R)
< C2R72/p|£0| +e€ ng - €OHW1,p
< e3le+ R7P) (Inull o + 1m0l 20)

= (e +R7P) |l g

The third inequality follows from the fact that the term D, &, can be pointwise
estimated by |£| and the LP-norm is taken over an area at most w/R?. Moreover, we
have used Lemma A.1.2. The fourth inequality follows from the uniform estimate
for the right inverse Quy vy Of Dyg.vr- The last equality follows from the definition
of n,, and n,.

In view of the symmetry, spelled out in Exercise A.4.2, we have a similar estimate
in the domain |z| > 1/R and this proves that the operator Qr satisfies the second
inequality in (A.2) provided that R > Ry is sufficiently large. The first inequality
is an easy exercise which can be safely left to the reader. O

Lemma A.4.4 For every constant 1 < p < oo there exist constants Ry > 0 and
¢ > 0 such that -
19, (wr)ly 5 < c(BR) 7

for R > Rs. Moreover, given a number K > 0 we may choose the same constants
Rs and ¢ for all pairs (u,v) € Mk(A, B, J).

Proof: Use the fact that wr(z) = ur(z) for |2| > 1/R and that, in view of
Remark A.2.2, ug converges to the J-holomorphic curve u in the W'P-norm. For
|z| < 1/R one can again use the symmetry of Exercise A.4.2. To obtain the more
precise estimate of the convergence rate recall that ur(z) = exp,(p(dRz)&u(2)).
Hence the term 9;(wg) is supported in the annulus By/sr — Bijsg and in this
region can be expressed as a sum of two terms. One involves the first derivatives
of the cutoff function p(dRz), which grow like § R, multiplied by the function &, (2)
which is bounded by a constant times 1/0R provided that |z| < 2/0R. The second
term involves the first derivatives of &,(z) and these are again uniformly bounded.
Since the integral is over a region of area at most 47(§R) 2 this proves the lemma.
O

A.5 Gluing

The Lemmata A.3.2, A.4.4 and A.4.3 imply that for R sufficiently large the smooth
map wr : CP! — M satisfies the requirements of the implicit function theo-
rem 3.3.4. Hence it follows from Theorem 3.3.4 that, for R > 0 sufficiently large,
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there exists a unique smooth section {r = Qu,nr € C®(wiTM) such that the
map
WR(2) = exXPpy,(2) (Er(2))

is a J-holomorphic curve and
€rlyan < cR7P.
Thus we have constructed, for every sufficiently large real number R, a smooth map
frR: MK(A B, J)—> M(A+ B,J)

given by
fr(u,v) = wg.

This construction works for R > Ry where Ry depends on A, B, and K. The
following lemma makes precise the sense in which the above gluing construction is
the converse of Gromov compactness. The proof is obvious, except perhaps for the
last statement which can be verified with the methods in the proof of Theorem 4.4.3.

Lemma A.5.1 As R — oo the J-holomorphic curves wr = fr(u,v) converge
weakly to the pair (u,v) in the sense of Section 4.4. More precisely, wr converges
on compact subsets of CP! — {0} to u, wr(R%2) converges on compact subsets of
C=CP! - {0} tov, and

|zr| — 0, |zr|R? — o = wr(zr) — u(0) = v(co).

We shall now discuss the properties of the gluing map fr for a fixed value of
R. Recall from the discussion after Theorem 5.2.1 that the space M(A4, B, J) is a
smooth manifold whenever the evaluation map

M(A,J) x M(B,J) — M?: (u,v) — (u(0),v(c0))

is transverse to the diagonal. Moreover its dimension is dim M(A4, B,J) = 2n +
2¢1(A + B) and agrees with that of M(A + B,J). It follows from the unique-
ness result in Proposition 3.3.5 that fr is a diffeomorphism between open sets in
M(A, B, J) and M(A+ B, J). Moreover, the map fr is orientation preserving. To
see this examine the proof of Lemma A.4.3 and use a similar cutoff argument to
find an isomorphism

Fr(u,v) : {(€4, &) € ker D, @ ker D, |£,(0) = £,(00)} — ker Dy,

This linear isomorphism mimics the nonlinear gluing construction. One first uses
a cutoff function to obtain a section of the bundle wiT'M which is approzimately
in the kernel of D,,, and then projects orthogonally onto the kernel of D,,,. The
resulting isomorphism represents (approximately) the differential of the map fr at
the point (u, v) and it can easily be seen to be orientation preserving. We summarize
our findings in the following

Theorem A.5.2 The above map fr: Mg(A,B,J) - M(A+ B,J) is an orien-
tation preserving diffeomorphism onto an open set in M(A+ B, J).
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Remark A.5.3 Note that the image of fr has compact closure in M(A + B, J)
and so is not a full neighbourhood of the boundary cusp-curves. The situation may
be explained as follows. There is an 8-dimensional reparametrization group acting
on M(A, B, J) and a 6-dimensional group acting on M(A+ B, J). In Mg (A, B, J)
we can think of the variation of the points 1 and oo in the domain of u and the
variation of 0 in the domain of v as corresponding to this 6-dimensional group
acting on M(A + B, J). Theorem A.5.2 shows that the “extra” variation of 1 in
the domain of v is translated by fr into a 2-dimensional family of geometrically
distinct (A + B)-curves. Thus for each pair (u,v) € Mg (A, B, J) the map fr takes
the annulus

{(u,v00) € Mk (A,B,J)[$(0) =0, ¢(c0) = oo}

diffeomorphically onto an annulus in the space of unparametrized (A + B)-curves,
which surrounds the cusp-curve (u,v) in the same way that a large annulus {r; <
|z| < ro} surrounds oo in C. Here ¢ plays the role of Floer’s gluing parameter.

