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Abstract

The symplectic isotopy problem is a question about automorphisms of
a compact symplectic manifold. It asks whether the relation of sym-
plectic isotopy between such automorphism is finer than the relation
of diffeotopy (smooth isotopy). The principal result of this thesis is
that there are symplectic manifolds for which the answer is positive;
in fact, a large class of symplectic four-manifolds is shown to have this
property. This result is the consequence of the study of a special class
of symplectic automorphisms, called generalized Dehn twists.

The hard part of studying the symplectic isotopy problem is how to
prove that two given symplectic automorphisms are not symplectically
isotopic. Symplectic Floer homology theory assigns a ‘homology group’
to any symplectic automorphism. These groups are invariant under
symplectic isotopy, hence an obvious candidate for the task. While
there is no general procedure for computing the Floer homology groups,
it turns out that this is feasible for generalized Dehn twists.

The computation involves an extension of the functorial structure of
the Floer homology groups: we introduce homomorphisms induced
by certain symplectic fibrations with singularities. Then we use the
fact that generalized Dehn twists appear as monodromy maps of such
fibrations. These induced maps on Floer homology groups may be of
interest independently of their contribution to the symplectic isotopy
problem.

The thesis is divided into three parts: the first part presents the sym-
plectic isotopy problem, introduces generalized Dehn twists, and ex-
plains the consequences of the determination of their Floer homology
groups. The second part is devoted to Floer homology; its main focus
are the new induced maps. The final part describes the computation
of the Floer homology groups of a generalized Dehn twist.
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1 Introduction

The symplectic isotopy problem. Let (M,w) be a compact symplectic
manifold. A symplectic automorphism of (M,w) is a diffeomorphism ¢ :
M — M such that ¢*w = w. Recall that two diffeomorphisms ¢q, @1 :
M — M are called diffeotopic if they can be connected by a smooth family
(¢t)o<t<1 of diffeomorphisms. Similarly, two symplectic automorphisms are
symplectically isotopic if there is a diffeotopy (¢:) between them such that
all the ¢, are symplectic automorphisms. The symplectic isotopy problem
is the following

Question. Are there symplectic automorphisms ¢g, ¢1 which are diffeotopic
but not symplectically isotopic?

The answer does not change if we consider only the case ¢; = id. A sym-
plectic automorphism which is not symplectically isotopic to the identity
is called essential. Then the question can be phrased as follows: are there
essential symplectic automorphisms which are diffeotopic to the identity?
Let Diff (M) be the group of orientation-preserving diffeomorphisms of M
(with the C*°-topology) and Aut(M,w) the subgroup of symplectic auto-
morphisms. Both groups are locally contractible, and any continuous path
in Diff " (M) or Aut(M,w) can be deformed into a smooth one while keeping
its endpoints fixed. Hence our question is this: let

mo(Aut(M,w)) — mo(Diff T (M))

be the homomorphism induced by inclusion. Is its kernel nontrivial? The
motivations for studying this problem come from different parts of geometry:

Negative examples. There is a small number of cases in which the topology of
Aut(M,w) is completely known. In all these cases the answer to our question
turns out to be negative. Moser’s theorem on volume forms shows that for
two-dimensional M, Aut(M,w) is a deformation retract of Diff*(M). The
two other examples are due to Gromov [13]. He showed that for M =
CP? or CP! x CP!, the group Iso(M) of Kihler isometries is a deformation
retract of Aut(M,w). Iso(CP?) = PU(3) is path-connected; hence any two
symplectic automorphisms are symplectically isotopic. Iso(CP! x CP1) is
a semi-direct product (PU(2) x PU(2)) x Z/2. It has two components;
one contains the identity and the other one the involution which exchanges
the two CP!’s. By Gromov’s theorem, the same holds for the symplectic
automorphism group. In particular, a symplectic automorphism is essential
iff it acts nontrivially on homology. Gromov’s approach seems to be confined
to the class of rational or ruled symplectic four-manifolds.

Gauge theory. Let E be the unique nontrivial principal SO(3)-bundle over
a closed oriented surface ¥ of genus g > 2. The group G(FE) of gauge



transformations acts by pullback on the space A% (E) of flat connections
on E. Its maximal connected subgroup Go(E) acts freely, and the quotient
N, = A(E)/Gy(E) is a smooth compact manifold. A has a canonical
symplectic structure wy.

The extended diffeomorphism group Diff 7 (X, E) is the group of pairs (f, f )
which consist of an oriented diffeomorphism f of ¥ and an isomorphism
f:E— f*E. fg = 7o(Diff (X, F)) is called the extended mapping class
group; it is an extension of I'y = mo(Diff T (X)) by H'(3;7Z/2). The operation
of pulling back connections defines an action of fg on (Ny,wy). Dostoglou
and Salamon [8] raised the question whether the induced homomorphism

Ty — mo(Aut(N,, w,)) (1.1)

is injective. Indications in favour of a positive answer come from unpublished
work of Callahan, who gave an example of a 7 € fz whose action on (N, ws)
is essential even though it acts trivially on H,(N2). In contrast, it seems
likely that the differentiable counterpart of (1.1),

T, — mo(Diff *(\V,)), (1.2)

is not injective. This likelihood comes from general results about diffeo-
morphism groups, e.g. [28, Theorem 12.4 or Theorem 13.3], together with
the fact that N is simply connected (recall that in the case of X itself, the
diffeomorphism group is usually studied through its action on (%), which
distinguishes fully between diffeotopy classes).

The different expectations for the homomorphisms (1.1) and (1.2) leave the
possibility that the symplectic isotopy question on (Ng,wy) has a positive
answer. For example, this would hold if Callahan’s element 7 lies in the
kernel of (1.2).

Holomorphic functions. This motivation is particularly close to the point of
view of the present work. Let m be a holomorphic function from a compact
Kihler manifold (E, J,(2) to a Riemann surface 3. The set X of critical
values of  is finite, and the regular fibres E, = 7~!(z) form a smooth fibre
bundle over ¥ = ¥\ XMt Tt is a classical idea to study the holomorphic
function 7 through the monodromy homomorphism

71 (378, z9) — mo(Diff T(E,,))

associated to this smooth fibre bundle. The Kahler form €2 induces a sym-
plectic structure Q, = Q|FE, on each regular fibre. Since the cohomology
class [Q2.] is locally constant in z, (E.,(2,) is a locally trivial family of sym-
plectic manifolds, by a theorem of Moser. As a consequence, there is a
symplectic monodromy homomorphism (X%, zg) — mo(Aut(E,,, 2z,))



which fits into a commutative diagram

mo(Aut(E,,, Qz))

|

1 (278, 2z) —— mo(Diff T (E.,,)).

Whether the symplectic monodromy is actually a finer invariant depends on
the answer to the symplectic isotopy problem.

An important source of holomorphic functions (with ¥ = CP!) are the Lef-
schetz fibrations obtained from a generic pencil of hyperplane sections of a
projective variety after blowing up its base. Lefschetz used the monodromy
action on the homology of a regular fibre to study the topology of varieties
by induction on their dimension. One might imagine a parallel attempt to
analyse the symplectic geometry of algebraic varieties in which the differ-
entiable monodromy would be replaced by its symplectic counterpart. For
example, Lefschetz fibrations with the same fibres and differentiable mono-
dromy but with different symplectic monodromy might be a potential source
of inequivalent symplectic structures on the same smooth manifold. Recent
work of Donaldson provides the foundation for extending such an approach
even to non-Kahler symplectic manifolds.

Lefschetz fibrations have an interesting global structure, but their local
structure is simple. For a holomorphic function with critical points of a
more complex kind even the local aspect, that is, the symplectic mono-
dromy along a small loop which winds around a single critical value of 7,
is interesting. The smooth monodromy along such small loops is a much-
studied object; the relevance of symplectic geometry to questions of this
kind has been advocated by Arnol’d [1].

Fragile automorphisms. The symplectic isotopy problem compares the
topology of Aut(M,w) with that of Diff*(M). A related question is how
Aut(M,w) changes under variations of w. The contribution of the present
work to this question is the discovery of an unexpected phenomenon which
we have christened fragility. Roughly speaking, a symplectic automorphism
is fragile if after an arbitrarily small perturbation of the symplectic form,
it becomes symplectically isotopic to the identity. The precise formulation
uses deformations (wt, ¢¢)o<t<e, Where wy is a smooth family of symplectic
forms and ¢; a smooth family of diffeomorphisms such that ¢, € Aut(M, w;)
for all ¢.

Definition 1.1. ¢ € Aut(M,w) is fragile if there is such a deformation with
wo = w, ¢9 = ¢, and such that for all ¢ > 0, ¢; is isotopic to the identity
symplectically, that is, within Aut(M,w;).



If ¢ is symplectically isotopic to the identity, it is fragile for trivial reasons
(take the constant deformation). The interesting case is when ¢ is essential:
since a fragile automorphism is diffeotopic to the identity, any such example
provides a positive answer to the symplectic isotopy problem. Note that by
concentrating on the notion of fragility, we narrow the class of symplectic
manifolds under consideration:

Lemma 1.2. On a compact symplectic manifold with bo(M) = 1 every fra-
gile automorphism is symplectically isotopic to the identity.

Proof. Let (wy, ¢) be a deformation of (w,¢) as in Definition 1.1. Since
b (M) = 1 and we are free to rescale w;, we may assume that [w;] = [w] €
H?(M,R) for all t. Moser’s theorem on deformations of symplectic forms
says that there is a smooth family (p;) of diffeomorphisms of ¢ with py = id
and such that pfw; = w for all . Fix some ty > 0 and an isotopy (%s)
between ¢y = ¢y, and ¥ = id in Aut(M,wy,). The conjugates ¢} = pt_laﬁtpt
and Y, = p%lwspto lie in Aut(M,w). ¢}, is symplectically isotopic to ¢
through (¢}) and to the identity through (¢%). Therefore ¢ is symplectically
isotopic to the identity. O

We will show that many compact symplectic four-manifolds (M,w) with
b1 (M) = 0 have automorphisms which are essential and fragile. The prin-
cipal requirement of our approach is that (M,w) must contain an embedded
Lagrangian two-sphere. For such manifolds, we prove the existence of an es-
sential and fragile automorphism under a certain algebraic condition, stated
in terms of its quantum homology ring. This algebraic condition can be
dealt with easily as long as (M, w) is not rational or ruled. In this way one
obtains the following result:

Theorem 1.3. Let (M,w) be a compact symplectic four-manifold, with
bi(M) = 0, which contains an embedded Lagrangian two-sphere. Assume
that (M, w) is minimal and irrational, and that dim Ho(M;Z/2) > 3. Then
(M,w) admits an essential and fragile symplectic automorphism.

There is a slightly more complicated version of this theorem which does
not require that (M,w) is minimal (Theorem 5.4). One can also consider
rational four-manifolds, but then the condition on the quantum homology
ring needs to be checked separately in every instance.

Our approach is particularly effective for algebraic surfaces, where the ex-
istence of a Lagrangian two-sphere can often be deduced from algebro-
geometric considerations. As an example, consider the class of algebraic
surfaces which are complete intersections in some projective space CP",
with the induced symplectic structures. The first such surfaces are CP? it-
self and CP! x CP! which is a quadric hypersurface in CP3. As explained



before, the answer to the symplectic isotopy problem is negative in these
two cases. In all other cases, the answer is positive:

Theorem 1.4. Any complete intersection of complex dimension two other
than CP? or CP! x CP' admits an essential and fragile symplectic auto-
morphism.

The remainder of this part is structured as follows: the next section intro-
duces a special class of automorphisms of a symplectic four-manifold called
generalized Dehn twists. We prove that the square of any such automorph-
ism is fragile. In section 3 we present some of the main properties of Floer
homology and state the result of its computation for generalized Dehn twists.
We also explain how to apply this to the symplectic isotopy problem. The
outcome is summarized in Corollary 3.6, which is the main result of this
thesis. Section 4 explains how to use degenerations of algebraic surfaces
to produce Lagrangian two-spheres on them. In section 5 we recall some
recent results on symplectic four-manifolds which are not rational or ruled,
and prove Theorem 5.4. Section 6 contains a few sample computations for
rational algebraic surfaces which are necessary to prove Theorem 1.4.

Notation. Unless otherwise specified, (M,w) always denotes a compact
symplectic four-manifold with b; (M) = 0.

This is the class of symplectic manifolds in which we will work throughout.
The condition b;(M) = 0 can be removed if one replaces symplectic iso-
topy by Hamiltonian isotopy everywhere. This notion of isotopy, which
coincides with symplectic isotopy for b;(M) = 0 but is more restrictive
in general, is the natural one in Floer homology theory. The restriction to
four-dimensional manifolds has two reasons: one is of a technical nature (the
construction of Floer homology groups is simpler for a class of symplectic
manifolds which contains all four-dimensional ones). The other reason is
that our source of fragile automorphisms is an elementary feature which is
specific to four dimensions. Higher-dimensional examples can be produced
from this by taking products. For example, the products (M, w)x---x (M, w)
of a K3 surface (M, w) with itself admit an essential and fragile symplectic
automorphism. However, we will not pursue this further here.

2 Generalized Dehn twists

The first step towards a positive answer to the symplectic isotopy problem
is to find interesting symplectic automorphisms which are diffeotopic to the
identity. Our examples are constructed from a common local model; we
begin by explaining this model.



Let T*%S? be the cotangent bundle of S? and 7 its canonical symplectic
form. The zero section S? C T*S? is a Lagrangian submanifold. We use the
representation

T°5% = {(u,v) € R x R | Ju| = 1 and (u,0) = 0}.

In these coordinates, n = — >, du; A dv; and S? = {(u,v) € T*S? | v = 0}.
Let T¥S? = {(u,v) € T*S? | |v| < €} be the subbundle of e-discs, for
€ > 0. We denote the subgroup of automorphisms ¢ € Aut(7*5%,7) which
are supported inside T*S? (that is, ¢ = id outside some compact subset of
T*S?) by Aut®(T*S? 7).

Consider the Hamiltonian function u(u,v) = |v| on T*S? \ S2. It is well-
known that %,uQ induces the geodesic flow (this is true for the corresponding
function on the cotangent bundle of any Riemannian manifold). Given this,
it is not difficult to see what the flow of u is: it transports every cotangent
vector along the geodesic emanating from it with unit speed, irrespective of
how long the vector is. On S2, all geodesics are closed and of period 2m;
therefore p induces a Hamiltonian circle action on T*S?\ S2. Since it is clear
what the geodesic flow is in our coordinates, we can write down this action
explicitly:

o(e®)(u,v) = <cos(t)u + sin(t)ﬁ7 cos(t)v — sin(t)u\v|> .

o(—1)(u,v) = (—u,—v) can be extended to an involution of T*S?. We call
this involution the antipodal map and denote it by A.

Notation. The Hamiltonian flow induced by a (time-indepedent or time-
dependent) Hamiltonian function H will be denoted by (¢!7)cr.

Take a function r € C°°(R,R). The flow induced by (i) on T%5%\ S? is
& " (@) = o)) a); (2.1)

this is an elementary fact which holds for any Hamiltonian circle action. If r
is even, r(u(u,v)) = v/7(|v|?) is a smooth function on all of T*S? and every
point in S2 is a critical point of it. As a consequence (2.1) can be extended
to a Hamiltonian flow on T*S? which keeps S? pointwise fixed.

Lemma 2.1. Let r € C*°(R,R) be a function which satisfies

r(t) =0 fort>35 and r(—t)=r(t)—1t forallt. (2.2)
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(a) The map 7 of T*S? into itself given by

) = { @) xS,
A(z) z €S2

is a symplectic automorphism supported inside T*S?.
(b) T commutes with the antipodal map A.

(c) The automorphisms obtained from different choices of r are isotopic in
Aut®(T*S?,m).

Proof. (a) The second condition in (2.2) shows that R(t) = r(t) — 5t is even.
As explained above, this implies that R(x) induces a Hamiltonian flow on
T*S?. A simple computation using (2.1) shows that the time-27 map of this
flow is Ao 7. It follows that 7 itself is also a symplectic automorphism. The
first condition in (2.2) says that for (u,v) ¢ TE"‘/QS2 we have 2™ (W) = 1,
hence 7(u,v) = (u,v) by (2.1).

(b) is clear from (2.1).

(¢) Let r,7" be two functions satisfying (2.2) and 7,7’ the corresponding
symplectic automorphisms. By (2.1), 7717/ is the time-2m map of the flow
induced by 6(u), where 6 = ' —r. (2.2) implies that ¢ is even and §(pu)
is supported inside 7*S2. Therefore its Hamiltonian flow defines an isotopy
from 7717/ to the identity in Aut®(T*S?,n). O

Let (M, w) be a compact symplectic four-manifold and V' C M an embedded
Lagrangian two-sphere. The symplectic geometry of M near V is described
by the following tubular neighbourhood theorem:

Lemma 2.2 (Weinstein [32]). (a) There is an € > 0 and a symplectic
embedding i : T)'S? — M with i(S?) = V.

(b) Let i,i' be two embeddings as above and assume that i~'i'|S? € Diff (S?)
is diffeotopic to the identity. Then there is a & < € such that i|T}S* can be

deformed into Z"|T§‘S2 within the space of symplectic embeddings which map
S?toV. O

Proposition 2.3. Choose an € > 0, an embedding i as in Lemma 2.2, and
a function r as in Lemma 2.1. Then

) = iti~Y(z) € im(i),

defines a symplectic automorphism of M. Ty maps V to itself but reverses
its orientation. It is independent of r and i up to symplectic isotopy.

11



We call 7 the generalized Dehn twist along V' because maps of this kind
are natural four-dimensional analogues of the (positive) Dehn twists along
simple closed curves on a surface. Generalized Dehn twists are common in
singularity theory, but they are usually considered only as diffeomorphisms;
the observation that their local model 7 is symplectic was made by Arnol’d.

Most of Proposition 2.3 follows immediately from the previous Lemmata.
We need to make one remark on the uniqueness of 7y up to symplectic
isotopy. Lemma 2.1 and Lemma 2.2(b) show that [ry] € mo(Aut(M,w))
depends only on the diffeotopy class of i|S?. Since we have not fixed an
orientation of V', there are two such classes, represented by any embedding
i and its opposite i’ = i o A. Let 7 and 7{, be the automorphisms of M
constructed from the same local model using these two embeddings. By
Lemma 2.1(b),

(@) = iAr AN @) = ii T (@) = 1v (@)

for z € im(¢) and hence 7v = 7{,. This completes the proof of the in-
dependence of [ry]. Our discussion has a parallel in the two-dimensional
case, where the distinction between positive and negative Dehn twists is
also independent of the orientation of the curve.

For completeness’ sake we include a stronger uniquess result which will not
be used later; it is again an analogue of a well-known property of ordinary
Dehn twists. Recall that two submanifolds Vg, Vi C M are called isotopic if
there is a submanifold V.C M x [0; 1] which intersects M x {t} transversely
for all ¢ and such that V; = VN (M x {t}) for t = 0,1. An isotopy is
Lagrangian if V.N (M x {t}) C M is a Lagrangian submanifold for all ¢.

Lemma 2.4. The symplectic isotopy class of 7y depends only on the Lag-
rangian isotopy class of V.

Proof. 1t is convenient to consider an apparently stronger notion: two Lag-
rangian submanifolds Vy, Vi C M are ambient isotopic if there is a symplectic
isotopy (¢¢)o<t<1 with ¢g = id and ¢1(Vp) = V1. It is clear from the construc-
tion that [ry] € mp(Aut(M,w)) depends on V only up to ambient isotopy.
However, for two-spheres, as for all compact Lagrangian submanifolds with
vanishing first Betti number, any Lagrangian isotopy can be embedded into
an ambient isotopy. O

Lemma 2.5 (Picard-Lefschetz formula). The action of v on homology

s given by

d+ (d-[V])[V] de€ H(V)

(v)«(d) = {d de Hy(V), i #2.

12



Proof. 1y is trivial outside a tubular neighbourhood U of V. For such a
map there is a variation homomorphism var(ry) : H. (M, M\U) — H,(U)
such that the diagram

(Tv)«—id

H;(M) H;(M)
Hy(M, M\ U) —2) @)

commutes (the unmarked arrows are the obvious maps). Since H;(M, M \
U) =2 H*Y(U) =2 H*(S?) and H;(U) = H;(S?), the variation vanishes
for i # 2. For ¢ = 2, both groups are infinite cyclic: the isomorphism
Hoy(M,M\U) = Zis given by d — d - [V] and Hy(U) is generated by [V].
It follows that there is a A € Z such that

(Tv)«(d) = d+ AMd - [V])[V]

for all d € Ho(M). Take d = [V]: the local model, Lemma 2.2, shows that
the self-intersection number [V]-[V] is the Euler number of the oriented two-
plane bundle 7%S%? — S?_ which is e(T*S?) = —¢(T'S?) = —x(S?) = —2.
Therefore (1v).[V] = (1 — 2X)[V]. But since 7y |V is orientation-reversing,
(1v)«[V] = —[V] and hence A = 1. O

Recall that we are searching for a class of symplectic automorphisms which
are diffeotopic to the identity. This is certainly not true for 7y since it in-
duces a nontrivial map on homology. However, the Picard-Lefschetz formula
shows that this induced map is an involution; consequently, the square 7‘2/
acts trivially on homology. We will now prove a much stronger result:

Proposition 2.6. The square of a generalized Dehn twist is fragile. In
particular, it is diffeotopic to the identity.

The proof will be carried out in the local model (752, 7). Let 8 € Q%(S?) be
the standard volume form, that is, 3,(¢,1) = (u, & xn), and 7 : T*S? — §?
the projection. In principle, we want to deform n by adding small multiples
of 3. Some adjustments have to be made to keep that deformation trivial
outside T*S2. Since H2(T*S?\ S?,R) = 0 (T*5?\ S? is homotopy equivalent
to RP3), there is a one-form A € Q(T*S?\ 5?) such that d\ = 7*3|T*S?\ S2.
Choose a function ¢ € C*®(T*S? R) with ¢(u,v) = 0 for |v] < 2 and
Y(u,v) =1 for |v] > %6. a =70 —d(\) is a compactly supported closed
two-form on T*S?. Hence there is a § > 0 such that n, = 7 + sa is a
symplectic form for 0 < s < 4.

Choose a function 7 as in Lemma 2.1 and such that r(t) = 3¢ for [¢| < <.

-2
Then 72 is given by

72(u7v) _ 0_(647ri7’ (|U|))(u’v) i < ‘U|S %7
(u,v) otherwise.

(2.3)

13
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a(t) = 4nr'(t) goes from a(§) = 27 to a(§) = 0. Let us imagine for a
moment that the circle action o could be extended smoothly to the whole
of T*S?. Then we could define a symplectic isotopy from 72 to the identity
within Aut®(TS?,n) by

o (et (u,v) o] <,

(u,v) otherwise.

de(u,v) = {

What hinders us from actually doing this is that ¢ is not continuous at
S?2. However, this lack of continuity can be removed by deforming the circle
action in a way which is compatible with the deformation of . More pre-
cisely, we will construct a family (os)p<s<s of Hamiltonian circle actions on
(T2*€/352, ns) such that o, converges to o away from S? as s — 0. The con-
struction necessitates a short digression on Hamiltonian SO(3)-actions. Our
convention is to write the moment map of such an action as an R3-valued
function, using the cross-product and scalar product to identify R? with so3
and its dual.

Lemma 2.7. Let p be a Hamiltonian SO(3)-action on a symplectic man-
ifold (N,n), with moment map m : N — R3. Then the function h(z) =
|m(z)| induces a Hamiltonian circle action ¢ on N \ m~1(0), given by

¢(e")(x) = plexp(t )()- (2.4)

[m(z)]

Proof. Let K¢ € T(TN) be the infinitesimal action of £ € R? 2 s03. Recall
that moment maps are equivariant with respect to the coadjoint action; in
our terms, this translates into

(Kem)(x) =& x m(x). (2.5)

The Hamiltonian vector field of h is

because —ixw = d(m(z), m(z)/|m(z)|) = d/m(z)|. By (2.5),

(X.m)(x) = x m(z) =0

 m()]

Therefore m is constant along the orbits of X, which implies that the flow
of X is given by (2.4). It is a circle action because exp(2rg) = I for any
g € so3 which has length one. O

Consider the standard SO(3)-action p on S? and the induced action p on
T*S?, given in our coordinates by p(A)(u,v) = (Au, Av). The moment map
of p with respect to n is m(u,v) = u X v, and the moment map of p with

14



respect to 3 is m(u) = —u. By definition, 1, agrees with w + s7*(3 on U =
Ty /352. Since 7 is SO(3)-equivariant, it follows that p|U is Hamiltonian
with respect to 7s|U, with moment map

ms(u,v) = m(u,v) + sm(u) = u X v — su.