Proof of Lemma 8.2.5: We must prove that for R sufficiently large there is
a one-to-one correspondence (preserving intersection numbers) of pairs (u,v) €

M(A — B, B, J) such that
u(oo) € ag,  u(l) € ag, v(0) € az, v(l) € ay, (A.5)
with curves w € M(A, J) such that
w(oo) € g, w(l) € az, w(0) €az, w(l/R?) € ay. (A.6)

The strategy is to prove first that every pair (u,v) gives rise to a suitable w = wg
for R sufficiently large and then to show, by a compactness argument, that every
w is of this form.

Under our dimension assumption }; deg(a;) = 6n —2c1(A) the codimension of
the pseudo-cycle

= ] X Qg X (g X Oy

is 2n 4 2¢1(A) and hence agrees with that of the moduli space M(A — B, B, J).
As we have seen above, there are only finitely many pairs (u,v) € M(A— B, B, J)
which satisfy (A.5), and so we may choose K so large that all these pairs are
contained in Mg (A — B, B, J). Now consider the 4-fold evaluation map

er: M(A,J) — M*, er(w) = (w(oo),w(l),w(O),w(l/RQ))

and note that
er(u# rv) = (u(00), u(1),v(0),v(1)).

By Lemma A.5.1, fr(u,v) is so close to the curve u#pgv that the composition
ero fr: Myg(A—-B,B,J) — M*
converges in the C*°-topology to the evaluation map
e: Mg(A—B,B,J) — M*, e(u,v) = (u(00),u(1),v(0),v(1)).

Since e is transverse to « so is eg o fr for R sufficiently large, and so e o fr must
have precisely as many intersection points with « as the limit map e. Thus we have
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proved that near every solution (u,v) € M(A— B, B, J) of (A.5) there is a solution
w € M(A,J) of (A.6), provided that R > 0 is sufficiently large. Since the local
diffeomorphism fr is orientation preserving, the curve w contributes with the same
intersection number as (u,v).

Here we have assumed that 0 # B # A. If B = 0 then v is constant and «
represents the class A with

u(oo) € ag, u(l) € az, u(0) € azNay.
Moreover, the evaluation map ey, : M(A, J) — M* defined by

€oo(u) = (u(00), u(1),u(0), u(0))

is tranverse to @ = a1 X (ig X (g X vy Since e converges to ey, in the C*°-topology
we have a nearby curve w € M(A, J) with eg(w) € a. A similar argument applies
to the case B = A.

Now let (uj,v;) for j = 1,..., N denote the finite set of all pairs (u,v) €
M(A — B, B, J) which satisfy (A.5) for all choices of B, including B = 0 and
B = A. Denote by w, g € M(A, J) the solution of (A.6) which corresponds to the
pair (uj,v;). We shall use Gromov compactness to show that, for R sufficiently
large, every curve w € M(A,J) with eg(w) € o must be one of the curves w; g.
Suppose, by contradiction, that there exists a sequence R, — oo and a sequence
w, € M(A,J) which satisfies (A.6) with R = R, but does not agree with any of the
solutions w; g, . Then it follows from Proposition 3.3.5 that there exists a constant
€ > 0 such that

sup dist(w,(2),w; g, (2)) > € (A.7)

z€CP!

for all j and v. On the other hand, by Gromov’s compactness we may assume,
passing to a subsequence if necessary, that w, converges in the weak sense of Sec-
tion 4.4 to a cusp curve. Following the reasoning of Section 8.2 we see that the limit
curve has only two components and must be one of the pairs (u;,v;). Assume first
that both components are nonconstant. Then the bubbling must occur at z = 0.
Hence w, converges on compact subsets of CP* — {0} to u;, and converges, after
rescaling, on compact subsets of C = CP! — {oo} to v;. Examining the values of
w, (0) and w, (1/R2) we see that the rescaling factor must be RZ. Moreover, the
argument in the proof of Theorem 4.4.3 (which shows that u(0) = v(c0)) can be
used to prove that

|z,| = 0, |2,|R2 — o0 = wy(2,) — u;(0) = v;(00).

By construction, the sequence w; r, has exactly the same properties and hence w,,
and w; g, must be arbitrarily close in the C%-topology provided that v is sufficiently
large. This contradicts (A.7). The extreme cases where either u; or v; are constant
can be safely left to the reader. This proves the lemma and hence Theorem 8.2.1.
O

Remark A.5.4 (i) Lemma 8.2.5 can be proved along a slightly different route,
namely by first taking the approximate J-holomorphic curve w; = u;#gv; :
CP' — M obtained from the gluing construction. This map satisfies eg(w;) €
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« and then one can use the infinite dimensional implicit function in the space
of all maps w with er(w) € « to find a nearby J-holomorphic curve @;
with eg(w;) € a. Of course, this produces the same J-holomorphic curves
intersecting «, however some additional argument is required to show that
the intersection numbers are the same for both invariants U4 (aq, s, oz, )
and ¥ 4_p p(a1, az; as, a).

(ii) The techniques of this section can obviously be generalized to glue together

finitely many intersecting J-holomorphic curves described by a framed class
D= (Ala"'7AN7j2a"'7jN)-

(iii) The map fr constructed above will in general not preserve any group ac-

tion. The best way to deal with this problem seems to be to use additional
intersection conditions as gauge firing as in (i) above.

(iv) The above techniques can also be used to glue together J-holomorphic maps

w; : %; — M which are defined on Riemann surfaces of higher genus. However,
in this case we must allow for the complex structure on the glued Riemann
surface ¥ = X1 #Y5 to vary. The gluing will produce a Riemann surface with
a very thin neck. Conversely, it follows from Gromov compactness that a
sequence u, : 2 — M of (j,, J)-holomorphic curves can only split up into two
(or more) surfaces of higher genus if the complex structure j, on ¥ converges
to the boundary of Teichmiiller space.



Appendix B

Elliptic Regularity

B.1 Sobolev spaces

Throughout © C R™ is an open set with smooth boundary. Denote by C*(Q) the
space of restrictions of smooth functions on R™ to  and by C§°(2) the space of
smooth compactly supported functions on §2.

For a positive integer k£ and a number 1 < p < oo define the WkEP_norm of a
smooth function u : 2 — R by

1/p
el = / S 0" u(@)P de
Cly<k
where v = (v1,...,v,) is a multi-index and |v| = v; + -+ - + v,. The Sobolev space
whe(6)

is defined as the completion of C°°(Q) with respect to the W*?-norm. The space
Wo* (€)
is the closure of C§°(£2) in Wk-P((Q).

The next proposition uses the smoothness of the boundary of 2 to show that
every function with weak LP-derivatives up to order k lies in the space W*P(Q).

Proposition B.1.1 Let u € LP(Q2). Then u € W*P(Q) if and only if for every
|v| < k there exists a function u, € LP(Q)) such that

/Qu(x)a”¢($) dxz(—1>\”\/uy(x)¢(x) do

0]
for ¢ € C§°(2).
In this case we define the weak derivative 0"u to be u,.

181
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Proof: We sketch the main idea in the case Q@ = {x € R™|z; > 0}. Assume that
u has weak LP derivatives up to order k. Let p : R® — R be a smooth nonnegative
function such that

supp p C B, / plx)de =1.

Define
ps(x) =8 "p(6 'x).

Now choose a smooth cutoff function 8 : R™ — [0, 1] such that (x) =1 for |z| < 1
and f(x) = 0 for |z| > 2. Then the functions

ug(x) = B(0x)u(xy + 6,22, ..., 2y)

have compact support, are defined for x; > —4d, and have weak LP-derivatives up to
order k. These converge in the LP-norm to the weak derivatives of u. The functions

ps * us(x) = / ps(x — y)us(y) dy

are smooth with compact support and converge in the W*P-norm. The limit is u.
Hence u € WkP(Q). The general case can be reduced to the above by choosing
suitable local coordinates near every boundary point. ]

It is somewhat less than obvious that a function u € WP(2) whose derivatives
all vanish must be constant on every component of 2. The proof requires the
following fundamental estimate. As always, Vu denotes the gradient of the function
u. Recall that the mean value of a function is its integral over its domain of
definition divided by the volume of the domain.

Lemma B.1.2 (Poincaré’s inequality) Let 1 < p < oo and @ C R™ be a
bounded open domain. Then there exists a constant ¢ = c¢(p,n,Q) > 0 such that

HUHLp(m <c ||vu||LP(Q)

for every u € C*(Q). If Q is a square then this continues to hold for u € C>=(Q)
with mean value zero.

Proof: The first statement is an easy exercise. The second statement on func-
tions with mean value zero is proved by induction over n. Assume without loss of
generality that Q is the unit square Q" = {z € R"|0 < z; < 1}. For n = 1 the
statement is again an easy exercise. Assume that the statement is proved for n > 1
and let u € C*°(Q") be of mean value zero. Define v € C*°(Q") by

v(t):/ w(T, ... Ty, t)dey - da,.

Since v is of mean value 0

1 1
/ |v(t)|”dt§cl/ |1>(t)|”dt§c1/
0 0 Qnt1

p

Ou dr.

amn+1
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The last step follows from Holder’s inequality. By the induction hypothesis
/ |u(z,t) —v(t)|P de < 02/ [Vu(z,t)|? d.
n Q’n.

Integrate over ¢ and use the previous inequality to obtain the required estimate. O

Corollary B.1.3 Let Q C R™ be a bounded open domain and u € W1P(Q) with
weak derivatives Ou/0x; =0 for j =1,...,n. Thenu is constant on each connected
component of Q. If, moreover, u € Wol’p(Q) then u = 0.

Proof: First assume that €2 is a square and v has mean value zero. Approximate u
in the W'P-norm by a sequence of smooth functions u, € C*(£) with mean value
zero. Then Poincaré’s inequality shows that u, converges to zero in the LP-norm.
Hence v = 0. This shows u is constant on every square where its first derivatives
vanish. Hence a function u € W1P(Q) with Vu = 0 is constant on every connected
component of Q. The same argument works for u € W, (Q). a

A function with weak derivatives need not be continuous. Consider for example
the function
u(z) = [z~

with a € R in the domain Q = By = {x € R"||z| < 1}. Then
Ou

" |—a—2
8.23]' ’

= —axjlz
By induction,

10" u(@)| < e |z~
Now the function x + |2~ is integrable on Bj if and only if 3 < n. Hence the
derivatives of v up to order k will be p-integrable whenever

ap+ kp < n.

If kp < n choose 0 < a < n/p — k to obtain a function which is in W*?(B;) but
not continuous at 0. For kp > n this construction fails and, in fact, in this case
every W*P_function is continuous. More precisely, define the Hélder norm

U||e = SUP ————— + sup |u(x
H ”C z,y€Q |l‘ y|6 $€S2| ( )|

for 0 <e <1 and

lullgree = > 10"ullc- -

lv|<k

Denote by C*+¢(Q) the space of all C*-functions u : Q — R with finite Hélder
norm ||| qre -

Theorem B.1.4 Assume kp > n. Then there exists a constant ¢ = c(k,p,Q2) >0
such that

n
[ulle < cllullyrs Eikf;.

In particular, by the Arzela-Ascoli theorem, the injection WFP(Q) — C°(Q) is
compact.



184 APPENDIX B. ELLIPTIC REGULARITY

Theorem B.1.5 Assume kp < n. Then there exists a constant ¢ = c(k,p,Q2) >0

such that
np

n—kp
If ¢ < np/(n — kp) then the injection W*P(Q) — L9(Q) is compact.

lullpe < cllullyrs,  a=

These are the Sobolev estimates. The compactness statement in Theo-
rem B.1.5 is known as Rellich’s theorem. The case kp = n is the borderline
situation for these estimates. In this case the space W¥P does not embed into
the space of continuous functions. Of particular interest here is the case where
n=p=2and k= 1.