For s > 0, ms is nowhere zero; therefore pus = |ms| induces a Hamiltonian
circle action o on (U,ns). The expression for ¢ given in Lemma 2.7 yields
an explicit formula for oy.

There is a ¢’ € (0;6] such that us(u,v) = |u x v — su| satisfies

ps(u,v) > % for |v| > %e and  ps(u,v) < i for |v] < %e
for all s < ¢'. Let Ty : T*S? — T*S%, 0 < s < &', be the family of maps

defined by

ia (s (u, 1 3
Ts(uﬂ}) _ Us(eza(u (u U)))(u,’u) =€ < |v| < F€, (2.6)
(u,v) otherwise.
These maps are smooth because e’*) = 1 for t ¢ (555 As s — 0, ns

converges to 77, and us converges smoothly to u on the region %e < || < %e.
Hence o, converges smoothly to o on that region. By comparing (2.6) with
(2.3) it follows that (Ty)g<s<s is a smooth deformation of 72.

Because it is trivial outside U, T is the time-47 map of the Hamiltonian
function Hy = r(us) with respect to the symplectic structure 7; in partic-
ular, it lies in Aut®(T*S?,n,). Since r(t) = 0 for t > €/2, H, is supported
in T*S? and its flow provides an isotopy from Ty to the identity within
Aut®(T*S?,n5) for any s < §. Explicitly, this isotopy (Tst)o<1 is given by

TS t(l’) =

)

Us(ez‘m(us(m)))(x) reU,
. z¢ U

It follows that (s, Ts)o<s<s' is a deformation of (n,72) in the sense of Defini-
tion 1.1, supported inside T*S?. For sufficiently small € > 0, this deformation
and the maps (T ;) can be transported from the local model to a neighbour-
hood of any given Lagrangian two-sphere V' in a symplectic four-manifold
(M,w). This completes the proof of Proposition 2.6.

Remark 2.8. Generalized Dehn twists can be defined in any dimension:
it is sufficient to replace 7%S? by T*S” as a local model. The fact that
the square of a generalized Dehn twist acts trivially on homology is true
for any even r. However, the fragility of 72 is special to four dimensions.
Indeed, a nontrivial deformation of the symplectic form localized near a
Lagrangian sphere is possible only in four dimensions because H2(T*S") = 0
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for r # 2. A more conceptual proof of Proposition 2.6 reveals that the
fragility of 72 is a consequence of an algebro-geometric construction which
works only in complex dimension two, namely, the simultaneous resolution
of ordinary double points [2]. We have chosen to present the argument in
elementary terms because the connection between generalized Dehn twists
and singularities will only be made later on, in Part III.

3 The Floer homology of a generalized Dehn twist

Proposition 2.6 — which says that the square 7"2/ of any generalized Dehn
twist is fragile — forms the easier part of our approach to the symplectic
isotopy problem. The difficult part is to prove that there are (M,w) and
V such that T‘Q/ is essential, or equivalently, such that 7y is not symplect-
ically isotopic to Ty, ! The theory which we use for this purpose assigns
to (M,w) a ring QH.(M,w) and to each ¢ € Aut(M,w) a module HF,(¢)
over QH,(M,w) which is unchanged under symplectic isotopy. QH.(M,w)
is called the quantum homology ring of (M,w) and HFy(¢) the Floer ho-
mology of ¢. Our main result determines H F,(7y) for any V. By a simple
duality property, we obtain HF, (7, 1) at the same time. A comparison of
these two QH, (M, w)-modules yields conditions under which 7y is essential.

We will use (with minor modifications) the quantum homology ring as
defined by Ruan-Tian [23] and McDuff-Salamon [20]. In the version by Ruan
and Tian, this definition works for the class of ‘weakly monotone’ symplectic
manifolds; this is sufficient for our purpose since any four-manifold satisfies
this condition (we remark in passing that there are more recent approaches
which work for all compact symplectic manifolds). Additively QH.(M,w)
does not depend on w: it is the Z/2-graded group obtained from the or-
dinary homology of M with coefficients in a certain field A by reducing the
grading, that is,

QHO<M7W) :Heven<M§A)7 QHI(MaW) :Hodd(MQA)-

The choice of coefficients is dictated in part by convenience and in part by
the exigencies of the theory of pseudo-holomorphic curves.

Definition 3.1. Let A be the set of functions ¢ : R — Z/2 which satisfy
the following condition: for any C € R, there are only finitely many ¢ < C
such that ¢, # 0. Addition and multiplication on A are defined by
(C(l) + 0(2))5 — ) 4 2 (0(1)0(2))5 — Z c((sl)c(Z)&.
€ € €—0)
deR
the finiteness condition ensures that ) ;.p cgl)cg)5 has only finitely many
nonzero terms. We call A the universal Novikov field over Z/2.
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The proof that A is indeed a field is not difficult; it can be found e.g. in
[14]. Tt is customary to write elements of A as formal power series with real

c= chte,

eeR

exponents:

because addition and multiplication take on the familiar form in this nota-
tion. For elements of QH,(M,w) we use the same notation with coeffi-
cients ¢ € H.(M;Z/2). This is justified by the Kiinneth isomorphism
QH,(M,w) = H,(M;Z/2) ® A.

The product on QH,(M,w) is defined in terms of the threefold Gromov-
Witten invariants of (M,w). These invariants are a collection of symmetric
trilinear forms

O, Ho(M;7)2) @ Ho(M;7/2) @ H,(M;Z/2) — 7./2

indexed by A € Hy(M;Z). Roughly speaking, ®4(x,y,z) is the number
mod 2 of pseudo-holomorphic spheres in the homology class A which pass
through suitable cycles representing =,y and z. By using Poincaré duality
and summing over all A with the same energy w(A) € R, we convert the
Gromov-Witten invariants into a family (x).cr of symmetric bilinear forms

H.(M; Z/2) @ Ho(M;Z/2) — H.(M;Z/2)
with the following properties:

1) %, = 0 for all negative e.

2) any interval [0; C] C R contains only finitely many e with % # 0.

4

(1)
(2)
(3) e respects the grading of H.(M;Z/2) mod 2.
(4) *¢ is the ordinary intersection product.

()

5) [M]*cax =0 for all z € H,(M;Z/2) and € > 0.

The quantum product x on QH,(M,w) is defined by

1 2
C(l) * 0(2) - Z Z 0551) *e—81—02 Cc(b) [
e€R \ 61,02€R

From the first two properties of *. it follows that the sum over 41, o contains
only finitely many nonzero terms and that the expression on the r.h.s. is
an element of QH,.(M,w). By definition, * is A-bilinear. It is commutative
because the forms *. are symmetric, and it is also associative (a much deeper
result). Property (3) shows that % is Z/2-graded. The last two properties
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imply that u = [M]t? is the unit of *. By property (1) and (4), the ordinary
intersection product z oy of z,y € H.(M;7Z/2) is the leading term of x t° %
yt0; that is,

zt0 %yt = (moy)t0+Zcet€. (3.1)
e>0

In this sense the quantum product is a deformation of the intersection
product.

Let V be a Lagrangian sphere in M. The ideal in (QH,(M,w), *) generated
by v = [V]t° will be denoted by I,.

Lemma 3.2. Let x € Hy(M;Z/2) be a class which has nonzero mod 2
intersection number with V' (such classes exist by Poincaré duality). Set
w=2t"€ QH.(M,w). v and w*v form a basis of I, as a vector space over
A; in particular, dimp I, = 2.

Proof. First, v itself is nonzero. Indeed, v = 0 would imply that [V] €
Hy(M;Z) is divisible by 2 because, as a part of the universal coefficient
theorem, the canonical homomorphism Hy(M;Z) ® Z/2 — Hy(M;Z/2) is
injective. But we know that [V] is not divisible by 2 because [V]-[V] = —2
is not divisible by 4.

v * w is linearly independent of v over A because
v*w = [pt]t° + (higher order terms)

by (3.1). It remains to prove that v * ¢ is a linear combination of v and
v * w with A-coefficients for any ¢ € QH,(M,w). Because the Gromov-
Witten invariants are invariants of the symplectic structure, the action of
Aut(M,w) on QH,(M,w) = H.(M;A) preserves *, hence

(Tv)e((w 4+ v) *x¢) = (1v)«(w + v) * (Tv)(c). (3.2)
The Picard-Lefschetz formula (Lemma 2.5) says that
(Tv)«(2) =2+ (z-pAv)v

where z -5 v € A is the ordinary intersection number with coefficients in A.
In particular, because (w +v) 4 v = —t9, (7y)«(w + v) = w. Inserting this
into (3.2) yields

vkce=(cpav)(wxv)—[((w+wv)*c)pvjv. O

The Floer homology of a symplectic automorphism ¢ € Aut(M,w) is a
Z/2-graded A-vector space

HF,(¢) = HFy(¢) & HF\(¢)
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equipped with a graded A-bilinear map % : QH.(M,w)QHF,(¢) — HFy(¢)
which makes it into a unital module over (QH,.(M,w),*). * is called the
quantum module structure. Floer homology has the following two basic prop-
erties:

(Isotopy invariance) If ¢y and ¢, are symplectically isotopic, H Fi(¢o)
and HF,(¢1) are isomorphic as modules over QH, (M, w).

(Poincaré duality) For every ¢ there is a nondegenerate graded pairing
() HE(¢7") @1 HF(¢) — A
which satisfies

(ckx,y) = (z,cky) (3.3)

for all c € QH.(M,w), v € HF,(¢™!) and y € HF,(9).

The construction of this invariant is discussed in Part II. Our application of
Floer homology is based on the following observation: the classical intersec-
tion rings (H.(M), o) are rings of a very special type. This is a consequence
of classical Poincaré duality, which says that there is a nondegenerate pairing
(the intersection pairing)

() Hy(M) ® Ho(M) — Z

such that (cox,y) = £(z,coy). Such a pairing relates H,(M) to its own
dual and thereby places restrictions on its structre. In contrast the ‘Poincaré
duality’ pairing for Floer homology groups involves two different groups
HF,(¢) and HF,(¢~1). Hence its existence does not have any consequences
for the structure of HF,(¢) for general ¢. An exception to this occurs
if ¢? is symplectically isotopic to the identity, because then HF,(¢) and
HPF,(¢~!) are isomorphic. In that case ‘Poincaré duality’ yields the following
information on HFy(¢):

Definition 3.3. Let P be a Z/2-graded unital module over QH,(M,w),.
We say that the QH.(M,w)-action on P is self-dual if there is a graded
nondegenerate bilinear form

()PP — A

such that (cx,y) = (z,cy) for all c € QH.(M,w) and z,y € P.

Lemma 3.4. If $? is symplectically isotopic to the identity, the QH,(M,w)-
action on HF,(¢) is self-dual. O

The main result of this work is
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Theorem 3.5. For any Lagrangian sphere V. C M there is a Z/2-graded
isomorphism
HF,(rv) 2 QH.(M,w)/I,

which carries % to the QH.(M,w)-module structure on QH.(M,w)/I, in-
duced by the quantum product *.

The proof of this Theorem is contained in Part III. Together with Lemma
2.6 and Lemma 3.4 it leads to the following consequence:

Corollary 3.6. If M contains a Lagrangian two-sphere V such that the
QH.(M,w)-action on QH.(M,w)/I, is not self-dual, it has an essential
and fragile symplectic automorphism, namely 7‘2/. O

4 Vanishing cycles

We now discuss the two conditions on (M,w) which appear in Corollary
3.6, beginning with the existence of a Lagrangian sphere. In a sense, most
symplectic four-manifolds do not contain Lagrangian spheres: by a generic
perturbation of [w] € H?(M;R), one can achieve that the hyperplane

wh ={c|wl(e) =0} C Hy(M;R)

intersects the integer lattice Hao(M;Z) only at the origin. In other examples
(such as when mo(M) = 0) there are no Lagrangian spheres even though [w]
is integral. Once the obvious topological restrictions have been exhausted,
the existence and position of Lagrangian spheres remains a rather subtle
invariant. We will now explain how a degeneration of a Ké&hler manifold (of
arbitrary dimension) can be used to produce a Lagrangian sphere in it. This
sphere is called a vanishing cycle.

Definition 4.1. Let X be a compact Kéahler manifold. An ordinary de-
generation of X is a Kéhler manifold £ with a proper holomorphic map
m: ' — D to the open unit disc D C C with the following properties:

(1) 7 has at least one critical point.

(2) Any critical point z of 7 lies in 7—1(0), and the second derivative of
at x is a nondegenerate quadratic form.

(3) There is a z € D\ {0} such that E, = 7~!(z) is isomorphic to X.

Proposition 4.2. Any compact Kdhler manifold which admits an ordinary
degeneration contains a Lagrangian sphere.

Because of its importance, we give two proofs of this result (for the reader’s
benefit we point out that the second proof is much shorter).
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First proof. We begin with a linear analogue:

Let 3 be a (complex) bilinear form on C™ which is symmetric and nondegen-
erate. There is an n-dimensional real subspace L C C™ which is Lagrangian
for the standard symplectic form wy, and such that B|L x L is real and pos-
itive definite.

Let b = re(3) be the real part of 3, and B the R-linear map on C"* = R?"
such that b(v,w) = (Bv,w)r. Since b is nondegenerate and symmetric,
B is invertible and self-adjoint. Let R?" = Lt @ L~ be the orthogonal
splitting into the R-linear subspaces generated by the positive and negative
eigenvectors of B. B is C-antilinear: (B(iv), w)r = b(iv,w) = b(v,iw) =
(B(v),iw)g = (—i Bv,w)g. Hence L~ = iL™. The fact that LT is ortho-
gonal to iL™ means that it is a Lagrangian subspace. It also implies that
b(v,iw) = (Bv,iw)g = 0 for all v,w € L*. Hence the imaginary part of
B3 vanishes on L*. By construction, the real part of 3 is positive definite
on L. Hence L = L™ has all desired properties. We note the following
consequence:

Let q be the quadratic form associated to 3. For allt >0, V; = ¢ '(t)NL is
a Lagrangian (n — 1)-sphere in the symplectic manifold (¢~ *(t),wolq 1 (t)).
The other preliminary is a fact from local Kéhler geometry:

Let w be a Kdhler form in some ball B, C C" around 0, which agrees with

the standard form wgy at 0. There is a Kdhler form W' on Be such that W' = w
on B¢\ By and w' = wg in some neighbourhood of 0.

This is proved as follows: according to [31, p. 72, Corollaire 2], there is a
§ € (0;¢€) such that wy — w|Bs = i0df for some f € C*°(Bs,R). Since w
agrees with wy at 0, we may assume that f(0) = f/(0) = (D?f)o = 0 (take
any f and subtract the first three terms in its Taylor expansion around 0).
Hence

[f(@)] < Clzf’ and |dfs| < Claf? (4.1)

for some constant C. Choose a 1 € C*°(C",R) with ¢|B; = 1 and ¢|C" \
By = 0, and set ¢, (z) = ¢(z/r). For any r < §, n, = i9d(¢, f) is a real
(1,1)-form on C". We can estimate

|()a| < C'(|(wo)e — wal + 7 Hdfal + 772 | f()])

where C’ is independent of r. Using (4.1) we conclude that

|(7r)e] < c'r

for all x € By,. On the other hand (n,), = 0 for all = ¢ By,. It follows that
the forms 7, converge to 0 uniformly as r — 0. In particular, if we choose r
sufficiently small, w’ = w + 7, is a Kéhler form. It is easy to see that w’ has
the desired properties.
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Let m : E — D be an ordinary degeneration with Kéhler form 2. Choose a
critical point zg of 7. The holomorphic Morse Lemma [2, Lemma 2| shows
that there is a holomorphic chart

C">B.- E

around x such that ¢(z) = 7(c(z)) is a nondegenerate quadratic form. After
a linear change of ¢, we can assume that c*(2 agrees with wy at 0. Using
the local technique explained above, replace 2 by a Kahler form Q' such
that ¢*Q’ = wp near 0. This brings us back to the case discussed above: it
follows that for small ¢t > 0, (E;, Q| E;) contains a Lagrangian sphere. Now
assume that we want to prove that (F,,Q|E,), for some z # 0, contains a
Lagrangian sphere. Since the modification of the Kahler form is local near
xg, we can carry it out in such a way that Q'|E, = Q|E,. It follows from
Moser’s theorem that all regular fibres of a degeneration are symplectically
isomorphic. Applying this to (E, ), we see that (E,,Q|FE,) is isomorphic
to (E¢, QV|E}) for all ¢ > 0. This completes the proof. O

Second proof (Donaldson). Let m : E — D be an ordinary degeneration
with Kéhler form €2 and corresponding Riemannian metric g. Let xg be a
critical point of 7. Since the real part of a nondegenerate complex quadratic
form is a nondegenerate real quadratic form with signature zero, zg is a
nondegenerate critical point of f = re(m) whose Morse index is half the
(real) dimension of E. Let (¢,) be the negative gradient flow of f with
respect to g, and W?* C F the stable submanifold of x¢ under this flow.

The (real) Morse Lemma shows that for small ¢t > 0, V; = W*N f~1(¢) is an
embedded sphere. A straightforward computation shows that the negative
gradient flow of f is equal to the Hamiltonian flow induced by h = im(w);
in particular, ¢, preserves h. It follows that W* C h~1(0), hence V; C
1 0) N () = By

We will now prove that W# is a Lagrangian submanifold of (E,€). The

proof is based on the fact that the flow (¢,) ‘compresses’ W#. More precisely,
consider the derivative

Do (2)[TeW* - Ty W* — T (o) W*

at some point x € W#. The fact which we use is that its norm |D¢, (x)| with
respect to g goes to 0 as 7 — oo. Since €2 is clearly bounded with respect
to g, this implies that (¢:Q)(X,Y) — 0 for all X, Y € T,W9. Because
¢rQ = Q, it follows that Q(X,Y) = 0.

Since W*# is Lagrangian, V; is a Lagrangian sphere in (Fy, Q|E;) for small
t > 0. Moser’s theorem shows that all regular fibres of a degeneration are
symplectically isomorphic; hence any fibre contains a Lagrangian sphere. [
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Proposition 4.3. Let X C CP™ be a smooth projective variety and H C
CP"™ a smooth hypersurface of degree d > 2 which intersects X transversely.
Then Xg = X N H admits an ordinary degeneration.

Combining this with Proposition 4.2 one obtains

Corollary 4.4. Any smooth complete intersection in CP™ which is non-
trivial (that is, not an intersection of hyperplanes) contains a Lagrangian
sphere. ]

Proof of Proposition 4.3. The idea is to construct the degeneration of X
as a family of hypersurface sections of X. Let (Hy)yecp: be a pencil of
hypersurfaces of degree d, with Hy = H. Consider

X(HA) = {(x,)\) € X x CP! ‘ T e H)\}.

We will call the projection X g,y — CP! the fibration induced by (Hy),
and denote it by mz,). Recall that (H)y) is called a Lefschetz pencil on X
if X(p,) is smooth and all critical points of (g, are nondegenerate. It is
a well-known fact that a generic pencil containing Hj is a Lefschetz pencil.
From a Lefschetz pencil for which 7, has at least one critical point one can
obtain an ordinary degeneration of X, simply by restricting the fibration
to a suitable subset of CP!. It remains to show that such a Lefschetz pencil
exists.

Consider the set of pencils (H)) containing H, which have the following
property:

(N) There is a point (z,)) € X(g,) which is smooth and a nondegenerate
critical point of m(g,).

This is an open set because nondegenerate critical points persist under per-
turbations. Choose a point = € X \ H; we can assume that x = (1:0,...,0),
and that the rational functions j—é (¢ =1,...r, where r = dim X) are co-
ordinates on a neighbourhood of z in X. It is not difficult to see that the
pencil generated by H and

-
Zg_2 Z 21-2 =0
=1

has property (N). By a small perturbation, we obtain a Lefschetz pencil with
the same property, hence one whose fibration has a critical point. ]
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5 The irrational case

The second condition in Corollary 3.6 depends only on the Gromov-Witten
invariants which define the quantum product and the mod 2 homology class
of the Lagrangian sphere. These Gromov-Witten invariants carry rather less
information than one might expect; in fact, they vanish for a large class of
symplectic four-manifolds. A simple example of this phenomenon is

Lemma 5.1. Assume that the first Chern class of (M,w) satisfies c; = A[w]
for some A < 0. Then x. =0 for all € > 0.

Proof. Let J be an w-tame almost complex structure. For A € Hy(M;7Z),
we denote by M?®(A,J) the moduli space of simple J-holomorphic maps
w : CP! — M representing A. The group PSL(2,C) of holomorphic auto-
morphisms of CP! acts freely on M*(A, J). According to the transversality
theorem for pseudo-holomorphic curves [20, Theorem 3.1.2] there is an w-
tame almost complex structure Jy which is regular, that is, such that for any
A the quotient M?*(A, Jo)/PSL(2,C) is a manifold of dimension 2¢;(A) — 2
(here, as later on, we write ¢1(A) for (¢c1(T'M,w), A)). By assumption, any A
with ¢1(A) > 0 satisfies w(A4) < 0, hence M*(A, Jy) = (). On the other hand,
M?3(A, Jy)/PSL(2,C) =  for all A with ¢;(A) < 0 because its dimension
is negative. Since any nonconstant pseudo-holomorphic sphere is a multiple
cover of a simple one, it follows that there are no Jy-holomorphic spheres
except for the constant ones. This implies that . = 0, by definition. ]

The vanishing of . for ¢ > 0 means that
cxc =copd

for all ¢, € QH.(M,w), where op is the intersection product with A-
coefficients. In this case we say that the quantum product is undeformed.
More specifically, we say that the quantum product with a class X €
H,(M;Z/2) is undeformed if

Xtxec=Xt%0p¢

for all ¢. For instance, the quantum product with [M] is always undeformed.

As we have seen, there are situations in which the quantum product is unde-
formed because of the interplay between the nonnegativity of the energy of a
J-holomorphic sphere and the dimension formula for moduli spaces of such
spheres. Arguments of this kind can be applied to symplectic manifolds of
any dimension. For symplectic four-manifolds there is a much deeper theory
of pseudo-holomorphic curves, including Taubes’ results on the connection
between such curves and Seiberg-Witten invariants. McDuff [17] pointed
out that this theory has the following consequence:
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Theorem 5.2. Let (M,w) be a compact symplectic four-manifold which is
not rational or the blowup of a ruled symplectic manifold. Let Eq, ..., E,. be
a maximal family of disjoint embedded symplectic spheres in M with self-
intersection (—1). Then the quantum product with any class in

im(H,(M\ (E1U---UE,);Z/2) — H.(M;Z]2)) (5.1)
is undeformed.

The proof of this theorem combines results of McDuff [19], Taubes [29] [30]
and Liu [16]. What the proof shows is that there is an w-tame almost com-
plex structure J on M such that the exceptional curves F; and their multiple
covers are the only non-constant J-holomorphic spheres. This implies the
result stated above.

Now we return to our discussion of Corollary 3.6. Information about when
the quantum product is undeformed is relevant for the following reason:

Lemma 5.3. Let (M,w) be a compact symplectic four-manifold which con-
tains a Lagrangian sphere V. Assume that there are X,Y € Ho(M;Z/2)
with the following properties:

(1) The quantum product with X and Y is undeformed;
(2) X-[V]=1;
(8) X, Y and [V] are linearly independent elements of Ha(M;7Z/2).

Then the QH.(M,w)-action on QH,.(M,w)/I, is not self-dual.

Proof. We will use the same notation for an element of QH,(M,w) and its
image in QH,(M,w)/I, throughout the proof. This should not cause any
confusion.

Let v = [V]t%, » = Xt* and y = Yt°. By Lemma 3.2, I, = Av @ A(v * z).
Since the quantum product with X is undeformed, v * x = [pt]t’ and hence

I, = Av & Ho(M; A). (5.2)

Let (-,-) be a graded A-bilinear form on QH.(M,w)/I, which satisfies (3.3).
We have to prove that this form is degenerate. Let u = [M]t° be the unit
element of *. There is a nontrivial linear combination ¢ (with coefficients in
A) of z and y such that

(u,cy = 0.