Remark B.1.6 In Lemma A.1.1 we have seen that there exists a sequence of func-
tion u; € W'2(B;) on the unit disc By = {(z,y) € R? | 2% + y* < 1} such that

w(0) =1 lim [yl =0,

In 2 dimensions the relation between W12 and C? is rather subtle. For example the
function u(e?) = 0, 0 < 6 < 27, (with a single jump discontinuity) does not extend
to a Wl2-function an B;. On the other hand there exist discontinuous functions
on S' which do extend to W12-functions on Bj. a

The case kp > n should be viewed as the good case where everything works. For
example composition with a smooth function and products.

Proposition B.1.7 Assume kp > n. Then there exists a constant ¢ = c¢(k,p) > 0
such that

[wvllwrr < elullwrs [0l + el L [[0llwxs)
I o ullyrr < cUfllor + 1) lullyyrs
for u,v € C=(Q) and f € CF(R).

Proposition B.1.8 Assume kp > n and f € C(R). Then the map
WEP(Q) - WEP(Q) i u— fou
is a C*-map of Banach spaces.

Remark B.1.9 Let M be an n-dimensional smooth compact manifold and 7 :
E — M be a smooth vector bundle. A section s : M — FE is said to be of
class WP if all its local coordinate representations are in W*P?. This definition is
independent of the choice of the coordinates. To see this note that if ¢ € Diff(R™),
® € C(R™,RV*N) is matrix-valued function, and u € W;"P(R™ RY) then ®(u o

loc

@) € WhP(Q) for every bounded open set  C R™ and there is an estimate

120 6) sy < cllullyenoy

with ¢ = ¢(¢, ®,Q) independent of u. This holds even when kp < n. For functions
with values in a manifold the situation is quite different. Proposition B.1.7 shows
that for such functions it is required that kp > n. To define a norm on the space
of W¥P_sections one can take the sum of the W*P-norms over finitely many charts
which cover M. a
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B.2 The Calderon-Zygmund inequality

Denote by
0? 0? 0?
Oz, 2 + Oxa? teet Oxp?

the Laplace-operator on R”. A C?-function u :  — R on an open set Q C R”
is called harmonic if Au = 0. Harmonic functions are real analytic. (If n = 2
then a function is harmonic iff it is locally the real part of a holomorphic function.)
Harmonic functions are characterized by the mean value property (see John [33])

u(z) = /BT(I) u(€) d¢, B,.(xz) C Q.

n

Wy T2

Here w, = 27"/?T'(n/2)~" is the volume of the unit sphere in R™. In particular,
Wo = 2.
The fundamental solution of Laplace’s equation is

_ [ @m)~loglal, n=2,
K(z) = { (2 —n)"tw Hz|>, n > 3.

Its first and second derivatives are given by

2 2
_ —nxjmy fa]® = nay
Kjk(x) = W7 ij(x) = W

_ %
) =5
where K; = 0K/0z; and Kj, = 9*°K/0x;j0xy. In particular, AK = 0. The
function K and its first derivatives K; are integrable on compact sets while the
second derivatives are not. Hence 0;(K * f) = K * f for compactly supported
functions f : R™ — R but there is no such formula for the second derivatives.
Moreover, since neither K nor its derivatives are integrable on R", care must be
taken for functions f which do not have compact support.
Every compactly supported C2-function u : R® — R satisfies

u = K * Au, Oju = K * Au.
where * denotes convolution. Conversely,
AKxf)=Ff  A(K;*[f)=0;f

for f € C§°(R™) (see [33]). This is Poisson’s identity. In general K * f will
not have compact support. Since the second derivatives of K are not integrable on
compact sets there exists a continuous function f: R™ — R such that K * f ¢ C2.
For such a function f there is no classical solution of Au = f. (This follows from
the next two lemmata.) The situation is however quite different for weak solutions.
Let f € LL _(Q). A function u € L] () is called a weak solution of Au = f if

loc loc

[ w@ot)ds = [ jeyota) ds

for ¢ € C§°(Q2). Similarly u € L] () is called a weak solution of Au = 9; f with
feLl,if

/ u(z)Ag(x) de = —/ f(2)0;0(z) dz
Q Q
for ¢ € C§° ().
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Lemma B.2.1 Let u, f € L*(R™) with compact support.

(1) u is a weak solution of Au = f if and only if u= K * f.
(i) u is a weak solution of Au= 0;f if and only if u = K; * f.
Proof: If u= K x f. Then

/uA¢:/(K*f)A¢:/f(K*A¢):/f¢

for ¢ € C§°(R™). Conversely, suppose that u is a weak solution of Au = f. Choose
ps : R™ — R as in the proof of Proposition B.1.1. Then

Josxwo= [u@nzo)= [ o556 = [0sx 10

for every ¢ € C§°(R™) and hence A(ps *u) = (Aps) *u = ps * f. This implies that
ps *u — K x ps * f is a bounded harmonic function converging to zero at co and
hence ps*u = K #* ps * f. Take the limit 6 — 0 to obtain u = K « f. This proves (i).
The proof of (ii) is similar and is left to the reader. O

Lemma B.2.2 (Weyl’s lemma) Every weak solution u € L, (Q) of Au =0 is
harmonic.

Proof: Let ps be as in the proof of Lemma B.2.1. The function us = ps * u is
harmonic in Q5 = { € Q| Bs(x) C Q}. Hence us satisfies the mean value property.
Since us converges to u in the L'-norm on every compact subset of € it follows
that « has the mean value property. Hence u is harmonic (cf. [33]). O

Theorem B.2.3 (Calderon-Zygmund inequality) For 1 < p < oo there exists
a constant ¢ = c¢(n,p) > 0 such that

IV = f)ll e <cllflle (B.1)
for f e C(R™) and j =1,...,n.

This theorem is the fundamental estimate for the LP-theory of elliptic operators.
We include here a proof which is a modification of the one given by Gilbarg and
Trudinger [23]. The proof requires the following four lemmata. The first is the case

p=2.
Lemma B.2.4 The estimate (B.1) holds for p = 2.

Proof: Since u(x) = K * f(x) converges to zero as |z| tends to infinity we have
IVul[fz = (Vu, Vu) = —(u, Au) = —(u, ;1) = (05u, f) < |Vull 2 || Il 2 -

Here all inner products are L?-inner products on R™. Divide both sides by ||[Vul| ;.
to obtain the required estimate. a

For any measurable function f : R™ — R define

ult, f) = [{z e R?[|f(x)| > t}|

for t > 0 where |A| denotes the Lebesgues measure of the set A.
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Lemma B.2.5 For 1 <p < oo and f € LP(R"™)

P var—p [ o ds.
tu(t,f>s/|f<x>| r p/o =1u(s, f) ds

Moreover,
pits f+9) < u(t/2,f) + pt/2,9).

Proof: Integrate the function F' : R"*! — R defined by F(z,t) = pt?~! for
0<t<|f(x)| and F(x,t) = 0 otherwise. a

Apply the previous Lemma to the function 0y (K * f). By Lemma B.2.4

10k (K5 % )l 2 < Nl 2
and hence

(e, 0u(06 = 1)) < 35 [ 1f@) da (3.2)

The next two lemmata establish a similar inequality with the L?-norm on the right
replaced by the L'-norm. Theorem B.2.3 is proved by interpolation for 1 < p < 2.

Lemma B.2.6 There exists a constant ¢ = c¢(n) > 0 such that every function
f € LY(R™) with supp f C B, and mean value 0 satisfies

.08+ ) < e (7 L1 )

for i, k=1,...,n.

Proof: Denote uy; = Ox(K; * f). For |z| > r

wi) = [ @Ky y) - 0 () F) dy

< max [OpKj(x —y) — 0K ()| || f]| 12
yEB,
< rmax VO, K;(x —y)| | fll 2
yEBr
n3/2(n +2)
< nnTe)
< O
n3/2(n + 2)r
< 1l

(o] = )1
Hence

ug; ()] de < 7/ I T
o e on S Tl =yt s

n32(n+2)r [ wep™ tdp
= 7«)n+1 Hf”Ll

Wn, 2r (/0_
< 2" 132 (n 42 r/ —— \|f
I ( ) o (p—T)Q || ||L1

= 2702+ 2) | £l
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This implies

IN

t|Bar| + [{z € R" | |ug;j ()] > ¢, |z] > 2r}]

By + / g ()] da
|z|>2r

t:“'(t7 ukj)

IN

twy2"r" e
= 42"+ 2) | £l

a

Lemma B.2.7 There exists a constant ¢ = c¢(n) > 0 such that the characteristic
function f = xq of any square Q@ C R"™ satisfies

(e, 0006+ 1) < § [ 17(@)]do
forjk=1,... n.

Proof: Assume without loss of generality that Q = Q, = {z € R" ||z;| < r}. For
t > 1 the left hand side is zero. Hence assume 0 < ¢t < 1 and write

[=fo+ fi, fo=1txonx, f1=xaq, —txon: R=1t"1"p
Then
/fO = /f =(2r)",  suppfi C B mg,

and fi is of mean value zero. Let ¢; > 0 be the constant of Lemma B.2.6. Then

,nn/2,rn

t

0K+ 1)) < 0 (4 L) < 2 1

where ¢y = ¢;(n"/?27" 4 2). By Lemma B.2.5 and Lemma B.2.4

1 1 1 1
1l 00 0)) < =5 100 o)l < =5 ol = 5 1 olle = 5 11

Again by Lemma B.2.5
2+ 202
=2l O

The previous estimate holds for all f € L? N L' [23]. However, for the proof of
Theorem B.2.3 it is only needed in the case where f is a step function.

1(t, O (K = f)) < pu(t/2, 06 (K * fo)) + p(t/2, 0u(Kj x f1)) <

Proof of Theorem B.2.3: First assume 1 < p < 2. It suffices to prove the
estimate for characteristic functions of squares. Hence assume f = xg for some
open square (Q C R™. Then by Lemma B.2.5

/ 045 (@) dz = p /OotPMt,ak(Kj*f))dt
R» 0

1 oo
(pc/ P2 dt+p/ tP=3 dt) 1 F1l e
0 1

_ pc p

IA
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Here we have used Lemma B.2.7 for t < 1 and (B.2) for ¢ > 1. This proves the
estimate for 1 < p < 2. For 2 < p < oo we use duality. Let 1 < ¢ < 2 such that
1/p+1/q¢=1. Then

/g(l‘)ak(Kj  f)(x) de = /ak(Kj *9)(@)f(2) < cllfllew lglla
and hence |0 (K; * f)l o < || fllLo - o

Theorem B.2.8 (Local regularity) Let 1 < p < oo, k > 0 be an integer, and
Q C R"™ be an open domain. If u € LY (Q) is a weak solution of Au = [ with

loc

fe W{Zf(Q) then u € Wk+2’p(Q). Moreover, for every compact set QQ C ) there

loc

exists a constant ¢ = c(k,p,n, Q,) > 0 such that

lllyrsznggy < € (18Ul + 1l o)
for u € C>=(Q).

Proof: Let w and f be as in (i) and @ as in (ii). Choose an open neighborhood U
of @ such that cl(U) C Q. Let 8 € C§°(€2) be a smooth cutoff function such that
B(x) =1 for z € U and define

v=K=xgf.