Equation (5.2) and the fact that V', X and Y are linearly independent imply
that ¢ ¢ I,. To prove that (-,-) is degenerate it is sufficient to show that
(-, ¢y vanishes. Using the property (3.3) one sees that

(b,c) = (bxu,c) = (u,b*c)
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for all b € QH,(M,w). Since the quantum product with ¢ is undeformed,
bxc € Ac® Hi(M;A) & Hyo(M;A) for all b. By construction, (u,c) =
0. (u, Hi(M;A)) vanishes because of the grading, and (u, Ho(M;A)) = 0
because Hy(M; A) goes to zero in QH,(M,w)/I,. This proves that (u, bxc) =
0 for all b. O

Theorem 5.4. Let (M,w) be a compact symplectic four-manifold, with
bi(M) = 0, which contains a Lagrangian sphere V. Assume that (M,w)
18 irrational, with minimal model

p: M — M.

Moreover, assume that dim Ho(M;Z/2) > 3 and that [V] € Ho(M;Z/2)
does not lie in the kernel of p.. Then (M,w) admits an essential and fragile
symplectic automorphism.

Proof. Let Fn, ..., E, be the family of exceptional curves contracted by p.
The two-dimensional homology of M splits into Hy(M;7Z/2) = ker(ps) ® R,
where

R=im(Ho(M\ (Ey U U B, ); 2,/2) —> Hy(M; 7/2))

The two parts are orthogonal with respect to the intersection form. Since
[V] ¢ ker(ps), there is an X € R such that [V]- X = 1. X # [V] because V
has self-intersection (—2). Because dim R > 3 we can find a third element
Y € R such that [V], X and Y are linearly independent. By Theorem 5.2,
the quantum product with X and Y is undeformed. Lemma 5.3 implies that
the QH,.(M,w)-action on QH,(M,w)/I, is not self-dual, and Corollary 3.6
completes the proof. O

The Theorem 1.3 stated in the Introduction is the special case when (M,w)
is minimal.

6 Three rational algebraic surfaces

In this section we consider the quadric and cubic hypersurfaces Ms, M3 C
CP? and the intersection of two quadrics Mo C CP*. We denote the in-
duced symplectic forms by ws, w3 and wa o respectively, and normalize them
in such a way that their cohomology class equals the first Chern class. Co-
rollary 4.4 shows that these three manifolds contain Lagrangian spheres. In
the case of M5, we can describe such a sphere explicitly: My is symplectically
isomorphic to CP! x CP!, and the ‘antidiagonal’

A ={(z,y) € CcP! x cP! | 2071 + yoyr = 0}
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is a Lagrangian sphere.

The quadric is interesting for the following reason: the results of the previous
section show that on a large class of symplectic four-manifolds, the square of
any generalized Dehn twist is essential. One could ask whether this is always
true, and Ms provides a counterexample. In fact, Gromov’s theorem, which
we have quoted in the introduction, shows that mo(Aut(Ma,ws)) has order
two; hence the square of any generalized Dehn twist is symplectically isotopic
to the identity (for 74, this can be proved by an explicit isotopy). Running
Corollary 3.6 backwards, it follows that for any Lagrangian sphere V' C Ma,
the action of QH,(Ma,ws) on QH,(Ma,ws)/I, is self-dual. It is instructive
to verify this directly, and we will do so now.

We will identify My = CP! x CP!. Let
cy = [M]t°, ¢y = [CP! x pt]t?, ¢, = [pt x CPY%, ¢y = [pt]t°

be the standard basis of QH,(Ma,w2). The quantum product is determined
by the relations

Cokxcy=chxch=rcyt?, coxch=cp.

Up to sign, [CP! x pt] — [pt x CP!] is the only class in Hy(M;Z) with
self-intersection (—2). It follows that for any Lagrangian sphere V/,

I, = A(ca — &) @ Alea t? — co).
Define a symmetric bilinear form on QH,(Mas,ws) by
(b,c) = (ca +cb) - (bxc) €A,

where -5 denotes the intersection number with A-coefficients. An easy com-
putation shows that (-, I,) = 0. Therefore (-,-) induces a bilinear form on
QH.(Ms,ws)/I,. By definition, this form satisfies (3.3). The classes of ¢
and ¢4 form a basis of QH.(Ma,ws)/I,; with respect to this basis, (-,-) is
given by the invertible matrix (¢ }). This shows that the QH.(Ma,ws)-
action on QH,.(Msy,w9)/1, is self-dual.

The two other examples M3, M> 2 are del Pezzo surfaces: they are isomorphic

to CP? blown up at six resp. five points in ‘general position’. We will treat
Ms and My 5 simultaneously and refer to either manifold as (M, w).

We denote the mod 2 Poincaré dual of ¢;(M) by K € Ho(M;Z/2). Let
L C Hy(M;Z/2) be the subspace of classes X with K - X = 0. Because
K # 0 (for instance, K -E = 1 for any exceptional divisor E), L is a subspace
of codimention one. The corresponding subspace L ® A C QH.(M,w) will
be denoted by Lj.

Let V C M be a Lagrangian sphere and v = [V]t’ € QH,(M,w).
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Lemma 6.1. I, "Ly is one-dimensional (over A).

Proof. 1, "Ly is not zero since the nontrivial class v lies in it. On the other
hand, I, ¢ L because for any W € Hy(M;Z/2) with W - [V] = 1 we have

W% % v = [pt] t° + (higher order terms)

and this does not lie in L. This completes the proof because by Lemma
3.2 I, is two-dimensional. ]

Proposition 6.2. Ly x L C [,,.

We postpone the proof to an Appendix at the end of this section.

Theorem 6.3. For any Lagrangian sphere V. C M, 7"2/ is an essential and
fragile symplectic automorphism.

Proof. Assume that (-,-) is a nondegenerate A-bilinear form on
QH,.(M,w)/I, which satisfies (3.3). As we saw in the proof of Lemma 5.3,
this implies that

(b, ¢) = ([M] %, b c). (6.1)

Consider Ly = Ly /(LaNI,) C QH.(M,w)/I,. Proposition 6.2 and equation
(6.1) imply that L, is an isotropic subspace for (-,-). Because of the non-
degeneracy of the bilinear form, an isotropic subspace must satisfy

dimy Ly < 3 dimp QH. (M, w)/I,. (6.2)
By Lemma 3.2, the r.h.s. of this inequality is

% M = Ms,
3 M= Mg g,

)

$dimp QH (M, w) /I, = 3(dim H.(M;Z/2) — 2) = {

As mentioned above, dimp Ly = dim Ho(M;Z/2) — 1. Lemma 6.1 says that
dimp Ly = dimy Ly — 1. Hence

5 M= Ms,

(6.4)
4 M= Myy.

dimp Ly = {

By comparing (6.3) with (6.4) one sees that the inequality (6.2) is viol-
ated for both M3 and Mso. This shows that a bilinear form (-,-) with
the properties stated above cannot exist, hence that the QH,(M,w)-action
on QH,(M,w)/I, is not self-dual. Applying Corollary 3.6 completes the
proof. O

We can now prove the Theorem 1.4 stated in the Introduction.
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Proof of Theorem 1.4. Let M C CP" be a complete intersection of type
d=(dy...dr—2). We assume that r > 3, d; > 2 and d # (2). This excludes
the trivial intersection CP? and the quadric My = CP! x CP!. Corollary
4.4 shows that M contains a Lagrangian sphere.

By the Lefschetz hyperplane theorem, M is simply connected; hence by (M) =
0 and dim Ho(M;Z/2) = x(M) — 2. The Euler characteristic of complete
intersections is well-known:

2
(M) = % (Hd) (Zdi— (r+1)> ~ (r+1)+2d3

For r > 4, we have —(r+1) +Y_,d? > —(r+1) —4(r —2) > 3 and therefore
x(M) > 127723 > 6. For r = 3, x(M) = di[(d1 — 2)? + 2] > 9 because
d; > 3 by assumption. It follows that dim Hy(M;Z/2) > 3.

The first Chern class of M is ¢; = Ajw] with A = (r +1) — ). d;. The only
cases with A > 0 are d = (3),(2,2); these are the two del Pezzo surfaces
which we have studied before, see Theorem 6.3. In all other cases (M,w) is
a minimal irrational surface and the result follows from Theorem 1.3. Note
that it is not really necessary to appeal to Theorem 5.2 to prove that the
quantum product is undeformed; Lemma 5.1 is sufficient. O

Appendix: Proof of Proposition 6.2

The quantum product of M has been computed in [5] and [6]. Proposition
6.2 could be derived from this computation, but prefer a slightly less direct
route which uses only partial information about QH,(M,w).

Since [w] = ¢1(M), the only nontrivial coeflicients in the quantum product
on Hy(M;7Z/2) are the intersection form

%o : Ho(M;7Z/2) @ Hy(M;Z)2) — Ho(M;Z/2) = 7/2
and its first two ‘quantum corrections’

x1: Ho(M;7Z/2) @ Ho(M;Z/2) — Ho(M;7/2),
g+ Ho(M;7Z/2) @ Ho(M;Z)2) — Hy(M;7/2) = 7./2.

The first quantum correction comes from the lines on M (there are 27 on
Ms and 16 on My ). It is not difficult to compute that

0 M = M
X#Y = 5 (6.5)
K(X-Y) M=M,,

for all X,Y € L.
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The other property of * which we will use is that it is invariant under the
action of the Weyl group W. Recall that the Weyl group is the (finite)
group of automorphisms of Hs(M;Z) which preserve the intersection form
and the Poincaré dual of ¢;. The invariance of * under W can be read off
from the computations in the papers quoted above. (In order to understand
this geometrically one would have to prove that any element of W is induced
by a symplectic automorphism of (M, w); this can probably be derived from
known results about Del Pezzo surfaces.) It is not difficult to see that L
is an irreducible W-module; therefore there is only one invariant quadratic
form on it, up to multiples. We conclude that x5 is either zero or equal
to the intersection form. Together with (6.5) this shows that there is an
a € QH,(M,w) such that

rxy=(x-pAya (6.6)

for all z,y € Lj.

There is a W € L such that W-[V] = 1. This can be proved as follows: since
the intersection form on Hy(M;Z/2) is unimodular and L = K+, W-[V] = 0
for all W € L would imply that [V] = K. Then the self-intersection number
of V would be congruent to ¢;(M)? mod 4. But V -V = —2 whereas
C1 (Mg)z =3 and C1(M272)2 =4.

According to (6.6),
v- (W) = (V] - W)a = q;

and this shows that a € I,,. From this and (6.6) it follows that Ly «Ly C I,.
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7 Floer homology as a functor

In this part we get to grips with the Floer homology groups HF,(¢). Our
aim is to present some known properties of Floer homology in a certain
perspective and then to introduce a new extension of its structure. The
emphasis throughout will be on the functorial nature of Floer homology.
This aspect is not usually considered to be of much interest: homomorphisms
between Floer homology groups appear in one step of the construction of
Floer homology, but they all turn out to be isomorphisms. We choose to
make this part of the structure more explicit. This leads to a picture of
Floer homology as a functor on a category whose objects are symplectic
fibre bundles over S' and whose morphisms are such fibre bundles over a
cylinder. This is part of a larger picture in which Floer homology appears as
a topological quantum field theory for symplectic fibre bundles over Riemann
surfaces, but the cylinder alone is sufficient for our purpose.

Up to that point, our description to Floer homology contains only known
results. The next step, however, is new: we extend the set of morphisms
from symplectic fibre bundles to a larger class of fibrations which may have
singular fibres of a simple kind. This introduces new induced maps between
Floer homology groups; one of these maps will be used in Part I1I to compute
the Floer homology of generalized Dehn twists.

This first section serves as an introduction. We begin by defining the ‘sym-
plectic fibre bundles’ which have been mentioned above.

Definition 7.1. Let B be a smooth manifold. A symplectic fibre bundle
over B is a smooth proper submersion 7 : £ — B together with a closed
two-form 0 € Q%(E) whose restriction to any fibre E, = m~!(z) is nonde-
generate.

) determines a connection on the fibre bundle £ — B, that is, a ‘ho-
rizontal’ subbundle TE" C TE which is complementary to the ‘vertical’
subbundle TEY = ker(Dm). It is defined by

TE'=(TEY)' = {X € TE, | Q(X,Y) =0 for all Y € TE'}.
We denote the horizontal lift of Z € TB by Z°.

Lemma 7.2. The parallel transport Py : E. ) — E,1) along any path
v : [0;1] — B satisfies Py (QE, 1)) = Q|E, ).

Proof. Consider the family of parallel transports P, = P04 @ Eyo) —
E_ . Since € is closed,
7(t)
d * * X [ -
= (PrQ) = P (Lig®) = d [P (igo,:)] -
But i(y,,): 2| E () vanishes by definition. Hence FQ = (2 for all ¢. O
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Remark 7.3. We have proved that (E, QT E") is a locally trivial family of
symplectic manifolds, that is, a fibre bundle whose structure group is the
symplectic automorphism group of (E.,Q|FE.). However Q contains more
information than QT EV (for instance, it determines the connection TE").
Therefore the name ‘symplectic fibre bundle’ is not entirely appropriate; a
more accurate one might be ‘symplectic fibre bundle with a Hamiltonian
connection’.

From now on, it will be assumed that all fibre bundles which occur have
four-dimensional fibres. This dimensional condition does not have any fun-
damental importance; it arises from the technical details of our definition of
Floer homology, and could problably be removed by using more sophistic-
ated techniques.

In its formulation in terms of symplectic fibre bundles, Floer homology
theory assigns to every symplectic fibre bundle (T,0) over S! a group
HF,(T,0) which, as before, is a Z/2-graded A-vector space. Moreover,
every symplectic fibre bundle (F,Q) over a cylinder Z = [sq;51] x S! de-
termines a graded homomorphism

‘I)(E,Q) : HF*(Esoxslvgsox.S'l) - HF*(E51X51a951X51)7

where (E,, g1, Q. «s1) is the restriction of (E,Q) to {s;} x S' C Z. These
objects have the following properties:

(Duality) Let ¢ : S* — S! be the orientation-reversing involution given
by «(t) = —t for t € S' = R/Z (from now on we always identify S*
with R/Z). The pullback of a symplectic fibre bundle (T, ©) over S*
by ¢ will be denoted by (T,0). For any (T,0) there is a canonical
graded bilinear map

(-, )re) : HF.(T,0) ® HF,(T,0) — A

which is non-degenerate. These pairings are symmetric in the sense
that

(a,b)r.0) = (b,a) T 5)
Let (E, Q) be a symplectic fibre bundle over Z and (E, Q) its pullback
by the involution of Z given by (s,t) — (s1 + s9 — s, —t). Then

Q

(a, ®(E, Q)b>(E ) — <(I)(F7 ﬁ)a’ b)(E Q

sleh 51><S'1 50><Sl’ soxsl)'

(Gluing) We divide Z = [sg; s1] x St into two parts Z_ = [s¢; s] x S! and
Z, = [s;51] x S for some s € (sg;51). Let (E, ) be a symplectic fibre
bundle over Z and (E_,_), (F4+, Q) its restrictions to Z1. Then

B(E,Q) = (B, QL) o B(E_, Q).
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Moreover, the homomorphism induced by a product bundle [sg; s1] X
(T,0) is

®([s0;51] x (T,0)) =idyr,(1,0)- (7.1)

(Deformation invariance) Let 7 : E — Z be a smooth proper submer-
sion and Qg, Q1 € Q?(E) two two-forms which turn it into a symplectic
fibre bundle. (F, Q) and (E, ;) are called deformation equivalent if

(1) QO‘Ez = Ql’Ez for all z € Z,
(2) QO‘ES()XSI - Ql‘ES()XSl and QO‘Eslxsl = Ql’E81><Sl7 and lf

(3) the cohomology class [ — Q] € H*(E, E, x 51 UE,, ,s1;R) van-
ishes.

The reason for this terminology is that (E,tQ; + (1 —t)Qp) is a sym-
plectic fibre bundle for ¢ € [0;1]. (F,Qp) and (E,€;) induce ho-
momorphisms of the same Floer homology groups; the deformation
invariance property says that these homomorphisms coincide.

We will now explain how the groups HFi(¢) used in Part I are related to
this framework!. Let T, be the mapping torus of ¢ € Aut(M,w), that is,
the manifold obtained from R x M by identifying (¢, z) with (t — 1, ¢(z)).
This manifold is canonically fibered over S', and since ¢ is symplectic, the
pullback of w to R x M induces a closed two-form 4 on Ty. (T4, 04) is a
symplectic fibre bundle over S* with fibre (M,w); we define

HF,(¢) = HF (T4, 0y).

The quantum module structure on H F,(¢) can also be defined in terms of
invariants of symplectic fibre bundles. This requires a certain generaliza-
tion of the homomorphisms ®(FE,2); we postpone this to section 10. We
will now consider the two basic properties (isotopy invariance and ‘Poin-
caré duality’) of HF,(¢) used in section 3. These properties (at least, the
part which does not concern the multiplicative structure) can be reduced to
the properties of HF,(T,©) and ®(F, ) listed above. One case is simple:
(Ty-1,04-1) is naturally isomorphic to (T4, 04), and hence ‘Poincaré dual-
ity’ is a consequence of the ‘duality’ property of HF,(T,©). The argument
which derives the isotopy invariance of HF,(¢) from the ‘gluing’ and ‘de-
formation invariance’ properties is more complicated; we preface it by some
remarks on symplectic fibre bundles.

Fix some ¢ € Aut(M,w). A function H € C*°(Ty,R) can be used to perturb
the form ©,4 € Q2(T}) in the following way:

.11 = O — d(H i),

!We remind the reader that (M,w) denotes a compact symplectic four-manifold with
zero first Betti number.
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where dt is the pullback of the standard one-form on S'. By definition, O g
is closed and agrees with ©4 on each fibre of Ty — S'. Hence (T, O i) is
again a symplectic fibre bundle. These bundles can be identified with more
familiar objects by considering the Hamiltonian flow (¢)scg on M induced
by the pullback of H to R x M. This flow determines a diffeomorphism
pa : Tyogn — Ty, given by pu(t,r) = (t,¢f (x)). A straightforward
computation shows that p};04 g = @¢O¢{1. Hence (T, ©4 p) is isomorphic
to (T, opi» © ¢O¢{[). We call ¢ o ¢! a Hamiltonian perturbation of ¢.

Let us denote the product fibre bundle [so; 51] X (T, ©y) — Z by (L4, y).
As in the case of Tj, a function K € C*°(Ey,R) determines a perturbation

Qpx = QU — d(K dt) € Q*(Ey).

The boundary values Ky = K|{0} x Ty and K1 = K|{1} x Ty determine the
symplectic fibre bundle (Ey4, Q4 i) up to deformation equivalence. Therefore
the homomorphism induced by (Ey, 4 k) depends only on Ko, K;. We
denote it by

C(¢, Ko, K1) : HE(T,04,k,) — HF\(Ty, 04 K,)-

Using the ‘gluing’ property of ®(FE, Q) and a suitable choice of K, it is not
difficult to prove that

C(¢,H,H)=id and C(¢,H,H")=C(¢,H H")oC(¢,H, H)

for all H,H',H" € C*(T,,R). Hence all maps C(¢, H, H') are isomorph-
isms. In particular HF, (T, 04) = HF.(Ty,04 p) for any H.

We can now prove the isotopy invariance of HF,(¢): let ¢, ¢’ be two auto-
morphisms of (M, w) which are symplectically isotopic. Since H*(M,R) =0
(it is here that this assumption becomes important) ¢’ is a Hamiltonian per-
turbation of ¢, say ¢’ = ¢ o ¢1. Therefore

HF*(¢,) = HF*(T¢7®¢,H) = HF*(T¢7®¢) = HF*(¢)

Remark 7.4. If ¢ and ¢’ lie in the same component of Aut(M,w), a func-
tion H € C*(T,,R) such that ¢' = ¢ o ¢! determines an isomorphism of
HF,(¢) with HF,(¢'). In general, this isomorphism depends on the choice
of H; there is no canonical isomorphism between the two Floer homology
groups.

Our point of view so far has been to view the groups HF,(T,0) and the
maps ®(FE, Q) as fundamental and to derive the Floer homology groups of
symplectic automorphisms and their properties from them. One might won-
der whether the groups HF,(T,©) are in fact more general invariants than
HF,(¢), or whether the ‘duality’, ‘gluing’ and ‘deformation invariance’ of
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HF,(T,0) and ®(F, ) say more about HF,(¢) than what we have already
derived from them. The answer to the first question is negative because
every symplectic fibre bundle over S! is isomorphic to some bundle (T}, Q).
As to the second question, there is one more property of H Fy(¢) which we
have not mentioned up to now, its conjugation invariance, which can be
derived from the definition HF,(¢) = HF,(Ty,04). Apart from this, the
answer is again negative because every fibre bundle over a cylinder is iso-
morphic to (Eyg, e i) for some ¢ and K. In particular, all maps ®(£,Q)
are isomorphisms.

Bibliographical note. Because of its application to the Arnol’d conjec-
ture, it is customary to define Floer homology only for automorphisms which
are Hamiltonian perturbations of the identity map. For an exposition of
the basic construction in this case, see the surveys [18] and [24]. To the
author’s knowledge, Floer homology for general symplectic automorphisms
appears in the literature only in the work of Dostoglou-Salamon [7] [8] on
the Atiyah-Floer conjecture. Their definition follows the approach of Floer
[9] and works for simply-connected monotone symplectic manifolds (of any
dimension). They also suggested that the definition could be generalized to
a larger class of symplectic manifolds using the ideas of Hofer-Salamon [14].
This is the method adopted here. As mentioned above, recent progress on
the Arnol’d conjecture seems to indicate that Floer homology can be defined
for automorphisms of any compact symplectic manifold.

Homomorphisms which are essentially equivalent to ®(FE, ) were introduced
by Floer [9] to prove isotopy invariance. A detailed exposition of his con-
struction can be found in [25, section 6]. The ‘topological quantum field
theory’ picture of Floer homology occurs in [22] and [27].

Almost holomorphic fibrations

The new structure on Floer homology which will be constructed in the next
sections involves a generalization of the concept of symplectic fibre bundle
in which the fibres are allowed to be singular, with singularities modelled on
singular points of holomorphic hypersurfaces.

Definition 7.5. Let (¥, j) be a Riemann surface (possibly with boundary).
An almost holomorphic fibration over ¥ consists of
(1) a smooth manifold E and a proper surjective map 7 : E — ¥ whose

critical point set Crit(7) lies in 7! (int X);

(2) a closed two-form Q € Q%(E) whose restriction to TEY = ker(Dm,) is
nondegenerate for any = € E. Since TEY = TE, for x € Crit(m), such
an (2 is symplectic in a neighbourhood of Crit(r).
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(3) an integrable almost complex structure J', defined in a neighbourhood
U of Crit(r) in E, compatible with Q|U and with respect to which
7|U is a holomorphic function (strictly speaking, only the germ of J'
at Crit(m) matters).

An ordinary almost holomorphic fibration is one such that the second dif-
ferential
(D) : TEy ®¢c TEy — Ty %

at any point x € Crit(m) is a nondegenerate complex quadratic form. In
particular, the critical points of such a fibration are isolated. The notion of
an ordinary almost holomorphic fibration bears an obvious resemblance to
the ‘ordinary degenerations’ used in section 4.

Let (E, 2, J') be an ordinary almost holomorphic fibration over Z = [sg; s1] X
S1. Its boundary components (Eq, g1, xs1) (i = 0,1) do not contain any
singular points, that is, they are symplectic fibre bundles. What we will do
is define induced maps

(I)(E,Q, J/) : HF*(ESOX51,950X51) - HF*(E81><317951><5'1)'

These maps generalize those induced by symplectic fibre bundles and satisfy
similar properties:

(Duality) The pullback of (E,,J’) by the holomorphic map Z — Z,
(s,t) — (so + s1 — s,—t) is again an ordinary almost holomorphic
fibration; we denote it by (E,€,J). The last part of the ‘duality’
property extends to almost holomorphic fibrations in a straightforward
way:

<a7(I)(E797J/)b>(E Q = <(I)(E?§7j/)a7 b>(E Q

sleh SlXSl) soxsl’ 50><Sl)‘
(Gluing) This property extends to the maps ®(E, €, J') provided that the
circle {s} x S* C Z along which we cut Z does not contain any critical

values.

(Deformation invariance) This property holds for ®(F,,J’) without
any essential modifications; to be precise, the situation in which de-
formation invariance holds is when there are two two-forms (g,
and a single almost complex structure J’ such that (E, g, J’) and
(E,$4,J’) are ordinary almost holomorphic fibrations.