It follows from Theorem B.2.3 that v € VVIJZjQ’p(Q). By Lemma B.2.1 v is a weak
solution of Av = Bf. Hence the restriction of u — v to U is a weak solution of
A(u—wv) = 0. By Weyl’s lemma u — v is real analytic in U. Hence u € W*+22(Q).
This proves the first statement.
By Theorem B.2.3, the function v = K * fAwu satisfies an estimate
||UHW1c+2,p(U) <a ||ﬁAU||Wkﬁp(Q) <co ||Au||wk,p(9) :

The function v — u is harmonic in U. By the mean value property for harmonic
functions there exists a constant ¢ > 0 such that

[0 = ullyrszngy S s llv—ull oy < cs <||U||Wk+2w(U) + Hu”LP(U)) :
Take the sum of these inequalities to obtain the required estimate. O

Sometimes it is useful to consider weak solutions of Au = f where f is not a
function but a distribution in W ~1?. We rephrase this in terms of weak solutions
of Au = divf with f € LP.

Theorem B.2.9 Let 1 < p < oo, k > 0 be an integer, and @ C R™ be an open
domain. Assume that u € LY () and f = (fo,..., [n) € LL (LR satisfy

u(x)Ad(z)de = [ folx)p(x)dr — zn: fi(2)9;0(x) dx
/ I >,

for every ¢ € C§° (). Then u € VVlif(Q) and for every compact set Q C ) there
15 an estimate

lellwrngy < € (1 oy + o)
where ¢ = ¢(p,n, Q, Q) > 0 is independent of u.
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Proof: Choose an open neighbourhood U of @ with cl(U) C Q. Let 5 € C§°(2)
be a smooth cutoff function such that 3(x) =1 for € U. Define

U:K*ﬁfo-i-ZKj*ﬁfjo

Jj=1

It follows from Theorem B.2.3 that v € W27 (©2) and there an estimate

loc

||UHW1,p(U) <a HﬁfHLP(Q) <a ||f||Lz>(Q) :

Here we have also used Poincaré’s inequality. Now, by Lemma B.2.1, v is a weak
solution of

Av=Bfo+ Y 0;i(Bf))

Jj=1

where 9;(8f;) is to be understood as a distribution. Hence the restriction of u — v
to @ is a weak solution of A(u —v) = 0. By Weyl’s lemma « — v is harmonic in U.
Hence u € W1P(Q). Moreover, by the mean value property for harmonic functions,
there exists a constant ¢y > 0 such that

o~ wllwroqy < e2llv = ull oy < €2 (Il + el o) -

Take the sum of these inequalities to obtain the reqired estimate. ]

B.3 Cauchy-Riemann operators
Identify R? = C with z = x + iy. For z = x + iy and { = £ + in denote

(2, Q) =& +yn.

In this section all functions take values in C. For example C§°(f2) denotes the
space of smooth compactly supported functions Q2 — C. Consider the first order
differential operators

9 _1(o 0\ o _1(d 9
0z 2\o0x 0Oy)’ 0z 2\0x Oy’
A C'-function u : Q — C on an open set  C C satisfies the Cauchy-Riemann

equation Ju/0z = 0 if and only if it is holomorphic. It satisfies du/dz = 0 iff it is
anti-holomorphic. The following lemma shows that the function

N(z)= —.

Tz

is the fundamental solution of the Cauchy-Riemann operator 9/9z.

Lemma B.3.1 If f : C — C is a smooth compactly supported function then u =
N x f is a solution of the inhomogeneous Cauchy Riemann equations Ou/0z = f.
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Proof: Note that

20 0K _ log|z|
A_48282’ N_48,z’ K(z) = 2
Hence
0 0 (0K o 0
aZ(N*f):‘laz(az*f)=4azaz(K*f):A(K*f)=f
for f € C3°(C) O

By the divergence theorem

/Q (002, u) + /Q (v, Du/02) = 0

for u,v € C§°(2). In other words —3/9z is the formal adjoint operator of 9/0z. A
function u € Li () is called a weak solution of du/dz = f for f € L () if

loc loc

/ (0602, u) + / (6, ) =0 (B.3)
Q Q
for ¢ € C3° ().

Lemma B.3.2 Let u, f € LP(C) with compact support. Then u is a weak solution
of Ou/0zZ = f if and only if u= N x f.

Proof: Assume first u = N % f. Then

[ w0002 = [ (s 0002 = = [ (1.8 500005 == [ (1.0

for ¢ € C§°(Q2). Hence u is a weak solution of du/0z = f. Conversely, suppose
that u satisfies (B.3) and choose ps : C — R as in the proof of Proposition B.1.1
with n = 2. Then

0
£P6*U=p6*f-

Since ps * u € C§°(C) it follows from by Lemma B.3.1 that ps xu — N % ps x f is a
bounded holomorphic function converging to zero at co and hence ps*u = Nxpsx* f.
Take the limit § — 0 to obtain u = N * f. |

Lemma B.3.3 Every weak solution u € Li (Q) of du/0z = 0 is holomorphic.

Proof: If u is a weak soluion of u/0z = 0 then its real and imaginary part are
weak solutions of Laplace’s equation. By Weyl’s lemma they are smooth. Hence u
is holomorphic. O
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Theorem B.3.4 (Local regularity) Let 1 < p < oo, k > 0 be an integer, and
Q C C be an open domain. If u € LY (Q) is a weak solution of Ou/dz = f with

loc

fe Wk’p(Q) then u € W"TVP(Q). Moreover, for every compact set Q C € there

loc loc

exists a constant ¢ = c(k,p,Q,Q) > 0 such that

+ ||ULp(Q)>

ou
lullyesr g < ¢ H
Wht1.p(Q) 0z W (@)

for u € C*°(Q).