The induced maps ®(FE, €2, J') are the main topic of this Part. We proceed in
the following way: the next section sets out the basic notions used to define
Floer homology. In section 9 we state the definition of Floer homology
and of the maps ®(F,,J’) and their main properties, without proof, and
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explain how these imply that the Floer homology groups are independent
of the various choices involved in their definition. Section 10 concerns the
quantum module structure and its relationship to the maps ®(E, 2, J'). In
sections 11-15 we discuss some of the details involved in defining the maps
®(E,Q,J"). The reader who is not interested in these details can skip these
sections and proceed to Part III.

8 Preliminaries on sections

The Floer homology groups H F,(T,©) and the homomorphisms ®(E, Q, J')
are defined in terms of two classes of sections with special properties: hori-
zontal sections of a symplectic fibre bundle over S' and, more importantly,
J-holomorphic sections of an almost holomorphic fibration over a Riemann
surface. This section contains as much of the theory of these two classes

of sections as is necessary to formulate the definition of HF,(T,0) and
D(E,Q,J").

Horizontal sections

Definition 8.1. Let (F, ) be a symplectic fibre bundle over a manifold B.
A smooth section v : B — E is horizontal if Dv(Z) € TE" for all Z € TB.

We will denote the set of such sections by H(E, Q). An important property
of a horizontal section v is that the pullback vector bundle v*(TEY, QT EV)
carries a canonical symplectic connection V¥, defined as follows: let X €
C(TB) and Y € C®(*TE"). Choose a Y € C®(TE") such that v*Y =
Y'; we define

VE(Y) = v (X%, Y)).
Consider first the case Y = 0. Then [X u,?]y(z) is the derivative of Y in

X'i-direction at v(z). Since X is tangent to v and Y vanishes along v it

follows that v*([X%,Y]) = 0 for all Y. This proves that in general, V% (Y)

is independent of the choice of Y. To prove that V¥ is a connection we use
the standard formulae

(W, 2] = fIW, Z] = (Z.f)W  and

(W,9Z] = glW, Z] + (W.9)Z
for W, Z € C®(TE) and f,g € C*(E,R). Set W = X% Z =Y and let f be
the pullback of a function h on B. Then (Y.f) X = 0 because Y is vertical.

This proves that V} (Y) = h V5 Y and V5 (hY) = AV (Y) +(X.h)Y. To
see that V¥ is symplectic, consider

(V5)(1,Y2) = v* [ XEQ(V, Ta) - Q((XF, 1], Vo) — OV, [XF,T3))|
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Since X! is ‘horizontal and Y}, is vertical, Y1.Q(X!,Ys) = Y2.Q(X% Y1) =0
and Q(X%,[Y1,Y3]) = 0. Tt follows that

(V%Q)(Y1,Y2) = v*(dQ(X%, V1, Y2)) = 0.

Y € C®(*TEY) is parallel for V¥ iff [X?, Y] = 0 for all X. Hence the
parallel transport of V¥ is given by the derivative of the symplectic parallel
transport on the fibre bundle F. This is another possible approach to V”.

Consider a horizontal section v of a symplectic fibre bundle (T, ©) over S*.
The monodromy of V¥ around S' defines a symplectic linear map of the
vertical tangent space of T at v(t) to itself for any ¢ € S'. We denote this
map by m”(t). The monodromy maps corresponding to different choices of
z are conjugate, and when only conjugation-invariant properties are con-
cerned, we will usually omit ¢ from the notation. We call v nondegenerate
if (id —m") is invertible. (T, ©) is called nondegenerate if all its horizontal
sections are nondegenerate. The degree deg(v) € Z/2 of a nondegenerate
horizontal section v is defined by

deg(v) 0 det(id —m”) >0,
V)= .
8 1 det(id —m?) < 0

The meaning of these notions becomes clear if we consider the fibre bundle
(Ty,O4). Sections of Ty correspond to maps v : R — M which satisfy
v(t) = ¢(v(t + 1)). Horizontal sections correspond to constant maps v(t) =
x € M. Because of the periodicity condition, there is one such section
for every fixed point = of ¢, and if v denotes this section, m” is conjugate
to D¢(z). Hence v is nondegenerate iff x is a nondegenerate fixed point,
and (—1)98(*) is the local Lefschetz fixed point index of z. Because any
symplectic fibre bundle over S! is isomorphic to (Ty,O4) for some ¢, one
can always think of horizontal sections of such a fibre bundle as fixed points:
for example, this is the most convenient way to prove that a nondegenerate
fibre bundle (T, ©) has only finitely many horizontal sections.

Tubular ends

The setup which is used to actually define Floer homology differs from that
described in section 7 in several respects. One difference is that the finite
cylinders Z are replaced by the infinite cylinder C = R x S'. We begin by
considering a product bundle

(E,Q) =R x (T,0) — C.

This bundle carries a natural action of R by translation. Let K be the
vector field which generates this action. It satisfies i) = 0 because () is
the pullback of © under the quotient map £ — E/R = T. This implies
that K is horizontal; it is the horizontal lift of the vector field 9/9s on C.
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Lemma 8.2. Any horizontal section of (E, ) is of the form

U(Sat) = (S> V(t))a

where v is a horizontal section of T'. Conversely, any section o of this form
1s horizontal.

Proof. If o is a horizontal section, o|{s} x S! is a horizontal section of T
for all s € R. On the other hand, d0/9s = K, which implies that o is
translation-invariant. The proof of the converse is similar. O

Instead of symplectic fibre bundles over Z as in section 7 we will use sym-
plectic fibre bundles over C' which are isomorphic to product bundles outside
a compact subset:

Definition 8.3. Let (I7,07) and (T",0%) be symplectic fibre bundles
over S'. A symplectic fibre bundle over C' with tubular ends modelled on
(T*,0%) is a symplectic fibre bundle (E, ), together with isomorphisms

N~ (—00;—R] x (T7,07) — (E,Q)|(—00; —R] x S* and
nt : [R;00) x (T, 0F) — (E,Q)|[R; 0) x St (8.1)

for some R > 0. Usually, we identify the image of n* directly with the
corresponding parts of R x (Ti, ©%) and do not mention the maps .

Choose a Riemannian metric g on £ whose restriction to the tubular ends
is the product of the standard metric on (—oo; —R] or [R;00) and of metrics
on T*. We denote its Levi-Civita connection by V¢ and its exponential map
by exp9.

Let v be a horizontal section of (Tt,0%) and o" the corresponding ho-
rizontal section of E|[R;oc0) x S*. We say that a section o of E converges

exponentially to v if there is an R’ > R, a § > 0, and a vector field
£t € (oT)*TEY with

€ (s, 8)| + | V9T (s,8)] < €70, (8.2)

such that
U(Sv t) = engJr(s’t) (§+<57 t))

for all (s,t) € [R';00) x S*. vT is called the positive limit of 0. Negative
limits, which are horizontal sections of (T'~,©7), are defined in the same
way. A section with horizontal limits is one which has both a negative and
a positive limit. These are our ‘boundary conditions’ for sections of F.
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Energy and index

We will now define two numbers associated to a smooth section ¢ with
horizontal limits: its energy e(o) € R and its (Maslov) index ind(o) € Z.
The energy is very much the simpler one:

e(o) = /C )

This integral converges for the following reason: let vt be the horizontal
limit of 0. (¥7)*©F = 0 because any two-form on S! vanishes. Let o* be
the section of E|[R;00) x S! to which o is asymptotic, that is, o7 (s,t) =
(5,01 (t)). This section satisfies [(07)*Q(, 4 = [(¥7)*©T]; = 0. Because of
the decay condition (8.2), it follows that

0" (5.0) < Const.e™ 29

for s > R’. Hence the integral [ ¢*(Q converges for s — oco; the same holds
on the other end.

The index is defined for sections of F whose horizontal limits are nonde-
generate. Let o be such a section, with limits v—,v", whose asymptotic
behaviour is

o(s,t) = expg,(s (€ (s,1)) for s < —R’ and

o(s,t) = expgﬂs,t) (€T (s,t)) for s > R

with o0& and ¢* as above. Choose a cutoff function ¢y € C*®(R,R) with
Y(s) =1 for |s| < R’ and +(s) = 0 for |s| > R’ + 1. The partial sections o+
of E are horizontal. Therefore the section

eXngf(s,t)(w(S)g_(Sat)) s< -1
o'(s,t) =< o(s,t) —R <s<R
eXpZ-+(57t) (¢(3)§+<37t)) s Z R/

is horizontal at any point (s,t) € C with |s] > R’ + 1. From our dis-
cussion of horizontal sections it follows that the symplectic vector bundle
(o)*(TEVY,Q|TE") carries a canonical symplectic connection defined outside
[-R' —1; R' +1] x S' € C. Let V' be an extension of that connection over
all of C. After choosing a trivialization of (¢/)*(TEY,Q|TE") (any sym-
plectic vector bundle over C' is trivial), the monodromy of V7 " around the
circles {s} x S' C C defines a smooth path

m? : R — Sp(4, R).

which is locally constant for |s| > R’ + 1. By construction m? (£(R+ 1)) is
conjugate to m?". Hence m"/|[—R’ — 1; R’ + 1] is a path whose endpoints
lie in the subset Sp(4,R)* of symplectic matrices A with det(id — A) # 0.
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The definition of the index of ¢ is based on an invariant of such paths called
the Maslov index. It can be characterized as follows: The Maslov index is
the unique map

w7 (Sp(2n,R),Sp(2n,R)*) — Z
such that

(1) w is additive under composition of paths.

(2) The path v : [-1;1] — Sp(2n,R), ~(t) = exp(Jdiag(t,1,...1)),
has Maslov index 1. The same holds if we replace diag(¢,1,...,1)
by diag(t,—1,1,...,1).

The homotopy invariance implies that u is conjugation invariant in the fol-
lowing sense: if v : [0; 1] — Sp(2n,R) is a path with v(0),v(1) € Sp(2n,R)*
and 0 : [0;1] — Sp(2n,R) is an arbitrary path, the Maslov index of the
path 7/(t) = 0(t)y(t)8(t)~! is equal to the Maslov index of 7. We refer to
[25, section 3] for an extensive discussion of the Maslov index (in a slightly
different form).
We can now define the index of a section ¢ with nondegenerate horizontal
limits:

ind(c) = p(m” |[-R' — 1; R +1]).
p(m?') is independent of the choice of trivialization of (¢/)*(TEY, Q|TEY)
because different choices lead to paths in Sp(4, R) which are conjugate. The
path m? also depends on the choice of V7 and of ¢’ itself, but the homo-
topy invariance of p ensures that ,u(m"/) is independent of these choices.
Therefore ind(o) is well-defined. We refer again to [25] for the proof of the
equality

ind(0) = deg(v*) — deg(v~) mod 2, (8.3)

where v~ and v are the limits of o.

J-holomorphic sections
Let (E, Q) be a symplectic fibre bundle over a Riemann surface (3, j), with
projection 7 : E — X.

Definition 8.4. An almost complex structure J on F is partially Q-tame if
7 is (J, j)-linear (that is, DroJ = jo Dm) and Q(X, JX) > 0 for all nonzero
X eTE".

42



With respect to the splitting TE = TE? @ TE", a partially Q-tame almost
complex structure has the form

Juv Jvh

J" is the almost complex structure on TE" which corresponds to j un-
der the isomorphism Drn|TE" : TE" — 7*T%; Jv" is an almost complex
structure on TEY tamed by Q|TE?, and J*" : (TE", J"") — (TE", J") is
a C-antilinear homomorphism. Conversely, every pair (JV,.J") with these
properties determines a partially Q2-tame almost complex structure.

Definition 8.5. Let J be a partially 2-tame almost complex structure.
A smooth section ¢ : ¥ — FE is J-holomorphic if its differential Do :
(T%,j) — (TE, J) is C-linear.

Assume that ¥ = C and that (E, Q) has tubular ends modelled on (7%, ©%).

We will use the following notation:

Notation. For J~ € J(T~,0 ) and J*t € J(T+,0"), J(E,Q;J—,J1) is
the space of partially 2-compatible almost complex structures on E which
agree with J~ on E|(—o0; —R'] xS and with J* on E|[R’; 00) x S!, for some
large R'. For J € J(E,Q;J~,J%), M(E,J) is the set of J-holomorphic
sections of E with horizontal limits. The subset of sections with limits
vt € H(T*,0%) will be denoted by M(E, J;v~,vT), the subset of sections
with energy € € R by M (F, J) and the subset of sections with index k € Z
by My(E, J) (the ambiguity of this notation will not cause any problems).
We will also use various intersections of these subsets, e.g. My(E,J;v~,v™)

and My (E, J;v—,vT).

Product bundles

Let us return for a moment to the case of a product (E,Q) = R x (T,0),
where (T, 0) is a symplectic fibre bundle over S'. Such a product bundle
satisfies

QITE" = 0.

To prove this it is sufficient (because TE" is two-dimensional) to find a
nowhere vanishing X € C*(T'E") such that ix = 0. As mentioned above,
the vector field K generating the R-action has this property. We will now
introduce a particular class of almost complex structures on (E,(2) which
are important for the definition of Floer homology groups.

Definition 8.6. J(7,0) is the space of almost complex structures J on
E =R x T with the following properties:
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(1) The map E — C is (J,j)-linear (here j is the standard complex
structure on R x S1);

(2) J is translation-invariant;

(3) Q(-,J-) is a symmetric bilinear form on T'E which is positive definite
on the vertical subbundle TE".

Because of the last condition, any J € J (T, ©) is an {2-tame almost complex
structure. Moreover, such a J preserves the subbundles TEY, TE" ¢ TE;
the first one is preserved by any 2-tame almost complex structure, and since
the second one is orthogonal to the first one with respect to €2, its invariance
under J follows from the fact that Q(-,J-) is symmetric. J(TE") = TE"
implies that a horizontal section of E is J-holomorphic for any J € J(T,©)
because for such a section o, im(Do,) =T EZ(Z) is a J-linear subspace for
all z € C.

J(TE" = TE" means that

J= (‘]0 J2h> (8.5)

with respect to TE = TEY @ TE", where J" is the horizontal lift of j and
J is an 2-compatible almost complex structure on TE"Y. Because J is
R-invariant J"" is in fact given by a family of almost complex structures on
the fibres of T'. For (T,0) = (T4, 0,) it follows that J is determined by a
family (J¢)ier of w-compatible almost complex structures on M such that
Ji=D¢o Jyyi0 D¢~ for all t.

Lemma 8.7. If J € J(T,0), QUX,JX) >0 for all X € TE, with equality
iff X € TE".

Proof. Let X = X+ X" be the vertical and horizontal parts of X. Because
J preserves TEY and TE",

QX,JX) =Q(X?, JXY) + QX" TXM).

The second term vanishes because QT E" = 0, and since J is Q-tame,
Q(XV, JX"Y) > 0, with equality iff XV = 0. O

Note that if J € J(T,0) and o is J-holomorphic, its translates
o' (s,t)=r-o(s—rt)

(- is the R-action by translation) are again J-holomorphic. If o has hori-
zontal limits so do its translates; and the energy and index are invariant
under translation.
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Lemma 8.8. Let o be a J-holomorphic section of E = RxT with horizontal
limits, for some J € J(T,0). Then e(c) > 0 and the following conditions
are equivalent:

(i) e(o) = 0;
(ii) o is a horizontal section;
(i1i) o is translation-invariant;
(iv) there is an r € R such that 0" = o.

If T is nondegenerate, any horizontal section o has index zero.

Proof. The nonnegativity of the energy is a consequence of Lemma 8.7 and
so is the equivalence (i) < (ii). If o is a horizontal section, do/ds is the
horizontal lift of 0/0s, and therefore do/ds = K. This shows that o is
translation-invariant and hence that (ii) = (iii). (iii) = (iv) is obvious.
Finally, note that if ¢ = ¢” for some r, the form ¢*Q) is r-periodic and
(by Lemma 8.7) nonnegative. The integral fC o*Q is finite because o has
horizontal limits; but the integral of a nonnegative periodic two-form on C
can only be finite if the form vanishes identically. This shows that (iv) =
(i)-

Finally, note that the definition of ind(c) becomes much simpler for ho-
rizontal o: one can choose ¢/ = o, and the path m? is given by the
monodromies of V around {s} x S'. In our case, because ¢ has the form
o(s,t) = (s,v(t)) for some v € H(T, ©), the path m?" is constant; a constant
path has zero Maslov index. O

Sections of almost holomorphic fibrations

Definition 8.9. An almost holomorphic fibration over C' with tubular ends
modelled on symplectic fibre bundles (T+, ©%) over S* consists of an almost
holomorphic fibration (E,Q, J’) over C' and isomorphisms

N~ :(—o0;—R] x (T~,07) — (E,Q)|(—o0; —R] x S* and
nt o [R;00) x (TT,07) — (E,Q)|[R; 00) x St
for some R > 0.

Everything we have said about sections of symplectic fibre bundles applies
equally to sections of such fibrations, for the following simple reason: a
smooth section o can never go through a critical point of the map 7 : £ —
C. This is obvious: 7o o =id implies Do = id, which implies that D)
is onto for all z € C.

In particular, we retain the definitions of TEY = ker(Dn) and of TE" (note
that these are only vector bundles away from Crit(7)) and of the horizontal
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limits, energy and index of a section. The definition a partially -tame
almost complex structure remains the same; however, for technical reasons,
we will use only those (2-tame almost complex structures which agree with
J' in a neighbourhood of Crit(w). The space of such J will be denoted
by J(FE,Q,J’), and the subspace of almost complex structures which agree
with J* € J(T*,0%) outside a compact subset by J(F,Q,J"; J~,J%) C
J(E,Q,J".

9 The Floer chain complex and the induced ho-
momorphisms

Let (T,0) be a nondegenerate symplectic fibre bundle over S. The Floer
chain group CF, (T, ©) is the Z/2-graded A-vector space freely generated by
the (finite) set of horizontal sections of (T, ©), that is,

CF(T,0)= P A<v>
veH(T,0)
deg(v)=1
for i = 0, 1. Floer homology is the homology of a certain boundary operator
on CF,(T,0). The definition of this boundary operator is based on deep
results about the spaces M(R x T, J) of J-holomorphic sections, for J €
J(T,0©). These results are summarized in the next Theorem. Recall that

the spaces M(R x T, J) carry a natural action of R by translation; we denote
the quotients by M(R x T, J)/R.

Theorem 9.1. There is a dense subset Jreg(T,0) C J (T, ©) such that any
J € Jreg(T, ©) has the following properties:

(1) For alle € R and v—,v" € H(T,0), M1 (R xT,J;v",v")/R is a
finite set.

(2) For any v—,v" and any C > 0, there are only finitely many ¢ < C
such that My (R x T, J;v~,vT) # 0.

(3) Each of the sets My (R x T, J;v~,v")/R can be given the structure
of a smooth one-dimensional manifold. This manifold has a compac-
tification which is a compact one-dimensional manifold; the boundary
of this compactification is the disjoint union of the sets

Ml,ﬁ(Rx Tﬂ];y_vy)/RXM175—5(RXT7J;V7V+)/R7

where (v,0) runs over H(T,0) xR (the first two properties imply that
this boundary is a finite set).
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Remark 9.2. We do not define Jiee(T,0) as the set of all almost com-
plex structures having property (1)—(3) (otherwise the results stated later
on, which involve Jiee(T,©), would be false). The correct definition of
Jreg (T, ©) is given in section 11.

For J € Jree(T,O), v ,vT € H(T,0), and € € R, let ne(J;v,v") € Z/2
be the number of points mod 2 in M (R x T, J;v~,v")/R. Property (2)
of J implies that the formal sum

n(J;v,vh) = an(J; v, vt (9.1)

e€R

is an element of the Novikov field A. This ‘number’ can be thought of as
the ‘number of points’ in the (possibly infinite) set My (Rx T, J;v~,v")/R.
Lemma 8.8 implies that My (R x T, J;v~,v") = ) for all € < 0. By the
same Lemma, this is true for ¢ = 0 as well: any J-holomorphic section
with zero energy is horizontal, and all horizontal sections have zero index.
Therefore all nonzero coefficients in (9.1) have positive exponents.

The Floer differential 9(T,0;J) on CF,(T,©) is defined by its values on
the generators <v>:

AT, 0; ) (< >)E S n(fv ) <wts.
vteH(T,0)

Because the boundary of a compact one-manifold consists of an even number
of points, property (3) of J implies that

Z ns(J;v ™, v)ne_s(J;v,vt) = 0.

JeR
veH(T,0)

for all =, v* and e. This is equivalent to (T,0;J) o (T,0;J) = 0.
The mod 2 formula (8.3) for the index of a section implies that M;(R x
T;v=,vT) = 0 unless deg(rv~) # deg(rv"). Hence 9(T,0;.J) interchanges
the two groups CF;(T,0©). This shows that (CF.(T,0),0(T,0;J)) is a
Z/2-graded chain complex of A-vector spaces. In general the differential
d(T,©; J) will depend on the choice of J.

Definition 9.3. Let (7', ©) be a nondegenerate symplectic fibre bundle over
St and J € Jreg(T,©). The Floer homology groups HF;(T,0;J) (i =0,1)
are the homology groups of the chain complex (CFy(T,0),0(T,©;J)).

We outline briefly the ‘duality’ property of these groups. Let (T,0) be a
nondegenerate symplectic fibre bundle over S' and (T, ©) its pullback by
t. There is a canonical bijection between the sets of horizontal sections on
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these two bundles. Using this bijection and the natural bases, one can define
a nondegenerate pairing

(,)er.re) : CF(T,0) ® CF.(T,0) — A.

The bijection H(T,0) — H(T, ©) preserves the degree; this is an element-
ary fact which follows from the equality

sign det(id — A) = sign det(id — A1)

for any symplectic matrix A which does not have 1 as an eigenvalue. As a
consequence, the pairing (-, )op, (1,0) is Z/2-graded. Take an almost com-
plex structure J € Jreg(T, ), and let J be its pullback to R x T' by the holo-
morphic involution (s,t) — (—s, —t) of C. Pulling back sections defines a
canonical bijection between the spaces M(Rx T, J) and M(RxT, J). A look
at the definition of Jieg (T, ©) given in section 13 reveals that J € Jreg(T, ©).
Using these facts, it is not difficult to prove that (-, )cr, (r,e) is a pairing of
chain complexes. Since the coefficient ring A is a field, the pairing induced
by (-,-)cr.(r,e) on the Floer homology groups is nondegenerate.

Let (E,Q,J") be an ordinary almost holomorphic fibration over C' whose

tubular ends are modelled on nondegenerate fibre bundles (777,07) and
(TT,01).

Theorem 9.4. For all J= € Jreg(T~,07) and J© € Freg(TT,07T), there
is a dense subset Jreg(E,Q, J'5 J~,JT) C J(E,Q,J';J~,J%) such that any
J € Treg(E,Q,J'; J7, J1) has the following properties:

(1) Foralle e R, v~ € H(T~,07) and v € H(TT,0T),
Mo (E, J;v—,vt) is a finite set;

(2) For any v—,v" and C € R there are only finitely many ¢ < C such
that Mo (E, J;v~,vt) # 0.

(3) Each of the sets My (E,J;v~,v") can be given the structure of a
smooth one-dimensional manifold. It has a compactification which is
a compact one-dimensional manifold with boundary, and the boundary
of this compactification is the disjoint union of

M0,5(E7 J7 I/iay) X (Ml,efl;(R X T+7']+;V7 V+)/R)
(forve H(TT,0T), 6 € R)

and

(Miy R xT™,J 307, 0)/R) x Mg (E, J;/, v
(for V' e H(T~,07), § € R).
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The almost complex structures J € Jieg(E,$, J'; J7, JT) will be called reg-
ular. As in the case of Jreg(T,0), Jreg(E,Q, J'; J7, JT) is not the set of all
J which have the properties listed above.

For J € Jreg(E,Q,J';J7,J%) and v* € H(T*,0%), let me(J;v—,v) €
Z/2 be the number of points mod 2 in M (E, J;v~,vT). Property (2)
implies that m(J;v~,v") = Y _me(J;v7,vT)t¢ is an element of A. Let
Co(E,Q,J;J) : CF.(T—,07) — CF,(T*,0") be the homomorphism
defined by

Co(E,Q,J;J)(<v >) = Zm(J; vt <>
vt

The mod 2 formula for the index shows that My(E, J;v~,v") = () unless
deg(v™) = deg(v™); therefore C®(E, 2, J'; J) preserves the Z/2-grading. By
a straightforward computation, property (3) implies that C®(E,Q, J'; J) is
a homomorphism of chain complexes. This homomorphism depends on the
choice of J.

Definition 9.5. The homomorphism induced by C®(E, Q, J; J') will be de-
noted by

®(E,Q,JJ): HE(T~,07;J7) — HF.(TT,0%; J).
Theorem 9.6. ®(E,Q,J";J) is independent of the choice of J.

The proof of this theorem could be formulated like the definition of the Floer
homology groups and of the homomorphism ®; properties of the moduli
spaces M(FE, J;) for a suitably chosen one-parameter family (J;)o<t<1 in
J(E,Q,J"; J~, JT) with endpoints Jy, J1 € Freg(E,Q, J'; J~, JT) show that
CO(E,Q,J;Jy and CO(E,Q,J';J;) are chain homotopic. We omit the
precise statement.

From now on we will write ®(E,Q, J'; J~, J") instead of ®(E,Q, J'; J); this
change of notation is justified by Theorem 9.6. Let (E,) be a product
bundle R x (T,0), and choose a J? € Jree(T,©). We will now sketch the
proof of

(B, J°,J°) = idyp,(1,0.00): (9:2)

The key idea is to use the same almost complex structure J° to define
the Floer chain complex and the induced map. It is obvious that J° €
J(E,Q;J° J%. Moreover, J° is regular, so that we can use it to define
it the chain homomorphism CF,(T,0) — CF,(T,0). We cannot prove
this here, but it follows easily by comparing Definition 11.10 and 11.11.
By Lemma 11.6, the J%holomorphic sections of R x T with index zero are
precisely the horizontal ones, and all these sections have zero energy. For
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every v € H(T,©), there is exactly one horizontal section of E = R x T' with
positive limit v, and the negative limit of that section is also v. It follows
that the chain homomorphism C®(E,Q;.J°, J°) is the identity.

The next result corresponds to the ‘gluing’ property of Floer homology
stated in section 7. We need to introduce some notation: let (E_,Q_,J")
and (E4,Qy,J ) be two ordinary almost holomorphic fibrations over C'.
Assume that the positive end of the first fibration is modelled on the same
symplectic fibre bundle as the negative end of the second fibration. After
choosing appropriate almost complex structures, we obtain induced maps

SE_,Q_,J ;J,J° HF,(T~,07;J7) — HF,(T°,0% J% and
(B4, Qp, I, 5 I, 01 HE(T, 0% J°) — HF.(TT,0";J1).

After changing the coordinates on C by a translation, we can assume that
(E_,Q_)|[~1;00) x St =[~1;00) x (T9,0°) and (E;,Q;)|(—o0;1] x St =
(—00; 1] x (T°,0Y). We use these identifications to glue together E_|R™ x S!
and E,|R* x S'; the result is a new ordinary almost holomorphic fibration
over C' which we denote by

(B, J) = (B_,Q_, J)#(Es, Qu, T}).
This fibration defines a homomorphism
O(E,Q,J5J,JY)  HF.(T~,07;J7) — HE(TT,0%;J7),

and the ‘gluing theorem’ for the induced maps is
Theorem 9.7.

O(B,Q,JJ 0N = (B, Qy, T Y TN o ®(E_,Q_, J 5T, 7).

The definitions of Floer homology groups and induced maps which we have
given seem to differ considerably from the presentation in section 7:

(a) The Floer homology groups have been defined only for nondegenerate
fibre bundles over S*.

(b) The definition involves an auxiliary choice of almost complex structure.
(c) Remarks similar to (a) and (b) apply to the induced maps ®.

(d) We have not stated a result of the type of the ‘deformation invariance’
property in section 7.

All of these apparent differences can be overcome using Theorem 9.6 and

Theorem 9.7. We begin with (b). Let (7, ©) be a nondegenerate symplectic
fibre bundle over S and J~, JT two almost complex structures in Treg (T, O).
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We denote the product bundle R x (7,0) by (E,Q). An almost complex
structure J € Jreg(E,$2; J7, JT) determines a homomorphism

HE.(T,0;J7) — HF.(T,0;J%).

Let us denote this homomorphism (which is independent of the choice of J
by Theorem 9.6) by ®(J~,J*). Equation (9.2) says that ®(J°, J°) = id for
all JO € Jreg(T, ©), and Theorem 9.7 says that

O, TN od(J, N =d(J,J).

This shows that for different choices of J, the groups HF (T, 0;J) are iso-
morphic, and in fact canonically isomorphic. This makes it possible to define
Floer homology groups HF,(T,©) (for nondegenerate (T, ©)) which do not
depend on a choice of almost complex structure.

The next issue which we will discuss is (d). Let (E,,J’) be an ordinary
almost holomorphic fibration with nondegenerate tubular ends modelled on
(T*,0%). Choose JE € Jree(T*+,0%). Let ' be another closed two-form
on E such that

(1) QX,Y)=Q(X,Y) for all X,Y € TE",

(2) Q= Q' outside some compact subset,

(3) [ — Q'] € H(E;R) is trivial, and

(4) € is compatible with J’ on some neighbourhood of the critical point

set of B — C.

Then (E, €, J) is an ordinary almost holomorphic fibration. Moreover
T(B,Q, T30, 07) = J(B,Q, '3 7, %)

and the subsets of regular almost complex structures are also the same for
Q and ' (this follows from Definition 11.11). Moreover, and for this the
assumption (3) is crucial, any section o of E with horizontal limits has the
same energy and index with respect to 2 and with respect to €. It follows
that

CO(E, Y, J;J)=Co(E,Q,J;J)

for any regular J, and this is the result corresponding to the ‘deformation
invariance’ property of section 7.

Now consider problem (a). We have explained how to define Floer homology
groups HF, (T, ©) which are independent of the choice of an almost complex
structure for all nondegenerate (7,0). As in section 7, the deformation
invariance provides canonical isomorphisms between different perturbations
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(T,© — d(Hdt)) and (T,© — d(H'dt)) (H,H' € C*(T,R) of a symplectic
fibre bundle (T',0). Such a canonical isomorphism exists whenever both
perturbed bundles are nondegenerate, regardless of whether (T, ©) itself is
nondegenerate or not. Hence, for an arbitrary (7', ©), we can define

HF.(T,0) ™ HF.(T,0 — d(Hdt))
where the r.h.s. is nondegenerate. The existence of an H such that (7,0 —
d(Hdt)) is a nondegenerate symplectic fibre bundle can be proved using some
elementary symplectic geometry: in fact, viewing (7', ©) as a mapping torus
reduces the problem to the assertion that any symplectic automorphism has
a Hamiltonian perturbation whose fixed points are all transverse.

The remaining problem (c) is similar to (a) and we will not discuss it.

10 The quantum module structure

This section describes, in the informal style of section 7, the quantum mod-
ule structure on Floer homology and its relationship to the induced maps
®(E,Q,J"). The basic objects which we will consider are ordinary almost
holomorphic fibrations (E,2,J’) over a cylinder Z = [so; s1] x S!, together
with a finite family (21, ... z,) of points of Z which are regular values of the
map E — Z. The quantum module product on Floer homology is a spe-
cial case of a more general multiplicative structure: any (E,Q,J, 21,..., z)
defines a homomorphism

O (E, QT 21, 2) (@ QH*(EZ“Q\EZZ.)> ®
=1

® HF*(Esoxslvﬁsoxsl) - HF*(ES1><517 Qslxsl) (101)

of Z/2-graded A-modules. Here QH,.(E,,, | E;,) stands just for the homo-
logy of E., with coefficients in A; we have made no assertion about the
relationship of these maps with the ring structure of QH.(E,,, 2| E;,). We
call the maps @ relative Gromov-Witten invariants. The simplest ones
(r = 0) are equal to the induced maps ®(E, Q, J') which we have introduced
before.

Notation. In the special case of a symplectic fibre bundle, there is no
almost complex structure J’ and we will denote the homomorphisms by
®,.(E,Q;21,...,2-). A similar convention (of simply omitting J’ from the
notation if there are no critical points) will also be followed in other occa-
sions.

The relative Gromov-Witten invariants satisfy properties analogous to those
of &:
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(Duality) Let (E,Q,J') be the pullback of (E,Q,J’) by the involution
(s,t) — (s1+sp—s,t) and z; the preimage of z; under this involution.
Then

<a7®7’<E79;217 .. ‘727’)(017 s 7CT7b)>(E51X51,Q

(®,.(B,Q; 21,...,2)(c1, . .. ,Crya),b) (g

Slxsl)

SOXSI’Qsoxsl)

for all a € HF*(Fslxsl,gslxill b e HF*(ESOX51,QSOX31) and ¢ €
QH*(EZNQ|E2‘¢) = QH*(EENQ‘EZ)'

(Gluing) Divide Z = [sp;s1] x S! into two parts Z_ = [sg;s] x S and
Z, = [s;81] x St for some s € (sp;51). Let (E,Q,J') be an ordinary
almost holomorphic fibration over Z such that every point in {s} xS is
aregular value of this fibration. We denote the restrictions of (E, 2, J")
to Z+ by (E_-,Q_,J") and (E;,Q4,J.). Choose points z1,...,2s €
Z4+ and Zgy1,...,2 € Z_. Then

®.(E,Q,J21,...,2)(c1,...crya) =
O (B, Qp, Jis 21,0, 25) (e, - -, Cs,
O, (E_,Q ., J ;z01,...,2:)(Cst1,- - - Crya)).

(Deformation invariance) This property has the same form as the cor-
responding one for ®; we omit the exact statement.

In addition, the invariants ®, have two new properties which describe the
effect of changing the marked points.

(Inserting a marked point)
O.(E,Q,J 21, .., 2:) = ®1(E,Q,J ;5 20, . 2) (1, . ... ),
where u = [E,,|t° € QH.(E.,, Q|E,,) is the ‘fundamental class’ of E.,,.

(Moving the marked points) Let (E, (2, J) be an ordinary almost holo-
morphic fibration over Z and Z™® C Z the set of its regular values.
Take two sets z1,...,2 € Z"8 and 2,...z. € Z™® of marked points,
and choose paths v1,...,7 : [0;1] — Z"*8 which connect z; with 2]
(this is always possible since the complement of Z™¢ is finite). Let
P, : E,, — E, be the symplectic parallel transport along ;. This
induces maps on the homology of the fibres with A-coefficients, which
we denote by (F)s : QH.(E:,, Q|E;,) — QH.(E.;,Q|E,;). Then

D.(E,Q,J21,...,2:)(c1, ..., Crya) =
O.(E,Q,J;21,...,20)(P)«(c1), ..., (P)s«(cr), a).
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The map (P;)« depends on the path ~;; paths which are not isotopic in
7% may lead to different induced maps. The ‘moving the marked points’
property is valid for any choice of paths and hence imposes a non-trivial
restriction on the homomorphisms ®,.. We will return to this later on in a
special case.

We will now define the quantum module structure on HFi(¢) in terms of
the relative invariants. Let ¢ be an automorphism of (M,w), (T4, 04) its
mapping torus and (Eg, Qg) = [0;1] x (Ty, O4). Recall that Tj is a quotient
of R x M. The inclusion M = {0} x M C R x M and the projection
R x M — T4 determine a symplectic isomorphism Fy : M — (Ty)o,
where (T,)o denotes the fibre over 0 € S'. Let 29 = (0,0) € [0;1] x SL.
Clearly (Eg)., = (T)o. The quantum module product is defined by

wxy = ®1(Eg, Qg5 20)((Fp)«(2), y)
for v € QH.(M,w) and y € HF,.(¢). It is not at all obvious that this makes

HF,(¢) into a module over (QH.(M,w),x*); the fact that this is true, or
more concretely, the equality

I >T<(x2 >T<y) = (1‘1 * x2> >T<y

is a theorem of Piunikhin, Salamon, and Schwarz. We will not attempt to
explain the proof of this theorem since our present framework is not suitable
for that. The fact that HF.(¢) is a unital QH,.(M,w)-module, that is,
[M]t9 % x = x for all x, is much simpler to prove; it follows from the formula
for inserting a new marked point and the fact that the ®-homomorphism of
a product bundle is the identity map.

Using the properties stated above, it can be proved (roughly speaking) that
all the maps ®(E,Q, J') are homomorphisms of modules over QH,(M,w).
A precise statement is

Proposition 10.1. Let (E,,J’) be an ordinary almost holomorphic fibra-
tion over Z = [sg;s1] x S whose reqular fibres are isomorphic to (M,w).
Let ¢g, 1 be automorphisms of (M,w), and assume that we have fized iso-
morphisms of their mapping tori with the boundary components of E:

(T¢i7®¢i) = (ESiX517Qsi><Sl)' (10-2)

Let P : Eyy 0) — E(s,,0) be the symplectic parallel transport along any path
in Z from (s0,0) to (s1,0) which lies outside the set of critical values of
E — Z. We denote the symplectic automorphism

Fy P Fdjl
M — (Tyy)o = Esy0) — Es,.0) = (Tg,)o — M

by P'. Then
O(E,Q,J) (2 ky) = Pi(x) ¥ 2(E,Q,J)(y)
for all x € QH.(M,w) and y € HF,(¢o).
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Sketch of the proof. Using the deformation equivalence of ®(FE,Q,J’) one
can reduce the statement to the case where (E,Q,J’) has the following
property: there is an € > 0 such that the restriction of (E, Q) to [so;so +
€] x St is isomorphic to [sg;so + €] x Ty,, and such that its restriction to
[s1 —€;s1] x ST is isomorphic to [s1 — €; s1] X T}, ; both isomorphisms will be
extensions of those in (10.2). We divide (F,,J’) into the part (F_,Q_)
lying over [so; so + €], the part (Ey, ) lying over [s; — €; s1], and the part
(Ep, Qo, J) over [sg + €; s1 — €] which contains all the critical points of the
fibration. (E4,Qy) are product fibre bundles, and therefore ®(Ey, Q1) =
id. Because of the gluing property of ®, this implies that

D(E,Q,J)=P(EL, Q)0 ®(Ey, Qo, Jy) o ®(E_, Q)
- q)(EOa QOv J(l))
Let zp = (s0,0) € Z. Using the gluing property of ®1, one sees that
(I)(Ea Qa J/)q)l(E*v Q,; Zo)(-’ﬂ, y) =

= (I)(E07 Q[), J(,))q)l(E*a Q*; ZO)($a y)

= O(E4, Q1) ®(Eo, Qo, Jo)®1(E-, Q—; 20)(x,y) (10.3)

- ¢1(E7 Qu J/a ZO)($7 y)
By moving the marked point to z; = (s1,0) one obtains

q)l(Ea Qa J,a ZO)(xa y) = <I>1(E7 Q7 J/; Zl)(P*('m)’ y)
Reversing the reasoning of (10.3) with z; instead of zy leads to the equation
(pl(Ea Qa J/; Zl)(P*(x)a y) = (I)l(E-i-v Q-‘r; Zl)(P*(J")a é(Eu Qa ‘]/)(y))v

therefore

(I)(E> Q, J/)(I)l(E—v 0 Zo)(l‘, y) = q)l(E—H Q—O—; Zl)(P*(x)v @(E', Q, J’)(y)

)
Because (E_,Q_) and (E, Q) are product bundles, ®1(E_,Q_; zo)(x, ) is
the quantum module product with (F(;Ol)*@), and 1 (FE4, Q4 21)(Pe(z), )
is the quantum module product with (Fy D4 (Py(z)). This completes the
proof. O

One application of Proposition 10.1 is to the fibre bundles (Ey, Q4 k) which
were defined in section 7. Because the action of the parallel transport P on
homology does not depend on {2 at all, it is easy to see that the isomorphisms

C(¢, Ko, K1) : HF.(¢ 0 ¢1°) — HF.(¢0 ¢1)

defined by these fibre bundles are isomorphisms of QH,(M,w)-modules.
This has the important consequence (stated as one of the basic properties
of Floer homology in Part I) that the Floer homology groups of two sym-
plectically isotopic automorphisms of (M, w) are isomorphic as QH,(M,w)-
modules.
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Proposition 10.2. The quantum product on HF.(¢) satisfies
TRy = ¢u(z) *y

for allx € QH.(M,w) and y € HF.(9).

Sketch of the proof. Let (Eg,€4) be the product bundle [0; 1] x (T, ©4) and
Fyg: M — (Eg)0,0) the isomorphism defined above. Let

P (Eg)0,0 — (Es)0,0)

be the symplectic monodromy around the loop {0} x S'. By moving the
marked point zp = (0,0) around this loop one obtains

zxy = O1(Ey, Qg; 20) ((Fp)+(2),y) =
D1 (Ey, Q5 20) (P o Fy)u(x),y) = (F, ' o Po Fy)u(x) %y.

It is clear from the definition of T}, that qul oPoFy=¢. O

We will now briefly outline the definition of the invariants ®,. in the frame-
work of section 9. For simplicity, we consider only the case r = 1. Let
(E,Q, J') be an ordinary almost holomorphic fibration over C' = R x S* with
tubular ends modelled on nondegenerate symplectic fibre bundles (TF, ©%).
Choose J* € Jreg(T+,0%) and a J € J(E,Q,J;J7,J). Let z € C be
a regular value of E — (C and X C E, a ‘cycle’ representing some d-
dimensional mod 2 homology class in F,. There are several possibilities for
the kinds of ‘cycles’ one can use; the simplest method (due to Schwarz) seems
to be to use the unstable manifolds of a Morse function as cycles. Here, to
simplify matters, we will assume that X is an embedded submanifold. For
vt e H(T*H,0%), ecRand k € Z, let

Mk‘,e(Eaj;V_7V+7X) CMk,€(E7J;V_7V+)

be the subset of sections o such that o(z) € X. This subset is the preimage
of X under the evaluation map

ev, : My (E,J;v™, vt — E..

Therefore it is plausible that (at least in a generic situation) it should be a
submanifold of My, (E, J;v~,v") of codimension 4 — d. In turns out that
this is true: moreover, for generic .J, the spaces My_q(E, J;v~, v, X) are
finite and the formal sum

P v ) =D #My_q (B, J;v vt X
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(# denotes the number of points mod 2) is an element of A. Let m :
CF.(T~,07) — CF.(T",0%) be the homomorphism given by

m(<v™>)=> p vt <>,
vt

For generic J, m is a chain homomorphism. The induced homomorphism
of Floer homology groups defines ®1(E,Q, J’; 2)([X]t%,-). Of course it is
necessary to show that this is independent of J and of the cycle representing
[X].

Bibliographical note. The ‘quantum module structure’ appears already
in Floer’s work [9]. It has been used by LeHong-Ono [15] and by Schwarz
[26] in connection with the Arnol’d conjecture. The paper of Schwarz is the
first one in which the product is defined for a broad class of symplectic man-
ifolds. The fact that this product makes Floer homology into a module over
the quantum homology ring was proved by Piunikhin, Salamon and Schwarz
[22]. We have borrowed their idea that the quantum module product is a
special case of a more general ‘relative invariant’. [22] also describes the rela-
tionship between the quantum module product and various other definitions
of products on Floer homology.

We have now completed our survey of Floer homology and of its functorial
and product structures. To carry out the details of this construction and
prove the properties we have stated is a major tour de force in nonlinear
analysis. The principal steps of this programme are:

(1) Theorem 9.1, which summarizes the analytic results underlying the
definition of the Floer chain complex.

(2) The analogous result (Theorem 9.4) used to define the induced maps.

(3) The gluing theorem and the invariance under a change of the almost
complex structure (Theorems 9.6 and 9.7). These are not only basic
properties of Floer homology, but (as explained in section 9) they are
necessary even to make the Floer homology groups independent of the
choice of almost complex structures.

(4) The construction of the relative Gromov-Witten invariants @, and the
proof of their basic properties stated above.

As has been mentioned before, some of these topics are alrady covered in
the literature. Usually, the framework is that of Floer homology for sym-
plectic automorphisms which are Hamiltonian perturbations of the identity,
but the proofs remain essentially the same in the general framework. In
particular, (1) is an adaptation of the work of Hofer and Salamon [14]. The
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other items are known in the case of symplectic fibre bundles; what is new is
the generalization to almost holomorphic fibrations. However, a large part
of the construction is not affected by this generalization. To be precise, a
new problem appears only at one point, namely, when studying the compac-
tification of the moduli spaces My, (E, J;v~,v"). This new problem is the
deformation theory for pseudo-holomorphic spheres which lie in a singular
fibre of E: since this fibre is not a symplectic manifold, the usual trans-
versality theory does not apply. This problem occurs at each of the steps
(2)—(4) and it can be solved in the same way each time. For this reason
we will not even attempt to discuss all of the four steps listed above. We
will concentrate instead on (2), that is, the proof of Theorem 9.4, which is
the most basic one. Even there, we will only outline the greatest part of
the argument, and only the part which contains the new problem described
above will be treated in detail.

To prove Theorem 9.4, we proceed as follows: first we define the subset
Freg(E,Q, T T, JT) € J(E,Q,J';J~,JT); this is done in the next sec-
tion. Then we prove that any almost complex structure in this subset has the
properties described in that Theorem; the arguments which yield these prop-
erties are outlined in section 12. Finally we prove that Jreg(E, 2, J'; J 7, JT)
is dense. This is the part which we will discuss in detail, and it occupies
sections 13-15.

11 Regular J-holomorphic sections

In this section we review the local properties of the spaces of J-holomorphic
sections with horizontal limits. The most important concept is that of a
regular J-holomorphic section. Having introduced that we define the sets
Treg(T,0) and Freg(E,Q, J'; J~, JT) which occur in Theorem 9.1 and The-
orem 9.4. Throughout this section, (F, €2, J') denotes an almost holomorphic
fibration over C' with tubular ends modelled on nondegenerate symplectic
fibre bundles (TF, ©F), with projection 7 : B — C.

Let J be a partially (2-tame almost complex structure on E. There is a
differential operator

DOy(0) : C°(c*TE") — C™(c*TE")
canonically associated to any J-holomorphic section o. We will give three

equivalent definitions of this operator. The first one is based on the fact
that a smooth section 7 of E is J-holomorphic iff the expression

- or or
ay(7) 75 + J(T)E
vanishes. Because 7 is (J, j)-linear, Dw(J%) = —DT[‘(%); therefore 0;(7)

is a section of the pullback bundle 7*T E".
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Definition 11.1. Let o be a J-holomorphic section of £ and X a com-
pactly supported smooth section of the vector bundle c*T'E¥ — C'. Choose
a smooth family (o;)o<r<c of sections of E with 09 = ¢ and such that
o, /0r = X at r = 0. Then

DO (X = £ [3(0)].

where the derivative is taken at r» = 0.

To be precise, this definition should be worded as follows: the family (o)
defines a map ¥ : [0;¢) x R x S* — E. (9;(0,))o<r<c is a section of
Y*TEY which vanishes at any point (r,s,t) with r = 0. Therefore we can
form the derivative of this section in r-direction at such points (without any
choice of connection). It is not obvious from Definition 11.1 that DI (7)X is
independent of the choice of (). To prove this, choose a Riemannian metric
on F and let V be its Levi-Civita connection. Because this connection is
torsion-free and [0,.0,, 0s0,| = [0r0,, Oro,] = 0, we have

- 0 (0o, do,

oo, oo, oo
=Vx ( s > + J(0,)Vx < BN ) + (VXJ)E
oo

:V%X—FJ(U)V%X—F(V)(J)E. (11.1)

This proves that Dy (o)X is independent of the choice of o, and also that
DOy (o) is a differential operator. Alternatively, equation (11.1) can be used
as the definition of Ddy (o), and then the argument above shows that it is
independent of the choice of V and that the r.h.s. of (11.1) is a section of
o*TEY C o*TFE (this is not obvious because V may not preserve TE").

The third definition of Ddy(c) is this: choose S € C®(TE) and X €
C*(TE") which extend the vector fields do/0s and X defined along o.
Using the torsion-freeness of V one sees that

V?TZX = V)?S—I- [S, X]
and

do ~ ~ < ~
JV%(;X + (VXJ)E = JV(JS)+J[JS, X]+ (V5 J)(JS)
= J[JS, X] — V5.
Together with (11.1) this means that

Dd;(0)X =[S, X]+ J[JS, X]. (11.2)
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The equivalence of this expression with the other two shows that the r.h.s.
of (11.2) is independent of the choice of S and X.

From now on we assume that J € J(E,Q,J";J=,J%) for some J* €
J(T*,0%). The next theorem summarizes the main properties of the op-
erator DJy (o) for a J-holomorphic section o with horizontal limits. Proofs
can be found in [25] (with p = 2) and in [27] (general case).