Proof: Let u and f be as in (i) and @ as in (ii). Choose a compact neighborhood
U of @ such that U C Q. Let § € C§°(€2) be a smooth cutoff function such that
B(x) =1 for z € U and define

v=N=x*[f.

By Theorem B.2.3 v € W, T'?(Q). By Lemma B.3.2 v is a weak solution of

loc
Ov/0z = Bf. Hence the restriction of u — v to U is a weak solution of

O(u—wv)
0z
By Lemma B.3.3 u — v is holomorphic in int(U). Hence u € WkTLP(Q). This

proves the first statement. The proof of the estimate is as in Theorem B.2.8 and is
left to the reader. a

=0.

Exercise B.3.5 Use the previous theorem to prove the estimate (3.3) of Chapter 3.
Use it also to prove that the cokernel of D, is the kernel of D}, or more precisely,
if n € LAY T*S @ ; u*TM) satisfies (n, D, &) = 0 for all £ € WHP(u*T M) then
n € Wh4 and D}n = 0. Hint: In a suitable trivialization u*T M the operator D,
is of the form 0/0z + zero-th order term. Use the formula of Remark 3.3.3. O

B.4 Elliptic bootstrapping

In this section we shall prove the following two theorems about the smoothness of
J-holomorphic curves and compactness for sequences with uniform bounds on the
LP-norm of the derivatives with p > 2. Assume that (M, J) is an almost complex
manifold. Let 3 be an oriented Riemann surface without boundary with complex
structure j.

Theorem B.4.1 (Regularity) If u : ¥ — M is a J-holomorphic curve of class
WEP with kp > 2 then u is smooth.

Theorem B.4.2 (Compactness) Let J, be a sequence of almost complex struc-
tures on M converging to J in the C*°-topology and j, be a sequence of complex
structures on X converging to j in the C*-topology. Let U, C ¥ be an increas-
ing sequence of open sets whose union is X and u, : U, — M be a sequence of
(Ju, Ju)-holomorphic curves. Assume that for every compact set Q C X there exists
a compact set K C M and constants p > 2 and ¢ > 0 such that

||duu||Lp(Q) <c uw(Q) C K
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for v sufficiently large. Then a subsequence of the u, converges uniformly with all
derivatives on compact sets to a (j,J)-holomorphic curve u: ¥ — M.

Both these theorems are obvious when J is integrable and X is closed because
each component of a J-holomorphic curve in holomorphic coordinates is a harmonic
function. In particular, the compactness theorem follows from the mean value
property of harmonic functions. The general case is considerably harder.

We begin by proving a local estimate for the solutions of linear Cauchy-Riemann
equations. Let  C C be an open set and u :  — R2™ be a solution of the linear
PDE

Osu+ JOwu =1, (B.4)

where J :  — R2"*2" with J?2 = —1 and 7 : Q — R2". We shall first prove
regularity of w under the weakest possible regularity assumptions on the almost
complex structure J and the function . Eventually we shall consider the semilinear
case where J is replaced by a function of the form Jowu. Here J is a smooth almost

complex structure on R?".
Denote by W,"P(€2, R2") the set of those functions u : @ — R2" such that the

loc
restriction of v to any compact subset of Q is of class W*P?. We shall first assume

that the almost complex structure J is of class Wli’f. If w is a solution of (B.4)
then, by partial integration,

/<8S¢ + JTOrp, u) dsdt = — /((;5,77 + (O J)u) dsdt (B.5)
Q Q

for every test function ¢ € C$° (2, R?"). (Here JT denotes the transpose of J.) The
next lemma asserts the converse.

Lemma B.4.3 Assume J € W57 and 7 € Lﬁ?c/(pﬂ) where p > 2 and p/(p— 1) <

q < oo. Ifue L satisfies (B.5) for every ¢ € C§° then u € I/Vli’cpqﬂpﬂ) and u
satisfies (B.4) almost everywhere. Moreover, for every compact set QQ C Q there is
an estimate

llssarosor @y < € (Il oy + 1l zonsorore)

where the constant ¢ = c(p,q, Q,Q, ||J||w1.r) > 0 is independent of u. *

Proof: Let ¢ : © — R?” be a smooth test function with compact support and
define ¢ = 9,) — JT0y1p. Then

0s¢ + JL 0 = A — (95 0) T 0pp + (8¢ T) T TT 0y

and hence (B.5) implies
A’(/}7 s'(/)a aﬂ/’» > <B6)
[ o]

f=(0)u+n, g = (0sJ)u+ Jn. (B.7)

where

1In the case ¢ = co we have n € Lﬁ)c and u € Wﬁ)’cp and the estimate holds with the corre-
sponding norms.
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; = e : . pq/(p+q)
By assumption and Hélder’s inequality the functions f and g are of class L .

Equation B.6 asserts that u is a weak solution of
Au=0sf — dig

where the right hand side is to be understood in the distributional sense. By

Theorem B.2.9 we have u € VVltf /(P9 and for every compact set Q C € there is
an estimate

lullwrsaeragy < @ (||fHqu/(p+q)(Q) + 19l poasrar ) + ||UHqu/<p+q)(Q))
< et (1w 1l aggy + 1l oasororay
17 oo 1 sk ) + 1l s )
< e (||UHL4(Q) + ||W||qu/<p+q>(g)) :

Here the constants ¢; and ¢y depend on p, ¢, @, Q, and the W!P-norm of J but not
on u. If follows from integration by parts that u satisfies (B.4) almost everywhere.
O

Lemma B.4.4 Given p > 2 there exists a finite increasing sequence qo < q1 <
- < qp such that

P 2p
p— <QOSP7 Qr—1 < —— < qu,

1 p—2
and
dj+1 = 2r; = P45
’ 2—r;’ Tptg’

forj=0,...,0—1.
Proof: Consider the map h: (p/(p —1),2p/(p — 2)) — (2,00) defined by