Theorem 11.2. Let o be a J-holomorphic section with horizontal limits.
For p > 2, let LP(c*TE") and W'P(c*TE") be the spaces of sections of
o*TE® of class LP resp. WUYP (these spaces should be defined using a
Riemannian metric on E which has product form on the tubular ends). Then
DOy (o) defines a bounded operator WP (a*TEV) — LP(c*TEV). This op-
erator is Fredholm, and its index equals ind (o).

From now on, we will use some fixed p > 2.

Definition 11.3. Let ¢ be a J-holomorphic section with horizontal limits.
o is called regular if the operator

DOy(o) : W'P(6*TE") — LP(c*TE")
is onto.

We will now outline the framework which was introduced by Floer to study
J-holomorphic sections using the tools of nonlinear analysis. Let o be
a section of E of class I/Vli’f, v a horizontal section of (TF,07), and
ot (s,t) = (s,v"(t)) the corresponding partial section of E (defined for
5 > 0). We say that o is W'P-convergent to vT if there is a vector field
¢ € WHP((oT)*TEV) such that

o(s,t) = C€XDPo+ (s,t) (&(s,1))

for large s. As before, exp and W' are defined using a Riemannian metric
which has product form on the tubular ends. W'P-convergence to a hori-
zontal section of (I'7,07) as s — —oo is defined in the same way. The
space of W/I})’Cp-sections o which converge to v* € H(T*,0%) in this sense
and such that im(o) N Crit(7) = 0 will be denoted by S(E;v—,v™).

Remark. In contrast to the case of a smooth section, it is not clear whether
a Wif—section o automatically satisfies im(o) N Crit(r) = 0. This is the
reason why we have included this condition in our definition of S(E;v—,v™).

S(E;v~,vT) carries a natural topology and the structure of a smooth Ba-
nach manifold compatible with this topology. The tangent space at a point
o € S(E;v—,v") is canonically isomorphic to the space WiP(o*TE?) of
sections of o*TEV of class WP,
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Remark. The space W'P(oc*TE") is well-defined for any o € S(E;v~,vT)
because the pullback ¢*T E? is a vector bundle over C' of class VVl})f . More
precisely, a family of smooth local trivializations of T'E¥ induces a family of

trivializations of ¢*T EY whose transition functions lie in Wlo’f.

Like WP (o*TE?), the space LP(0*TEV) of LP-sections is also well-defined
for any o0 € S(E;v~,vT). There is a Banach vector bundle

E— S(E;v,vh)

with fibres & = LP(o*TE"). Every J € J(E,Q,J';J~,J*%) determines a
smooth section 0y of £ given by

~ oo Oo
dy(o) = s + J(G)E'

Theorem 11.4. 9;'(0) = M(E, J;v~,vH).

This statement is actually a combination of two results: an elliptic regularity
result which shows that any o € S(FE;v~,vt) with d;(¢) = 0 is smooth,
and a (more difficult) exponential convergence result which shows that any
such o converges to its horizontal limits in the stricter sense of section 8.
This shows that 5;1(0) C M(E, J;v—,vt); the converse is obvious.

The derivative of the section d; at a point o € 5;1(0) is a homomorphism
T,S(E;vT,v7) — &,.

T,S(E;vt,v™) = WHP(o*TEY) and &, = LP(c*TEV), and using our first
definition it is not difficult to see that this homomorphism is given by the op-
erator DOy (o). Using the implicit function theorem we obtain the following
consequence:

Corollary 11.5. A regular o € M(E,J;v—,v") has a neighbourhood in
M(E, J;v—,vt) C S(E;v—,v") which is a smooth submanifold of dimen-
sion ind(o). In particular, if for some k, all 0 € My(E, J;v—,v") are
reqular, then My(E,J;v~,v") is a smooth k-dimensional submanifold of
S(E;v—,vh).

For a product bundle (E,Q) = R x (T,0), the spaces S(E;v~,v") have a
natural smooth R-action by translation. This action preserves the subsets
My (E,J;v,vT) for any J € J(T,0).

Lemma 11.6. Let J € J(T,0) and assume that all J-holomorphic sections
of R x T with horizontal limits are regular. Then the following conditions
foro e M(R xT,J) are equivalent:

(i) ind(c) = 0;
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(i) e(o) = 0;
(i1i) o is horizontal;
(iv) o has a nontrivial stabilizer under the R-action.

Proof. The equivalence of the final three conditions is part of Lemma 8.8.
The description of a horizontal section given in Lemma 8.2:

U(Svt) = (S7V(t))7

implies that the index of such a section vanishes. Conversely, let ¢ be a
J-holomorphic section of index 0. It is an isolated point of M(R x T, J);
therefore it must be equal to its translate o for sufficiently small r. O

Corollary 11.7. If all 0 € M(R x T, J) are reqular, My (R x T,J) =0
for all e >0 and k < 0.

It is not difficult to see that outside the subset of horizontal sections in
M(R T, J) the R-action is not only free but also proper. As a consequence,
one has

Corollary 11.8. Assume that for some v—,vT € H(T,0) and e,k with
e #0ork #0, any 0 € My (R x T,J;v",v") is regular. Then the
quotient

Mk,G(R X T7J;V_7V+)/R

is a smooth (k — 1)-dimensional manifold.

In order to define Jreg(E,$Q,J'; J7,JT) we need to introduce a different
class of pseudo-holomorphic curves in F.

Definition 11.9. Let J be an -tame almost complex structure on £. A
smooth nonconstant map w : CP! — FE is called a J-bubble if Dw o4 =
J o Dw (i denotes the complex structure on CP!) and im(w) lies in a single
fibre of .

The numbers
Qw) = /(;Pl w*'Q and ¢ (w) = (c1(TE,J), [w])

are called the energy and the Chern number of the bubble w. We denote
the set of points which lie on the image of a J-bubble with Chern number
< k by Vix(J) C E. The importance of J-bubbles for the compactification
of the space M(E,J) will be explained in the next section. We can now
supply the definitions of Jreg(T, ©) and Jreg(E,Q, J'; T, JT).

Definition 11.10. Let (7, ©) be a nondegenerate symplectic fibre bundle
over S1. Jree(T,©) C J(T,0) is the subset of almost complex structures .J
such that
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(1) any 0 € M(R x T, J) is regular.

(2) Vo(J) = 0 (this means that there are no J-bubbles with nonpositive
Chern number).

(3) Any horizontal section o of R x T satisfies im (o) N V4 (J) = 0.

Definition 11.11. Let (E,,J’) be an ordinary almost holomorphic fibra-
tion over C, with tubular ends modelled on nondegenerate fibre bundles
(T*,0%). For J= € Jreg(T~,07) and JT € Jree(TH,071),

Treg(E,Q, J'5 T, J7) C J(B,Q,J5J7,J7)
is the subset of almost complex structures J such that

(1) any 0 € M(E, J) is regular.

(2) V_1(J) = 0 (this means that there are no J-bubbles with negative
Chern number).

(3) Any 0 € My(E,J) UM (E,J) satisfies im(o) N Vy(J) = 0.

12 Compactness

In this section we state Gromov’s compactness theorem and Floer’s gluing
theorem for J-holomorphic sections. Both theorems are familiar in the case
of symplectic fibre bundles, and they carry over unchanged to almost ho-
lomorphic fibrations. Then we describe the application of these results to
Theorem 9.4.

The central notion in this section is the geometric convergence of a sequence
of J-holomorphic sections to a broken J-holomorphic section. We fix the
following notation: (F,Q,J’) is an almost holomorphic fibration over C
with projection 7 : E — C. It has tubular ends modelled on nondegener-
ate symplectic fibre bundles (%, ©%). The product bundles R x (TF, ©%)
will be denoted by (E*,Q%). J~ and J* are almost complex structures
in J(T~,07) and J(T",07"), respectively, and J is an almost complex
structure in J(E,Q, J'; J—, JT).

Definition 12.1. A broken J-holomorphic section

6=(07,.c,0m,0,00,...,0%)
consists of o ,...,0,, € M(E~,J7), 0 € M(E,J) and of,...,0} €
M(E*,J*), which have the following property: there are vy ,...v,, €
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H(T—,07) and vy ,...v;7 € H(TT,0%) such that

o; € M(E™,J 5y y,v;) for j=1,...,m,
UEM(E Jiv,vg), and
Uj e M(ET,J v ]+1, ])forj—l cey M.

Moreover, we assume that none of the U;-E is a horizontal section. Two
broken J-holomorphic sections will be regarded as identical if one arises
from the other by translating the components 0 (by an amount which may
be different for each component).

The basic notions of the theory of J-holomorphic sections can be extended
to broken sections: v, and v, as above are called the horizontal limits of
g, and its energy (or index) is defined by adding the energies (or indices)
of all components. We will denote the set of broken J-holomorphic sections
with m + n + 1 components as above by M\m’”(E, J), and the subset of
broken .J-holomorphic sections with given index k, energy e and limits v+
by /\//\lznen (E,J;v~,vT). A broken J-holomorphic section & is called regular
if o is a regular J-holomorphic section and the Uji are regular J¥-holomor-
phic sections.

Let 01,09,... be a sequence of J-holomorphic sections of ¥ and ry,7s,...
a sequence of real numbers with lim; r; = —oo. By assumption there is an
R > 0 such that E|[R;00) x S! = E*|[R; 00) x S1. Therefore the restriction

ij][R—i—rj;oo) x St (12.1)

of the translate aj can be viewed as a section of E*|[R+7;;00) x St. Since
r; — —o0, (12.1) is a sequence of partial sections of E* defined over increas-
ingly larger subsets. Therefore it makes sense to say that 0;'7 converges on
compact subsets to a section ot of E1 (the limit must be J*-holomorphic).
For a sequence (r;) with limit oo, the translates U] can converge on compact
subsets, in the same sense, to a J~-holomorphic section of E~.

Definition 12.2. Let 01,09,... be a sequence in M(E,J). We say that
this sequence converges geometrically to a broken J-holomorphic section

6=(0],.y07,0,01,...,00%)
if there are numbers 7, (j €N, k=1,. )andr JjeNI=1,...,n),
such that
(1) lim; 7, = oo and lim, rj:l = —oo for all k,l. Moreover,

h]m (rj,k:—l — TM) = 00 and

. + +) —
h]m (7"]-,[,1 — Tj,l) = 00.

(12.2)
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(2) o; converges to o on compact subsets in the C*°-sense. For every
T5 — .
k=1,...,m the translates aj]’k converge to o, on compact subsets in
T +

C* as j — oo. The translates o;”" converge to o, in the same sense.

(3) e(o;) = e(d) for all sufficiently large j.

The equation (12.2) serves to exclude counting the same component of the
limit twice: it says that any two 0,;: express the behaviour of (o) when
translated at different rates. In contrast, condition (3) says that the broken
J-holomorphic sections obtained from a geometric limit of (o) by removing
some components are no longer geometric limits of the same sequence (the
reason is that the alf may not be horizontal and any non-horizontal J*-
holomorphic section has positive energy, by Lemma 8.8). It is a non-obvious
fact that these two conditions are sufficient to ensure that the geometric
limit of a sequence (if it exists) is unique. Moreover, the geometric limit has

the following important properties:

Proposition 12.3. Assume that (o) converges geometrically to a broken
J-holomorphic section 6. Then & has the same limits and index as o; for
all sufficiently large j.

Proposition 12.4. Let 6 be a broken J-holomorphic section which is not
‘really’ broken: that is, m =n =0 and & is given by a single J-holomorphic
section o, with limits v—,v". Then a sequence (o) converges geometrically
to & iff converges to o in the Banach manifold topology of S(E;v—,v™).

We end our account of geometric convergence with a special case of Flo-
er’s ‘gluing theorem’ which describes how to attach broken J-holomorphic
sections to M(E, J) as points at infinity.

Theorem 12.5. Let

")

5 (o — oot
G6=(0],..., 00,01 ,...,0

be a regular broken J-holomorphic section with with limits v*, ind(c) = 0
and ind(o*;t) =1 for all j. There is a proper smooth embedding

# 1 (0; 1]m+n — Mupin(E, J; y_,y_'_) C S(E; V_7V+)

with the following property: if p1,pa,... s a sequence in (0;1]™+™ which
converges to 0, #(p;) converges geometrically to 6. Conversely, if (o;) is
any sequence in M(E, J) which converges geometrically to &, it is given by
oj = #(pj) for large j, with lim; p; = 0.

Not every sequence in M(E, J) has a geometrically convergent subsequence.
For instance, take a sequence (o;) with e(o;) — oo; then no subsequence
can be geometrically convergent. More significantly, even sequences with
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bounded energy may not have a geometrically convergent subsequence. The
behaviour of such sequences is described by the Gromov compactification
of M(E,J), which is essentially the space of J-holomorphic cusp sections.
These ‘cusp sections’ consist of a J-holomorphic section and a finite collec-
tion of J-bubbles, and their structure can be rather complicated. For our
purpose, however, a much simplified version of the compactness theorem is
sufficient.

Definition 12.6. J is called semi-positive if any o0 € M(FE,J) has non-
negative index, any ot € M(R x TF,J*) has nonnegative index, and
V_1(J) = 0 (that is, any J-bubble has nonnegative Chern number). Note
that this implies that V_1(J¥) = 0 as well.

Theorem 12.7. LetJ € J(E,Q,J";J~,J") be a semi-positive almost com-
plex structure. Let (o) be a sequence in M(E, J) with bounded energy. Then

k= mj‘ ind(aj)
is finite and one of the following (not mutually exclusive) possibilities holds:

(1) (o) has a geometrically convergent subsequence.
(2) There is a J-holomorphic section o and a J-bubble w with
ind(o) 4+ 2¢1(w) < k
and such that im(c) Nim(w) # 0.

(8) There is a J~-holomorphic section o~ of R x T~ and a J~ -bubble w
with the same properties as in (2).

The same as in (3) holds with T~ and J~ replaced by Tt and J7.
(4) D y

A few words about this Theorem are in order. The original compactness
theorem of Gromov concerns compact pseudo-holomorphic curves in a sym-
plectic manifold. The literature on Floer homology contains several versions
of this theorem for maps from R x S! to a symplectic manifold which satisfy
an ‘inhomogeneous’ version of the Cauchy-Riemann equation for pseudo-
holomorphic curves. From our point of view these results correspond more
or less to Theorem 12.7 in the case when (FE, Q) is a symplectic fibre bundle.
Contrary to what one might suspect, the presence of critical points does not
change the situation much. The essential idea is to work on the total space
E., and to turn it into a symplectic manifold using the following familiar
trick:

Lemma 12.8. Let J be an almost complex structure in J(E,Q, J'; J~,J)
for some J~,JT, and 8 = ds Adt the standard volume form on C. There is

a ¢ > 0 such that Q' = Q + c(7*B) is a symplectic form on E which tames
J.
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Proof. If the contrary were true there would be a sequence X, Xo,... of
nonzero tangent vectors on E and a sequence ¢y, ¢, ... of positive numbers,
with lim; ¢; = 0o, such that

(Q+ci(m*8)) (Xi, JX;) = QX JXi) + | Dr(X,) [P < 0

for all 3. On the two tubular ends of E, J = J" or J = J~, and any
tangent vector Y in that region satisfies Q(Y,JY) > 0, with equality iff ¥
is horizontal (Lemma 8.7). Therefore none of the X; can lie on one of the
ends. After rescaling and passing to a subsequence we may now assume that
the X; converge to a nonzero X € TE. In the limit, the inequality

|Dr(Xi)]? < —¢; 1 (X5, T X))

yields |D7(X)|? < 0, that is, X € TEY. On the other hand, Q(X;, JX;) <0
for all ¢ and therefore Q(X,JX) < 0, which is impossible because J is
partially Q-tame. ]

In this way many questions about J-holomorphic sections can be reduced
to the theory of pseudo-holomorphic curves in symplectic manifolds.

For the remainder of this section we assume that J*¥ € Jree(TF, 0F) and
J € Freg(E,Q,J';J-,J7). Using the results above and in the previous
section, we will show that such a J has the properties stated in Theorem
9.4. The first step is

Lemma 12.9. Every sequence (o) in M(E,J) with bounded energy and
such that ind(o;) <1 for all j has a geometrically convergent subsequence.

Proof. We must exclude the other possibilities which occur in Theorem 12.7.
The definitions of Jreg(T,0%) and JFreg(E,Q, J'; J~, J) imply that J is
semi-positive.

Assume first that case (2) in Theorem 12.7 holds, and let (o, w) be a pair
as stated there. Because o is regular and V_1(J) = 0, ind(c) > 0 and
c1(w) > 0. Therefore ind(o) + 2¢1 (w) < 1 can only be satisfied if ind(¢) = 0
or 1 and ¢;(w) = 0. However, condition (3) in Definition 11.11 excludes
such pairs (o, w).

If case (3) holds, the pair (¢, w) would satisfy ¢1(w) > 0 (because Vo(J ) =
() and therefore ind(c~) < 0, which is impossible since o~ is regular. The
argument for case (4) is identical. O

Lemma 12.10. Let 01,09,... be a sequence in M(E, J;v~,v") such that
e(oj) is bounded and ind(oj) = 0 for all j. Then (0;) has a subsequence
which converges in the Banach manifold topology of S(E;v~,vt) to some
J-holomorphic section in Mo(E, J;v~,vT).
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Proof. By Lemma 12.9, there is a subsequence o;,,0j,,... which converges
geometrically to a broken J-holomorphic section

6=(0],...,0m,0,00,...,00).

Since the a] are regular and not horizontal, 1nd( ) > 1 by Corollary 11.7.
Moreover, ind(c) > 0. On the other hand, Proposmon 12.3 implies that

m

Z ind(o; ) +ind(o) + Z ind(o

=1

It follows that m = n = 0 and, by Proposition 12.4, that ¢ is the limit of

(0j,) in the Banach manifold topology of S(E;v~,vT). O
This result implies the compactness of the subspace
U Mo, Jivvh) Cc S(E; v ,vT) (12.3)
e<C

for any C > 0 and v* € H(T*,0%). Since this space is also discrete, it
must be finite. Therefore J satisfies the first two parts of Theorem 9.4.

Lemma 12.11. Every sequence (o;) in My (E,J;v—,v") has a geomet-
rically convergent subsequence whose limit lies in

) def

MUE, J;v™ v MYUEB, T~ v ) UMYHE, Jiv o).

This is proved by the same kind of argument as Lemma 12.10. We omit the
details.

Lemma 12.12. For all v* € H(T*,0%) and e € R, M'(E, J;v~,vT) is a
finite set.

Proof. By definition, /\/l1 (E J;v~,v) consists of all pairs

(07,0) € uM(E_,J_;V_,V)/R x M(E, J;v,vT)

which satisfy ind(c~) +ind(¢) = 1 and e(0) 4+ e(0) = ¢, and such that o~
is not horizontal. The regularity of J~ and J implies that such a pair must
have ind(c~) = 1 and ind(c) = 0. By Theorem 9.1 the space

U Ml,e(E_a J_)/R
e<C

is finite for any C' > 0. Together with the finiteness of (12.3) this im-
plies that Mi’O(E J;v~,vT) is finite. The same argument can be used for

MlE(EJI/ vh). O
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By Corollary 11.5, M (E, J;v~,v") is a smooth one-dimensional manifold
for all v—,v" and e. Define

My (B, J;v™,vt) = My (E, J;v v UMUE, J;v,vT).

Lemma 12.11, Lemma 12.12 and the gluing Theorem 12.5 can be used to
endow M (E, J;v~,v") with the structure of a compact one-dimensional
manifold. This is precisely the compactification required in Theorem 9.4.

13 Transversality for sections

The discussion at the end of the previous section completes one half of the
proof of Theorem 9.4. We will now begin to explain the remaining half. We
retain the conventions for (E,Q,J’), 7, and (T*, ©%), and assume that J~
and J1 are almost complex structures in Jreg(T~,07) and JFreg(TT,07),
respectively. What we have to prove is

Theorem 13.1. If in addition to the assumptions above, E is an ordinary
almost holomorphic fibration, the subset

Treg(E,Q, 5T, J7) C J(E,Q,J;J,JF)
is dense in the C*°-topology.

This section contains the first part of the proof, in which the assumption
that E is ordinary is not yet necessary:

Proposition 13.2. Let ‘Z(elg) C J(E,Q,J';J,J") be the subset of almost
complex structures J such that all o0 € M(E,J) are regular. Then Jr(eg 18
dense (in the C*-topology).

Following a standard pattern, the proof of this result has an abstract and
a more specific part. The first one consists in setting up a suitable analytic
framework and in applying the Sard-Smale and implicit function theorems.
The second one is the study of a certain operator DOV (o, J) associated
to o € M(E,J). We begin by indicating the idea of the proof in the
C*°-topology; this is not actually the appropriate topology for carrying out
the argument, but it serves to motivate the introduction of the operators
DOV (g, .J). After that we introduce Floer’s C>-topology which replaces
the C*°-topology; and then we prove the required property of the operators
D™ (g, .J).

Fix some Jy € J(E,Q,J'; J~,JT). By assumption, there is an R > 0 such
that Jy agrees with J~ on 7~ ((—o00; —R] x S!) and with J* on 771 ([R; 00) x
S1). Moreover, there is a closed neighbourhood U of Crit(m) such that
Jo =J' on U. We assume that R has been chosen large and U small; more
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precisely, it is enough if 7(U) C [-R+1; R — 1] x S'. This can certainly be
arranged since Crit(7) is compact.

Let J C J(E,Q,J';J-,J") be the subset of almost complex structures .J
which agree with Jy on

Eo=m"1((—00; —R] x SYU[R;00) x SHUU.

J is a Fréchet manifold; the tangent space 177 is the space of J-antilinear
smooth homomorphisms Y : TE — TEY which vanish on Fy. A explicit
collection of charts on J can be constructed in the following way:

Lemma 13.3. The map
1Y) = J( = LIY)(1 + 37v) !

is a homeomorphism from a neighbourhood N C T;J of 0 to a neighbourhood
of J in J.

The proof is an adaptation of the standard proof of contractibility of the
space of tame almost complex structures on a symplectic manifold, see e.g.
Proposition 1.1.6 in Chapter II of [3]. We omit the details.

A rough (and not entirely correct) idea of the proof of Proposition 13.2 is
this: one considers the universal moduli spaces

MU (B = ) = U M(E, J;v- v x {JyCcS(E;v v x T
JeJ

for v+ € H(T*,O%) and proves that these are smooth. This is done in the
following way: let £V — S(E;v~,v ") x J be the pullback of the Banach
space bundle £ — S(E;v~,v). This bundle has a canonical section 9",

given by
_ oo do
univ _
8 (0-7 J) - 85 + J(J) ata

and M"V(E; v~ v1) is the zero set of this section. The derivative of 9"V
at a point (o,J) € M™Y(E;v~,vT) is an operator

DO (g, J) : WYP(6*TEY) x TyJ — LP(c*TE")
(recall that T,S(E;v—,vT) = WYP(a*TEV) and &, = LP(c*TE")). It is
not difficult to determine this operator explicitly:

DO"™ (g, J)(X,Y) = DO;(0)X + Y(Z—j. (13.1)

The smoothness of the universal moduli space follows (using the implicit
function theorem) from the following result:
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Lemma 13.4. The operator DO (o, .J) is surjective for all J € J and
oeM(E,J).

Having proved this, one observes that the subset of J € J such that all J-
holomorphic sections with limits v* are regular is the set of regular values

of the projection .
Munlv(E; v, l/+) — 7.

This projection is a Fredholm map, and the Sard-Smale theorem shows that
the set of regular values is dense. Since this holds for any Jy, it implies the
denseness of ‘Z(elg) in 7(E,Q,J;J°,J).

The argument as we have just presented it contains a serious error: J is
only a Fréchet manifold and therefore neither the implicit function theorem
nor the Sard-Smale theorem can be applied to it. We will now modify the
framework to remove this technical obstacle.

Let ||-||cx be the C*-norm on T, J determined by some Riemannian metric
on F, and let € = (e;)ken be a sequence of positive numbers. Floer’s C2°-
seminorm on 7,7 is defined by

o

Yl = ellYlcr

k=0

Lemma 13.5. There is an (e;) such that the subset of Y € Tj,J with
|Y]le < o0 is dense in the C*°-topology.

We refer to [27, pp. 101-104] for a detailed exposition of the C>-topology
and the proof of this Lemma. Let N C T';,J be a neighbourhood of 0 as in
Lemma 13.3 above and N, the subset of those Y € N such that ||Y||. < oo.
Evidently

Je = qJo (Né) cJ

carries a natural Banach manifold structure, induced by that of N¢. If (eg) is
as in Lemma 13.5, the tangent space 177, at any point J € J, is C°°-dense
in Ty J. We will assume from now on that (e) has been chosen in this way;
Je is called a C2°-neighbourhood of Jj.

Now we carry out the argument outlined above in the C°-topology: the
pullback £YVY of £ to S(E;v~,v1) x J. has a smooth section 9"V given by
the same formula (13.1) as above (the smoothness is easy to prove because
the C>°-norm is a very strong one). (9""V)~1(0) is the C>-version of the
universal moduli space,

Muniv(E;V_,V+) — U M(E, J, V_7V+) X {J}
JeT.
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and the derivative of 9"V at a point of this space is given by an operator

D™ (g, J) : WP (o*TE") x T;J. — LP(0*TE") (13.2)

which is the restriction of the corresponding operator above to T;J. C T;J .

Lemma 13.6. The operator (13.2) is onto for all (o, J).

We postpone the proof of this and continue with our argument. Since
S(E;v—,v") x T is a Banach manifold and £ univ 5 hundle of Banach spaces,
we can use the implicit function theorem; it shows that the universal moduli
space is a smooth Banach submanifold.

Lemma 13.7. Let J € J. be a regqular value of the projection
I: M™Y(E v ) — T
Then every o € M(E, J;v~,v") is reqular.

This is straightforward given the definition of regularity and Lemma 13.6.

Lemma 13.8. The derivatives of I1 are Fredholm operators.

This is a simple consequence of the Fredholm property of Dd; (o) (Theorem
11.2). We can now apply the Sard-Smale theorem which says that the regular
values of II form a subset of second category in J.. This proves Proposition
13.2. In fact the argument yields the following stronger result:

Proposition 13.9. For every C>°-neighbourhood J. C J, the intersection
ﬂ%lg)ﬂ.ﬂ 1s a subset of second category in Je with respect to the C°-topology.

The importance of this stronger version is that the intersection of any (count-
able) number of subsets of J with this property remains dense. We will now
fill the remaining gap in the argument, that is, prove Lemma 13.6. We begin
with a proof of its C'°°-analogue:

Proof of Lemma 13.4. Let Hom?,’l(TE, TE") be the vector bundle over E'\
Crit(7) which consists of J-antilinear homomorphisms TE — TE". The
map

0o

o*(Hom}(TE,TE")) — o*TE®, Y'+— Y’a (13.3)

is a homomorphism of vector bundles over C'. Since o is a section, %‘;

is nowhere zero. Using some simple linear algebra, it follows that (13.3)
is surjective. Therefore, given a Z € C°(¢c*TE") which is supported in
(R—1;R) x S, we can find a Y’ € Cm(a*(Homg’l(TE,TE”)) which is
supported in the same subset and such that Y’ %‘t’ = Z. Becauseo : C — FE
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is an embedding, Y’ can be extended to a J-antilinear homomorphism Y :
TE — TE" supported inside 77 !((R—1; R) x S'). Such a homomorphism
is an element of 777 since Fo N7 }((R — 1;R) x S') = (). In view of the
formula (13.1), this proves that every Z as above lies in the image of

DO (g, J) : WYP(6*TEY) x T;J — LP(c*TE").

Because DO;(o) is Fredholm the image of this operator is closed. Let us
assume that DOV (¢, .J) is not onto. Then there is a nontrivial L9-section
(1/p+1/q = 1) of the dual bundle o*(TE")* which is orthogonal to the
image of DO"™"(q, J). If we denote this section by W, this means that

Jo

W) =0 (13.4)

/C<D5J(U)X, W)+ (Y

for all (X,Y). Restricting to X = 0 yields

Oo
/C<Y8t,W> 0.

Since Y% can take on any smooth value which is supported in (R—1; R) x S*
it follows that W|(R —1; R) x S' = 0. On the other hand, restricting (13.4)
to Y = 0 shows that

DOy(o)*W =0, (13.5)

where D3;(o)* is the differential operator dual to Dd,(c). This operator
has the form

Doy(o)* = _863 + J(O’)gt + a term of order zero.

Solutions of (13.5) satisfy a unique continuation property (see [12]). There-
fore W|(R — 1; R) x S! = 0 implies that W = 0, contradicting the original
assumption. This shows that D"V (q, J) is onto. O
When trying to adapt this proof to the C>°-case one runs into a problem: it
is certainly not true that any Z € C*°(¢*TE") supported in (R; R+ 1) x S!
is of the form Z = Y%—g with Y € T;J.. This problem can be overcome
by modifying the argument slightly. Alternatively, the C'°-version of the

surjectivity result can be reduced to its C°°-version, and this is what we
will do.

Proof of Lemma 13.6. We have to show that
DO™ (g, J)(WIP(c*TEY) x Ty J.) = LP(¢*TE").
By Lemma 13.4,

D™ (g, J)(WIP(c*TE®) x Ty J) = LP(¢*TE").
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Since DO™V (¢, .J) is continuous and T;J, C T;J is dense, it follows that
DOV (g, J)(WLP(o*TE?) x TyJ.) is dense in LP(¢c*TEY). On the other
hand, this subset is closed because it contais the image if Dd;(c), which is
closed and of finite codimension. O

14 Transversality for bubbles

We retain the same notation as in the previous section, assuming, however,
that E is ordinary. This section contains the proofs of the following two
results:

Proposition 14.1. Let z&? C J(E,Q,J';J,J) be the subset of almost
complex structures J such that any J-bubble which does not lie in a singular
fibre of m has nonnegative Chern number. For every CZ°-neighbourhood

Je C J, the intersection .Zgg) N Je is a subset of second category in Je with
respect to the CZ°-topology.

Proposition 14.2. Let \Z(e?g C J(E,Q,J';J,J) be the subset of almost
complex structures J such that any pair (o, w), consisting of a 0 € M(E, J)
with index < 1 and a J-bubble w with Chern number 0 which does not lie in
a singular fibre, satisfies im(o) Nim(w) = (). .Zr(e?g has the same property as
the subset \Z«(egg) above.

The subset jr(elg) is defined by a certain transversality condition (that d;
should be transverse to the zero section) and that was the starting point
for the proof of Proposition 13.9. The first step in the proof of the two
Propositions above is to write the conditions defining jr(ekg), k = 2,3 (or
some smaller subset) in a similar way. In order to do this we need the
transversality theory for J-bubbles (which do not lie in a singular fibre of 7).
This theory is well-known: it is the parametrized version of the transversality
theory of J-holomorphic curves in a symplectic manifold, and appears e.g.
in [20, Theorem 3.1.3]. We will only give a quick overview. Note that this
theory does not apply to J-bubbles in a singular fibre of m; such bubbles
will be dealt with in a slightly different way in the next section.

Let J be an Q-tame almost complex structure on £ and w a J-bubble. A
point z € CP! is an injective point of w if Dw(z) # 0 and w™(w(z)) = {z}.
We call a J-bubble simple if it has an injective point. In that case, the set
of injective points is open and dense in CP! (this is part of Proposition 2.3.1
in [20]).

Lemma 14.3. Any J-bubble w which is not simple is multiply-covered: that
18, it can be represented as

w = W o ¢,
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where W is a simple J-bubble and ¢ : CP* — CP' is a holomorphic map of
degree > 2.

We refer to [20, Chapter 2] for the proof. @ is unique up to complex auto-
morphisms of CP!. By a slight abuse of notation, we will call it the simple
J-bubble underlying w. Clearly Q(w) = dQ(w) and ¢;(w) = de¢p(w) with
d = deg(c) > 2. The set of simple J-bubbles with Chern number k which
do not lie in a singular fibre of 7 will be denoted by By (E,J). The group
PSL(2,C) of automorphisms of CP! acts (by composition) freely and prop-
erly on B(FE,J) for any k.

Let P(E) be the space of non-constant W' -maps w : CP! — E such
that m o w is constant and not a singular value of . P(FE) is a smooth
Banach manifold. Its tangent space at a point w consists of all sections X
of the vector bundle w*TE — CP! of class WP which have the following
property: Dm(X(z1)) = Dm(X(z2)) for any 21,2 € CP!. This tangent
space T, P(E) contains WP (w*TEV), which has codimension two in it.

Let J be an Q-tame almost complex structure on E. For w € P(E),
let Ag’l(w*TE”) be the vector bundle over CP! which consists of the .J-
antilinear homomorphisms TCP? — w*TE. The spaces L? (AS’I(U*TE”))
of LP-sections of this vector bundle are fibres of a Banach space bundle over
P(E) which we denote by Aj. A; has a canonical smooth section, given by

0 (w) =Dw+JoDwoi

(i denotes the complex structure on CP'). The standard regularity result
for J-holomorphic curves (|20, Theorem B.4.1]) shows that (0;)~1(0) is the
set of (smooth) J-bubbles which do not lie in a singular fibre of 7. The
derivative of 0 at a point w € (8;)71(0) is an operator

D&y (w) : T,P(E) — LP(AY! (w*TEY)).

Let Dy, be the restriction of D&, (w) to the codimension two subspace
WLP(w*TEY). D, is a differential operator of the form

Dy, = Oy + a term of order zero, (14.1)

where Oy is the O-operator on w*TE? defined using some connection V; of
course, the choice of V is irrelevant for (14.1). Using the Riemann-Roch
theorem, one obtains

Proposition 14.4. DJ,(w) is a Fredholm operator of index 6 + 2¢1(w).
We call w € (9;)71(0) regular if D’;(w) is onto.

Lemma 14.5. Let J € J(E,Q,J';J~,J7) be an almost complex structure
such that any w € B(E,J) with k < 0 is reqular. Then J € jr(gg).
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Proof. From the implicit function theorem it follows that for all & < 0,
Bi(E,J) is a smooth manifold of dimension 6 + 2k. Since PSL(2,C) acts
freely and properly on this manifold, the quotient By(E,J)/PSL(2,C) is
smooth of dimension 2k, hence empty for negative k. By reduction to the
underlying simple J-bubble it follows that any J-bubble which does not lie
in a singular fibre of 7 has nonnegative Chern number. O

The rest of the proof of Proposition 14.1 follows the same strategy as in
the previous section. We start with a fixed Jy € J(F,Q,J";J~,J) and
consider a subspace J C J(F,$,J';J~,J1) as we did then. However, we
will make an additional assumption on the neighbourhood U of Crit(m).
Namely, we assume that [Q|U] € H?(U;R) is zero. This is certainly possible
because the critical points of 7 are isolated (this follows from the assumption
that E is an ordinary holomorphic fibration). We will not explain how
the universal moduli problem is set up since this parallels closely the case
of J-holomorphic sections. Eventually, Proposition 14.1 is reduced to the
following technical statement:

Lemma 14.6. Let w be a simple J-bubble with negative Chern number for
some J € J. Then the operator

(D)™ (w, J) : Ty P(E) x Ty J — LP(AY' (w*TEY)),
(D)™ (w, J)(X,Y) = DI(w)X +Y o Dwoi

15 onto.

Note that the transversality argument uses C2°-norms and therefore leads
to a C°-version of Lemma 14.6. However, this version can be reduced to
the one which we have just stated in the same way as Lemma 13.6 has been
reduced to Lemma 13.4.

Proof of Lemma 14.6. The first step is to show that im(w) is not contained
in

Eo=n((—o0; —R] x SYU[R;00) x SHYUU C E.

im(w) cannot be lie in one of the fibres over (—oo; —R] x S C C, for the
following reason: on these fibres .J agrees with J~, but since (by assumption)
J= € Jreg(T~,07), there are no J~-holomorphic bubbles with negative
Chern number (compare Definition 11.10). The same holds for 7~ ([R; 00) X
S1). Finally, w can not lie completely within U since [Q|U] = 0, whereas
Q(w) > 0 because w is not constant. Since Ej is closed and the set of
injective points is dense in CP!, w has an injective point zq such that w(zg) ¢
FEy. Because the of injective points of w is open, it follows that there is an
open subset Q C CP! such that any z € Q is an injective point and satisfies
w(z) ¢ Ep.
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Consider the map of vector bundles over CP?

w*(Hom (TE, TE")) — A% (w*TE"),

(14.2)
Y—YoDwoi.

Since Dw does not vanish anywhere in @, a simple argument from linear
algebra shows that for any smooth section Z of Ag’l(w*TE’“) which is sup-
ported in @ there is a section Y’ of w* (Hom(}’1 (TE,TE")), equally supported
in @, which is mapped to Z under (14.2). Since w|Q@ is an embedding, Y’
can be extended to a section Y of Homg’l(TE,TE”) which is supported
outside Ey, that is, Y € T; 7. This shows that any such Z lies in the image
of (DJ')™ (w, J).

Assume that (D))" (w,.J) is not onto. By the same argument as in the
proof of Lemma 13.4, one obtains a nonzero L4-section Z of the bundle dual
to Ag’l(w*TE”) which vanishes on @) and satisfies

/ (DO (0)X,Z) =0
CP!

for all X € T,,P(E). By restricting to WiP(c*TE") C T, P(E) one sees
that
D; Z = 0.

Again, a unique continuation principle holds for the solutions of this equa-
tion: therefore Z = 0, which completes the proof of Lemma 14.6. O

Lemma 14.6 is familiar (compare [20, p. 35]); we have repeated the usual
proof to show that the condition that J should be equal to J’ near Crit(m)
does not prevent transversality.

It remains to prove Proposition 14.2. We will be even more brief in this
case, and write down only the proof of the basic technical result:

Lemma 14.7. Choose a J € J(E,Q,J;J~,J%). Let w be a simple J-
bubble of Chern number 0 which lies in a regular fibre of w1, 0 € M(E, J) a J-
holomorphic section, and z1 € C, z3 € CP! points such that o(z1) = w(22).
Then the operator
D : WP (o*TE") x TyP(E) x TyJ x Ty, C x T, CP! —
— LP(¢*TE") x LP(AY (w*TE")) x TE, (.,

given by

= 0
D(X1,X3,Y,V1,V3) = (D0,(0) X, +y8§,

D3)y(w)Xa+Y o Dwoi, X1 (21) + Do (Vi) — Xa(2) — Dw(V3))

18 surjective.
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Proof. As usual, we assume that D is not onto and consider a nonzero
W = (W1, Wa, W3) which is orthogonal to its image. This means that

do

(/C<D3J(O')X1 + YE, W1>) + (/(Cpl <D5f](w)X2 +YoDwoi, W2>> +
+(X1(21) + Do (V1) — Xa(22) — Dw(V2), W3) =0 (14.3)

for all Xy, Xo,Y, V1, Va. By using only the component X7, one obtains

</ <D5J(G)X1,W2>> +(X1(z1), Ws3) = 0.
c
Therefore
DOy(a) Wy = —6,,W¥ (14.4)

where 9., is the J-function at z; € C' and Wy is image of W3 under the
projection (T'E, ()" — (TEg(Zl))*. In particular DO;(o)*W; = 0 away
from the point z;.

Because o is a section and w lies in one fibre of 7 they can intersect at most
in one point. It follows that there are r,7”’ €¢ R with R—1<r <71 <R
and z1 ¢ (r;7') x S1, such that o([r;7'] x S1) Nim(w) = (). From (14.3) it

follows that
Oo

/C(Yat,Wl) —0

for every Y € T;J supported in 7= ((r;7’) x S'). The same argument as
in the proof of Lemma 13.4 shows that Wi|(r;7') x S' = 0. By unique
continuation, W; vanishes everywhere except possibly at z;; and since it is
an L9-function, this means that W; = 0, and, by (14.4), W3 = 0.

Using only the component V7, one obtains from (14.3) that
(Do (Vy), W3) = 0.

We have already seen that (Z, W3) = 0forall Z € TE],,- Since im(Do, )®
TEY .\ =TE,(,), it follows that W3 = 0.

o(z1)

The remaining component W satisfies
/ (DI} (w) X2 +Y o Dwoi,Wa) =0
cp?

for all (X»2,Y). This is the situation of Lemma 14.6, and we have proved
that in that case, Wy = 0. O

Problems similar to Lemma 14.7 appear at several points in the theory of
pseudo-holomorphic curves. The use of §-functions, which seems to be new,
simplifies the usual argument (compare [20, Lemma 6.1.2]).
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15 Resolution of the singular fibres

We retain the same notation as in the previous section. The aim of this
section is to prove

Proposition 15.1. Let \Z(fg) C J(E,Q,J';J7,J") be the subset of almost
complex structures J such that any J-bubble which lies in a singular fibre
of ™ has positive Chern number. For every C°-neighbourhood J. C J, the
intersection .Z(eATg) NJe is a subset of second category in J. with respect to the
C-topology.

Note that together with Propositions 13.9, 14.1 and 14.2 this completes the
proof of Theorem 13.1. This is because these four results imply that the
intersection Jr(elg) N Jr(e%g) N JSQ N Jr(ég is dense in any C°-neigbourhood,
and hence dense in J(F,$,J’;J~,J1). By definition, this intersection is a
subset of Jreg(E,Q, J';J7,JT), and therefore Jreg(E,Q, J'; J~, J 1) is also
dense.

The difference between Proposition 15.1 and the previous results of a similar
nature is that the familiar setup for transversality theory does not work for
J-bubbles in a singular fibre; for instance, if E, is such a fibre, the space
of WlP-maps CP! — E. is not a Banach manifold. We will avoid this
problem by resolving the singular fibre and lifting the J-bubbles to the
resolution. This uses the fact that (E,€,J’) is ordinary in an essential
way (in the previous section we have only used that the critical points are
isolated). For simplicity, we assume that 7 : E — C has only one critical
point zg € E,, (if there are no critical points, Proposition 15.1 is vacuous).
We begin by considering the local model for the resolution.

Lemma 15.2. Let Q C C3? be the singular quadric defined by
x% + x% + x% =0,

@ its proper transform with respect to the blowup of 0 € C3, and r : @ —Q
the canonical projection. Then

(1) Q is smooth, and D = r~(0) is a rational curve with self-intersection

(=2).
(2) T]@ \D: Q \ D — Q\ {0} is an isomorphism.

(3) Let w: C — @ be a non-constant holomorphic map with w(0) = 0.
There is a unique holomorphic map w : C — Q such that w = r o w.

@ is the subvariety of C? x CP? defined by the equations

G+E+6=0 and &z =&y
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for (z,£) € C* x CP2. Starting from this description, all properties stated
above can be proved in an elementary way. We omit the details. Note that
(3) is a local property, that is, it holds for germs of holomorphic maps w.

Because we have assumed that the second derivative D?r,, is nondegenerate,
the complex Morse Lemma [2, Lemma 2] says that the singularity of the fibre
E., is locally isomorphic to the singularity of ) at 0. A precise statement
is this:

Lemma 15.3. There is a neighbourhood U C E of ¢ and a holomorphic

embedding
f:U,J)— c3

with f(xo) =0 and f(UNE,) C Q. ]

Note that the fact that J’ is integrable is essential here. We can use this
local description of E,, to glue in the resolution @ More precisely, let
U' = f(UNE,) C Q; we glue together E., \ {zo} and r—1(U’) C Q using
the diffeomorphism

U\ D U\ {0} I (U B\ o).

~

This yields a smooth compact four-manifold Ez0 with a map ry, : E,, —
E,,. We call EZ0 the resolution of E,,.

Let J be an almost complex structure in J(E,Q, J'; J~,J"). By definition,
J must agree with J " on a neighbourhood of zy. Using the complex structure
on Q we can lift J to an almost complex structure J on EZ0 such that
the derivatives of r,, are (J J)-linear. The lift J is unique and depends
smoothly on J. By Lemma 15.2(3) any J-bubble w : CP! — E,, has a
unique J- holomorphic lift & : CP! — EZ0 We will not try to equip EZO
with a symplectic structure, since that is not necessary for our argument.

Now we can return to the usual strategy: let 73( ) be the space non-
constant Wl’p maps from CP? to EZO For w € P(E, ) and a J as above, let
A% 1( A*TEZO) C Hom(TCP!, A*TEZU) be the vector bundle of J-antilinear

homomorphlsms TCP! — *T EZO. The spaces of LP-sections of these
vector bundles form a bundle of Banach spaces

As; — P(E.,)

which has a canonical section 97, given by d5(w) = Dib+Jo Dibyoi. 5;1(0) is
the space of non-constant J-holomorphic maps. We call such a map regular
if it is a regular zero of 8A that is, if the differential

D3(th) : TyP(Ezy) — LP(A% (6" TEL,))
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is surjective. This differential is a Fredholm operator of index

indD3(w) = 4+ 2(c1 (TE, J), [w]). (15.1)

This is just the ordinary transversality theory of pseudo-holomorphic curves
on an almost complex four-manifold. The only difference is that we con-
sider only almost complex structures which come from an almost complex
structure J on E. These almost complex structures are not generic: since
they agree with the lift of J” on a neighbourhood of Dy = ;! (20), Da, is &
J- -holomorphic sphere with self-intersection (—2). Such a sphere is not a reg-
ular j—holomorphic map. However, the space of almost complex structures
J is sufficiently large to prove the following result:

Lemma 15.4. Let J. C J(E,Q,J'; J~,J") be a C>®-neighbourhood. There
is a subset Jereg C Je of second category such that for J € Jereg, any simple
j—holomorphic map W : CP! — EZO which does mot lie in the exceptional
curve Dy, is reqular.

Because of the usual PSL(2,C)-action, there can be no simple regular J-
holomorphic spheres of index < 6. (15.1) implies that if J € Jreg, any
simple J- -holomorphic sphere has positive Chern number, with the exception
of those spheres which lie in D,,. By passing to the underlying simple ho-
lomorphic map, the same can be proved for all non-constant J-holomorphic
maps o : CP! — EZO, again with the same exception. In particular, if w is
a J-bubble in E,, its lift w to EZO has positive Chern number (im(w) # Dy,
because 75, contracts Dy, to the point z(). To prove Proposition 15.1, it
remains to show that the Chern numbers of w and @ coincide, and that is
a consequence of the following computation:

Lemma 15.5. ¢|(TE,,,J) = Troc1l(TE,J).

Proof. Let N C EZO be a tubular neighbourhood of D,,. Consider the
Mayer-Vietoris sequence

Hl(N \ ng) - HQ(EZO) - HQ(EZO \Dﬂﬁo) ©® HQ(N)
Because Dy, has self-intersection (—2), N\ Dy, is homotopy equivalent to
RP3; in particular H'(N \ Dy,) = 0. Let § = ¢1(TEx,, J) —r5,c1(TE, J) €
H?*(E.,). The image of 7} ¢1(TE,J) in H*(N) vanishes because 5, col-
lapses Dy, to a point. On the other hand, ¢;(T E,J )|V vanishes because

D,, is a rational curve of self-intersection (—2) and therefore has Chern
number zero. It follows that § maps to zero in H?(N).

Ta EZO \ Dz, — E., \ {zo} is a diffeomorphism and carries J to J.
Therefore

TE|(Ez \ Day) = 13, T(Ex, \ {z0}). (15.2)
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T(E,, \ {xo}) is the restriction of TE" to E,, \ {zo} and hence

TE|E., \ {0} = (TE" & TE")| Ex, \ {0}
= CaT(Ex \{zo})

Together with (15.2) this shows that & maps to zero in H2(E,, \ Dg,). O
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16 An outline of the argument

This final part contains the computation of the Floer homology of a gener-
alized Dehn twist. The result was stated in Theorem 3.5 and its proof uses
the tools introduced in Part II. The proof is based on three results. Two of
these are general properties of Floer homology:

(Floer homology of the identity) HF.(idys) as a QH.(M,w)-module is
canonically isomorphic to QH,.(M,w) as a module over itself.

(Mapping invariance) The quantum module product satisfies
ckr = ¢u(c) *x

for all c € QH.(M,w) and = € HF,(¢). Here ¢, is the action of ¢ on
QH.(M,w) = H.(M;A\).

The isomorphism of HF, (M) and H,(M;A) as graded groups is fundamental
for the original application of Floer homology to the Arnol’d conjecture;
it was proved in successively more general versions by Floer [10], Hofer-
Salamon [14] and Piunikhin-Salamon-Schwarz [22]. The last-mentioned pa-
per contains the proof of the statement about the product structures. The
‘mapping invariance’ property is Proposition 10.2.

The third result which enters into the proof of Theorem 3.5 is the following
exact sequence:

Theorem 16.1. Let 1, be the generalized Dehn twist along VC M. There
is a homomorphism of Z/2-graded QH,(M,w)-modules ® : HF,(idy;) —
HF,(1v) which fits into a long exact sequence

0 e HFl(ldM) 3) HFl(’Tv) E—
— A® A — HFy(idy) > HFy(my) — 0.