2pq 2r P
(q) r=——

= = , = < 2.
2p 4+ 2q — pq 2—r p+q

The condition r < 2 is equivalent to ¢ < 2p/(p —2). The map h is a monotonically
increasing diffeomorphism such that h(g) > ¢. Now choose the sequence g; such
that qj+1 = h(Qj). a

Lemma B.4.5 Assume p > 2 and 1 <r < p. If f € W'? and g € Wb then
fg € WL with
I gllwrr < cllfllwn lgllwar -

Proof: Examine the L"-norm of the expression expression d(fg) = (df )g + f(dg).
The term f(dg) can be estimated by the sup-norm of f and the W1 "-norm of g.
The term (df)g can be estimated by

(g oo

e < dfllpo lgll L s 5 + 5 =

If < 2 then, since p > 2, we have ¢ = pr/(p —r) < 2r/(2 —r) and the L? norm of
g can be estimated by the W1 -norm. The latter is obvious when r > 2. a
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Lemma B.4.6 Assume J € VVlo’(fj and n € L}, where p > 2. Ifu € LY  satis-

fies (B.5) for every ¢ € C§° then u € VVlOéD. Moreover, for every compact set QQ C )
there is an estimate

el < € (Il oy + 17l o)
with ¢ = ¢(p, Q, Q, ||J|lwr.r) > 0 independent of u.
Proof: By Lemma B.4.3 and the Sobolev embedding theorem we have

2
- p1<q< P — uweWWclLl
b

LI
u € _2

loc?

where r = pg/(p +q) < 2 and ¢’ = 2r/(2 —r) > ¢q. Now choose ¢; and r; as in
Lemma B.4.4. By induction we have u € VVlicr I for every j and

lllwrsgyy < e (e, + Il )

(

2 (Il gy + Il ey )
(
(

INA
o

IA
oy

3 (ellwro oy + Ilzo(er)

IN

ea (Il ey + Il o)

where Q41 C int(Q;) and @ C int(Qe). In the first and last inequality we have
used Lemma B.4.3. In the last inequality we have also used gqg < p. The second
inequality follows from the Sobolev embedding theorem and the third by induction.
With j = ¢ we have 7, = pge/(p + q¢) > 2 and hence u is continuous. Now use
Lemma B.4.3 again with ¢ = co. ]

Proposition B.4.7 Assume J € VVIIZCP and n € WP where p > 2 and k > 1. If

loc
uw e L} . satisfies (B.5) for every ¢ € C§° then u € V[/Iijl’p. Moreover, for every

compact set QQ C § there is an estimate

lullwrsrnig) < € (lullwrn + 7w )
with ¢ = ¢(p, Q, L || I |lwe.») > 0 independent of w.

Proof: First assume k = 1. Then

u € I/Vﬁj’f, Ll <qg< oo = u € WlifQ/(p+Q) (B.8)
p—

and u satisfies the obvious estimate. To see this note that the function

u = 0su € LY

loc

is a weak solution of (B.4) with 7 replaced by

0 = 0sm — (85T)dyu € I,pe/(p+a)

loc
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Hence it follows from Lemma B.4.3 that v’ € I/Ifllo’fq/(p+q). By Lemma B.4.5 O;u =

J(asu - 77) 6 Wlifq/(p+q) and hence u 6 Wlifq/(TH"q).

To prove the statement for k = 1 choose sequences ¢; and r; as in Lemma B.4.4
T

and use (B.8) inductively as in the proof of Lemma B.4.6 to obtain u € Wli’c 7 for
every j. With j = £ it follows that u is continuously differentiable and, by (B.8)
with ¢ = oo, we have u € Wli’f . This proves the assertion for £ = 1. For general
k it is proved by induction. Assume the proposition is true for k > 1. Suppose
that J € WP and n € WP Apply the induction hypothesis to u’ and 7’ as

loc loc
above to obtain that d;u = v’ and dyu = J(9su — 1) are of class VVIIZjl

u € Wlﬁjz’p and this proves the proposition with k replaced by k + 1. a

‘P Hence

Proof of Theorem B.4.1: It suffices to prove the theorem in local coordinates.
Hence we shall assume that 0 C C is an open set and u :  — R2" is a solution of

the PDE 5 5
u u
— + J(u)— =0,
as T W5
where J : RZ® — R2™%2" i5 a smooth almost complex structure. Now assume first
that K =1. Then u € I/I/ll’p(Q,R2") satisfies the requirements of Proposition B.4.7

ocC
with £ = 1, n = 0, and J replaced by Jou € VVlicp Hence u € Wi’f and
Jou e W2P. Continue by induction to obtain that u € W for every k. Hence u
is smooth. This proves the theorem for k = 1. If u € Wllf)’f with (k — 1)p > 2 then
u e Wh for every ¢ and the statement follows from the case k = 1. If (k—1)p < 2

loc

then u € W' with ¢ = 2p/(2 — kp + p) > 2 and the statement follows again from

loc

the case k = 1. O

Proof of Theorem B.4.2: Since the inclusion W' — C' is compact for p > 2
we may assume that u, converges uniformly to a continuous function u : ¥ — M.
Now, in local coordinates, we may assume that u, : © — R2?" is a sequence of
smooth solutions of the PDE

8suy + Jv(uu)atuy = 07

where J,, converges to J in the C'"*°-topology. It follows from Proposition B.4.7 by
induction that
sup ”U”Wk,p(Q) <00
v

for every k and every compact subset Q C €. By the Arzela-Ascoli theorem the
inclusion W*? < C*~1 is compact. This proves the existence of a subsequence
which converges in the C*~!-topology on every compact subset of ¥. The theorem
follows by choosing a diagonal subsequence. a

Exercise B.4.8 Find the simplest proof you can of Theorems B.4.1 and B.4.2
when J is integrable and ¥ is closed. a
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