The homomorphism @ is induced by a suitable almost holomorphic fibration.
The construction of this fibration is based on the special role of generalized
Dehn twists as ‘symplectic monodromy maps’, and the exact sequence is a
consequence of a partial determination of ® at chain level. Theorem 16.1
is, at least in principle, a special case of a more general long exact sequence
for Floer homology groups; this will be the topic of a future publication.

Proof of Theorem 3.5. The exact sequence of Theorem 16.1 has the follow-
ing consequence:

the kernel of ® satisfies dimy ker(®) < 2. Moreover, if equality holds,
HF,(ry) = HF,.(idp)/ ker(®) as modules over QH.(M,w).
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Let U : QH.(M,w) — HF,(idps) be the canonical isomorphism, and v =
[V]t° € QH.(M,w). The next step is to prove

U(v) € ker(®). (16.1)

To see this, take the unit element u = [M]t° € QH.(M,w) and another
element w = WY where W € Hy(M;Z/2) satisfies [V]- W = 1. Because ®
is a homomorphism of QH, (M, w)-modules,

B(T(w)) = B(T(w*u)) = B(wi U(u)) = wi &(T(w)).

Similarly ®(¥(v+w)) = (v+w) % ®(¥(u)). By the Picard-Lefschetz formula,
(v )«(w) = w+ (w-p v)v = w+ v. From the ‘mapping invariance’ property
of the quantum module structure it follows that

wH®(V(u)) = (v+w)* (¥(u));

hence ®(¥(v)) = ®(V(v+w)) — ®(¥(w)) = 0. Having proved (16.1) we can
immediately strengthen it:

U(I,) C ker(®),

because ®(V(c*v)) = c*P(V(v)) = c¢%0 =0 for any ¢ € QH.(M,w). Now
dimp I, = 2 by Lemma 3.2. Since ¥ is an isomorphism, this means that
equality holds in the condition dimp ker(®) < 2 derived above and hence
that ker(®) = ¥(I,). In this case, the exact sequence yields an isomorphism

HF.(1y) = HF.(idp) /Y (1,).

Clearly this implies that HFy(1y) =2 QH(M,w)/I, as QH.(M,w)-modules,
with the quantum module structure on H F,(7y) and the one induced by the
quantum product on QH,(M,w)/I,. O

It remains to prove the exact sequence in Theorem 16.1. The proof takes up
the rest of this part. It is based on a simple observation about the energy of
J-holomorphic sections of bundles which satisfy a certain ‘curvature prop-
erty’; this idea is presented in the next section. The two following sections
describe the almost holomorphic fibration which induces ®; its construction
is elementary but lengthy. The final section contains a technical transvers-
ality result for J-holomorphic sections in the spirit of section 13.

17 Nonnegative fibrations

Let (E,Q,J’) be an almost holomorphic fibration over a Riemann surface
>, with projection 7 : F — 3.
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Definition 17.1. Let J be a partially (2-tame almost complex structure on
E. J is called horizontal if J(TE") = TE! for all + € E (note that for
x € Crit(n) this condition is vacuous because TE! = 0).

Let us assume for a moment that 7 has no critical points, that is, that
(E,Q) is a symplectic fibre bundle. We know that (E,,Q|E,) is a loc-
ally trivial family of symplectic manifolds. Taken together with Darboux’s
theorem, this says that the vertical component QT EY does not have any
local differential-geometric invariants. In contrast, the local geometry of the
whole form 2 is nontrivial. The importance of the class of horizontal almost
complex structures is that it is linked with TE" and hence with the differ-
ential geometry of 2, whereas the class of partially 2-tame almost complex
structures depends only on Q|TE".

Definition 17.2. (E,,J’) is nonnegative if it satisfies one of the following
two equivalent conditions:

(i) Let B8 € Q2(X) be a positively oriented volume form. For every z €
E\ Crit(m) there is a p(z) > 0 such that

QTE} = p(a)(n*BITEY)

(this is obviously independent of the choice of 3).

(ii) Any horizontal almost complex structure J on E satisfies
QX,JX)>0forall X € TE.

Moreover, Q(X, JX) = 0 implies that X € TE".

The equivalence of the two conditions is proved as follows:

(i) = (ii) Let J be a horizontal almost complex structure. For x € Crit(m)
we have Q(X,JX) > 0 for all nonzero X € TE, because J is partially
Q-tame and TE, = TE?.

Take a point z ¢ Crit(r) and an X € TE,, and let X = XV + X" be its
vertical and horizontal parts.
QX,JX) = QX+ X" J(X°+ X)) = (XY, JX?) + Q(X", JX")
= X", JXY) + p(x)B(Dx(X"), j Dr(X")).
The second term is nonnegative because (3 is a positive volume form and

p(x) > 0. The first term is nonnegative (because J is partially Q-tame) and
vanishes iff XV = 0.

(ii) = (i) Fix a point x ¢ Crit(r). TE" is two-dimensional and D7, |TE! :
TE" — T (y) is an isomorphism. Hence there is always a p(z) € R such
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that QTE" = p(z)(7*B|TE!). Choose a nonzero X € TE" and a horizontal
almost complex structure J. By assumption

0 < QX,JX) = p(x)B(Dr(X),j Dr(X)).

Because [ is a positive volume form and D7 (X) # 0, S(Dn(X),j Dn(X))
is positive. Therefore p(z) > 0. O

Let us return briefly to the situation where Crit(r) = (). We have pointed
out that the local geometry of €2 is nontrivial. The principal local invariant
of Q) is its Hamiltonian curvature r. This is a family of homomorphisms

r,: A2(T%,) — C®(E.,R)

parametrized by z € X, which is defined simply by r,(Z1, Z2) = —Q(Zf, Zg)
The name ‘Hamiltonian curvature’ can be explained as follows: the curvature
of the symplectic connection TE" on the fibre bundle E is a two-form on ¥
with values in the symplectic vector fields on the fibres E,; that is, for
Z1,7Zy € (TX), the curvature R(Z1,Z3) is a symplectic vector field on
(E.,Q|E,). With our sign conventions, R(Z1, Z2) turns out to be the Ha-
miltonian vector field associated to r(Z1, Z3) € C*°(E,,R).

The nonnegativity condition says that r(Z, Z2) is a nonpositive function on
E, for a positively oriented basis Z1, Zs of TY,. More succinctly, one could
say that (E,(2) is nonnegative iff it has nonpositive Hamiltonian curvature.
This clash of signs is unfortunate; we have chosen to retain the name ‘non-
negative fibration’ because it is more intuitive.

Lemma 17.3. Let J be a horizontal almost complex structure on E.

(a) A horizontal section o : X — E is J-holomorphic for any horizontal
almost complex structure J.

(b) If (E,Q, J') is nonnegative, any J-holomorphic section has nonnegative
energy, and any J-holomorphic section with zero energy is horizontal.

Proof. (a) Dr : o*(TE",J|TE") — (TS, ) is an isomorphism and Do is
its inverse. Since D is (J, j)-linear, Do is (j,J)-linear.

(b) Let o be a J-holomorphic section. The definition of nonnegativity in
terms of J shows that 0*Q(Z,jZ) = Q(Do(Z),J Do(Z)) > 0 for any Z €
TY, and that equality can hold only if Do(Z) € TE". Hence 0*Q is a
nonnegative two-form, and it vanishes only if Do (Z) € TE" for all Z. [

Example 17.4. It is instructive to review some of the results of section
8 from the present point of view. Let (E,) be a product fibre bundle
R x (7,0). The almost complex structures in J(7,0) are all horizontal,
and Lemma 8.7 proves that (F, () is nonnegative. In fact, it is flat, that is,
QITE" = 0.
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Example 17.5. Now consider the same smooth fibre bundle E, but with a
perturbed two-form Q' = Q — d(H dt) as in section 7. Let K be the vector
field which generates the group of translations of E. Take the standard basis
Z1 = (1,0), Zy = (0, 1) of vector fields on C' and let Zlf, Zg be their horizontal
lifts with respect to €. Q' is nonnegative iff Q’(Z?, Zg) > 0. Because Z3 is
horizontal and Zg — K is vertical,

(2], 23) = (K, Z3) = (K, Z3) — (dH A dt)(K, Z3).
Since ixQ =0, dt(K) =0, and dt(Zg) =1, it follows that
(2%, 73) = —(dH A dt)(K, Z3) = —dH(K).

If we see H as a family (Hj)ser of functions on T', dH(K) = 0sH,. Hence
(E, Q) is nonnegative iff 9;Hg < 0.

For example, let H be the pullback of function H on C which is constant
outside a compact subset. (E, (') is nonnegative if 9H/ds < 0. It is not
difficult to see that  and Q' induce the same symplectic connection on F.
However, the horizontal sections of E, which have zero energy with respect
to €2, have energy — fc OH /ds with respect to €. This example illustrates
the fact that the last sentence of Lemma 17.3 does not have a converse:
horizontal sections of a nonnegative fibration may have positive energy.

From now on we assume that ¥ = C and that (F,,J’) has tubular ends
modelled on (TF,0%). We will use the following simple properties of hori-
zontal sections of E:

Lemma 17.6. (a) Any horizontal section of E is a section with horizontal

limits.

(b) Two horizontal sections of E with the same positive (or negative) limit
coincide.

(c) Let o be a horizontal section of E such that QT E" vanishes in a neigh-
bourhood of im(c). Then the canonical connection V° on o*TE" is flat.

(d) Let o be as in (c) and assume that (T+,0%) are nondegenerate. Then
ind(o) = 0.

Proof. (a) Because (E,2) has tubular ends, there is an R > 0 such that the
restriction of a horizontal section of E to [R;o0) x S! is a horizontal section
of [R;00) x (T+,07). As shown in Lemma 8.2, any such section is given by

o(s,t) = (s,v1 (1)), (17.1)

where v is a horizontal section of (T",©%). The same holds on the other
end.
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(b) Equation (17.1) shows that the behaviour of a horizontal section for large
s is determined by its positive limit. In particular, two horizontal sections
with the same positive limit coincide on an open subset of C'. Horizontal
sections satisfy a strong unique continuation condition (two horizontal sec-
tions which have equal values at a single point coincide everywhere). Hence
two distinct horizontal sections with the same positive (or negative) limit
cannot exist.

(c) We have defined V7 by
VLW = [X5 W] (17.2)

where W is some extension of W from o*TE? to all of TE". By using the
Jacobi identity it follows that

XVEW = VEVEW = [[X5 Y], W].

Therefore V9 is flat if
[X%YH) = [X, Y]

in some neighbourhood of im(c). By a general fact about the Lie bracket
on smooth fibre bundles, [X¥, Y?] is a lift of [X,Y]; it remain to show that
[X® Y? is horizontal in a neighourhood of im (o). Because € is closed,

0=d(X" Y% Z) = ZQ(X% Y% — (X% YF), 2)

for any Z € C*°(TE") (all other terms in the standard formula for df2
vanish because X% and Y are horizontal and Z is vertical). By assumption,
Z.Q(X% Y?) = 0 in a neighbourhood of im(c); therefore Q([X% Y?], Z) =0
in that neighbourhood, that is, [X¥, Y?] is horizontal there.

(d) Recall that the definition of the index goes as follows: one has to replace
o by a section ¢’ which is horizontal outside a compact subset. (¢/)*TE" has
a canonical symplectic connection V7' defined again outside some compact
subset in C. Extend this connection on all of C' and consider its monodromy
around the circles {s} x S1. This yields a path in the symplectic group whose
Maslov index is the index of o.

This procedure can be simplified considerably if o is horizontal: one can
take 0/ = o, and the canonical connection V7 is defined on all of C. In our
case V7 is flat and hence its monodromy around {s} x S! is independent of
s in a suitable trivialization of c*T'E”. A constant path in Sp(4,R) has zero
Maslov index; therefore ind(o) = 0. O

Theorem 17.7. Let (E,Q,J") be an ordinary almost holomorphic fibration
over C, with tubular ends modelled on nondegenerate fibre bundles (T, ©%).
Choose J= € Treg(T~,07) and J* € Jreg(TT,07). We assume that
(E,Q,J") is nonnegative and that any vt € H(TT,07) has the following
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property: there is a horizontal section o which has v as its positive limit
and such that Q|TE! vanishes for all x in a neighbourhood of im(c). Then
the homomorphism

CO®(E,Q,J;J): CF,(T,07) — CF.(T",0%)
is surjective for any J € Jreg(E,Q,J'; J~,JT) which is horizontal.

The principle underlying this Theorem was first used by Floer [11] to prove
his exact sequence for instanton Floer homology; in the expository paper
[4] (where it is called the ‘monotonicity property’) it is formulated as an
observation about filtered chain complexes. In our case, thanks to the use
of the Novikov field A, this observation takes on a simpler form.

Let A: A™ — A™ be a A-linear map. The most obvious description of such
a map is as an (n X m)-matrix with entries in A, but we prefer to write it
as a formal power series

A=At

e€R

whose coefficients A, are homomorphisms (Z/2)" — (Z/2)" and satisfy
the usual finiteness condition

#{eeR|e<Cand A # 0} < 0o for all C € R. (17.3)

A is called nonnegative if A, = 0 for all € < 0. It is called positive if A, =0
for all ¢ < 0. Note that these are properties of homomorphisms of based
A-vector spaces; they are not invariant under base change.

Lemma 17.8. If P: A" — A" is positive, (id — P) is invertible.

Proof. Since the formal series
P=> Pt
e>0

satisfies (17.3) there is a § > 0 such that P. = 0 for ¢ < 0. It is easy to see
that the formal series

o0
k
id+P+P2+---:Z<ZPEt€)
k=0 >4

also satisfies (17.3). The endomorphism of A™ defined by this series is the
inverse of (id — P). O

Lemma 17.9. Let A: A™ — A" be a nonnegative homomorphism. If its
leading coefficient Ag is surjective (or injective), so is A itself.
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Proof. If Ay is onto, there is a Dg : (Z/2)" — (Z/2)™ with Ag o Dy = id.
Let D = Dot : A" — A™.
A [e] D = id(Z/Q)n to + Z(AE O DQ) te,
>0

Lemma 17.8 shows that A o D is invertible, and this implies that A is onto.
The parallel statement about injectivity follows by taking the duals. O

Proof of Theorem 17.7. Let V~ and VT be the Z/2-vector spaces whose
bases are the sets H(T~,07) resp. H(TT,01). C®(E,Q,J';J) can be

written as a power series

CO(E,Q,J;J) =) Ct

with coefficients C®, € Hom(V~,V™"). By definition, C®, is given by the
matrix

(me(J5 07,07 ))yt o
which encodes the asymptotic behaviour of J-holomorphic sections with
index 0 and energy e. By Lemma 17.3 and Lemma 17.6(d),

(a) CP. =0 for e < 0 and

(b) C®q counts precisely the horizontal sections with zero energy.

Part (a) says that C®(FE,Q, J’; J) is nonnegative with respect to the stand-
ard bases of CF.(T~,07) and CF.(T*,0%). We will use (b) and the as-
sumption about horizontal sections of E to prove that C'®g is onto. In view
of Lemma 17.9 this completes the proof of Theorem 17.7.

Let vt be a horizontal section of (T, 07). By assumption there is a hori-
zontal section o(v") of E which has v as its positive limit. Lemma 17.6
shows that o(vT) is unique and that any horizontal section equals o(v*) for
some v, Let i(vt) € H(T~,07) be the negative limit of o(v~). Applying
Lemma 17.6 again shows that i : H(T",07) — H(T~,©7) is injective.

The assumption that Q|TE" vanishes in a neighbourhood of o(v+) implies
that o(vT)*Q = 0. It follows that

1 v =it

otherwise.

In other words, C®y maps the element of the natural basis of V'~ corres-
ponding to i(v1) to the basis element of VT corresponding to v, for all
vt e H(T+,07). Clearly, this means that C®g is onto. O

Theorem 17.7 is complemented by a technical result whose proof we post-
pone to section 21:
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Theorem 17.10. Let (E,Q,J') be as in Theorem 17.7. For all J* €
Treg(T*,0F) there is a J € Jreg(E,Q,J'; =, JT) which is horizontal.

Corollary 17.11. Let (E,Q,J'), J* and J be as in Theorem 17.7 and
assume that dimy CFy(T~,07) = dimy CF(T+,07). Then ®(E,Q,J")
fits into a long exact sequence

C®1(E,Q,J"J)
_—

0— HR(T,07;J7) HR(TT, 0% J%) —

CO(E,Q,J";J)
_

— AN — HFy(T~,07;J7) HFy(TT,0%;J%) — 0,

where d = dimy CFy(T—,07) — dimy CFy(TT,0T).

Proof. Because dimpy CFy(T~,07) = dimy CF;(T*,01), the subcomplex
ker(C®(E,Q,J';J)) C CF.(T~,07) is zero in degree 1. The long exact
sequence is induced by the sequence of chain complexes

0 — ker(C®(E,Q,J;J)) — CF(T,07) —
CRELTT), g (T, 6%) — 0,

O]

This is the mechanism which we will use to produce the exact sequence of
Theorem 16.1.

18 The quadratic fibration

Let (E, 2, J') be an almost holomorphic fibration over the closed disc Dy C C
of radius § > 0, such that 0 € Ds is the only critical value of E — Dj. The
symplectic parallel transport Pyp, € Aut(FEs, 2| Es) along 0D; is called the
symplectic monodromy of (E,Q,J').

In this section we will study the monodromy of a particularly simple fibra-
tion. This fibration will not be used later. However, a modified version of
it, which will be introduced in the next section, is essential for the proof
of Theorem 16.1. Many arguments can be carried out in parallel for both
versions, and we prefer to present them in the simpler case.

Our example is E = 771(D;) C C3, where 7 : C3 — C is the holomorphic
function 7(z) = 22+ 23 +23 and § is some positive number. 2 and J’ are the
standard symplectic and complex structures on E. 7 : E — D;s has a single
critical point 0 € C3. Strictly speaking, (F, €, J’) is not an almost holomor-
phic fibration over Ds because its fibres are noncompact. In general, such
a lack of compactness causes a problem because the symplectic monodromy
may not exist. We will ignore this problem, that is, we will proceed as if we
knew that (F,$,J’) has a symplectic monodromy and then compute this
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monodromy explicitly. To put the argument on a strictly sound basis one
would have to reverse it by starting with the explicit formula and working
backwards to show that this formula describes the monodromy of (E, Q, J').
This is perfectly possible; however, it would obscure the argument.

We begin by identifying the regular fibres of E.

Lemma 18.1. The restriction of (E,Q) to (0;6] C Ds is isomorphic to the
trivial symplectic fibre bundle (0;8] x (T*S?,n). An explicit isomorphism
f: E|(0;8] — (0;8] x T*S? is given by

flz) = (m«), re(z) ,—im(x)|re(x)|>. (18.1)

[re(z)]

In (18.1) we view (0;0] x T*S? as a subset of R x R3 x R? by using the same
coordinates on T%S? as in section 2.

Proof. 1t is convenient to separate the real and imaginary parts x = p + iq
of z € C3. The equation 7(z) = s € (0; 6] translates into

P> —lal> =s, (p,q) =0. (18.2)

The first equation implies that p # 0 and this shows that (18.1) defines
a smooth map E|(0;0] — (0;6] x R® x R3. The second equation implies
that im(f) lies in (0;8] x T%S? C (0;6] x R3 x R3. We will write n for the
standard symplectic structure on 7*S? and for its pullback to (0;6] x T*S?;
this should not cause any confusion.

f*n=d<f*<—iua'dvj>) (if qup\)

3
Z p; A dg; +d( ’lﬁ' (p, q)),

the second term vanishes by (18.2). Therefore f*n equals the restriction of
2 to E|(0;6]. This is nearly sufficient to prove that f is an isomorphism of
symplectic fibre bundles; an additional consideration is necessary because of
the non-compactness of the fibres.

Let fs : By — T*S? be the restriction of f to the fibre over s € (0;6]. We
have proved that fn = Q|Ej; therefore fs is a local diffeomorphism. For all
R > 0 we have

foN(TRS?) = {p+iq € By | pllal < R}.

Using the first part of (18.2) it is easy to see that a bound on |p||q| implies
a bound on |p|® +|g|?; therefore f~!(T}5?) is compact. This proves that f;
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is proper. A proper local diffeomorphism is a covering map; since any point
in $? C T*S? has a unique preimage (this can be easily proved by looking
at the formula for fs) this covering map is a diffeomorphism.

We have proved that f is a fibrewise diffeomorphism and that f*n = €;
therefore f is an isomorphism of symplectic fibre bundles over (0; d]. O

Lemma 18.2. Let H € C*°(E,R) be the function given by H(z) = }|z|*.
h=Ho f~1 € C*((0;6] x T*S? R) is given by

h(s,u,v) = 11/s* + 4|v]2.
Proof. Using equation (18.2) one checks that

hf(p+iq) = 1>+ 4lp*lq?> =

=3V (pP = [a1®? + 4pPlal? = $(Ip]* + |a*) = H(p + iq). O

Lemma 18.3. (F,Q,J') is a nonnegative almost holomorphic fibration.

The simplest proof of this is based on the fact that (E,Q,J’) is a Kéhler
manifold. We choose a different proof which avoids using .J'.

Proof. We must prove that for any z € E \ {0}, Q|TE? is a nonnegative
multiple of the pullback of the standard volume form on Dg to T Efg Since
the set of points with this property is closed, it is sufficient to prove this for
ren1(Ds\0).

Let X% Y? be the horizontal lifts of the vector fields X (z) = z and Y (2) = iz
on Ds. They are defined on E '\ {0}. Since X and Y form an oriented basis
of the tangent space at any point in Dy \ 0, what we have to prove is that

QXL YH >0 (18.3)

at any point in 7= (D5 \ {0}) C E.
Let o be the standard circle action on C3 and K the vector field which

generates it. (2 is invariant under o and w(o(e?)z) = e*!71(x). Because

of this symmetry, it is sufficient to show that (18.3) holds on 7=1((0;4]) C
71 (Ds \ {0}).

Since X! is horizontal, Q(X? V%) = Q(X*,Y”) for any vector field Y which
is a lift of Y. In particular, one can take Y’ = %KE Since (-, %KE) =dH
with H as in Lemma 18.2, we have

QX YH = X0 H.

Now we transfer the whole situation to (0;6] x T*S? using f. f.Xis a
horizontal vector field on the trivial symplectic fibre bundle (0; 4] x (T*S?, )
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and has the form (f*Xh)(&uﬂ,) = (s,--+); hence (f*Xu)(S7u7U) = (5,0,0). It
follows that

(FXE(H o ) = 52 (H o f ),

In Lemma 18.2 we gave an explicit formula for h = H o f~!; this formula
shows that Oh/Js > 0 everywhere. O

Lemma 18.4. The symplectic monodromy of (F,€Q) is equal to
ao ¢l e Aut(Es, Q|Ey),

where a 1is the involution of Es given by a(x) = —x and (¢, HIE ")ier 1is the
Hamiltonian flow on (Es, Q|Es) induced by H|Es.

Proof. Let Y be the horizontal lift of the same vector field Y'(z) = iz as in
the proof of the previous Lemma. The map which we seek to determine is
the time-(27) map of the flow (1)er induced by Y.

Since Y is invariant under rotations of Dg, Y? is invariant under og; hence
wt =ogp(e” 2 ) (n

is a flow on E'\ Ey. This flow is generated by the vector field V' = Yyt — %K E
and since D7 (V) = 0, it maps each fibre to itself. Q(-,Y%)|E5; = 0 because
Y% is horizontal, and Q(-, 4 Kg) = dH. Therefore

ivQ|Es = d(H|Ey).

This means that QZ)\Qﬂ-’Eg is the time-(—27) map of the Hamiltonian flow
generated by H|Es. By definition we have 9o, = og(—1)tYar, and og(—1)
is precisely the map a. O

Now we transport the monodromy map from Ej to T%S?: define
E
7= fso (a0 i) o f5!
Since fsoao f(;l is the antipodal involution A on T%*S2,

— Ao ¢h\{5}><T*S2

Recall from section 2 that p(u,v) = |v| generates a Hamiltonian circle action
o on T*S%\ S? with o(—1) = A|T*S?\ S?. h is invariant under this circle
action; therefore

m| 1757\ 5 = g0 P = gl

where k = p— (h|{6} x T*S?). Since every point in S? is a critical point of
h|{6} x T*S?, 7|S? = A|S?. Using Lemma 18.2 we can write k = r(u) with

r(t) = 3t — 3V/02 + 412,
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We have now shown that

r2) = {ef»;ﬁf) (x) «¢ 52

A(z) r €S2
This expression is the same as that which defines the local model of a gen-
eralized Dehn twist (see Lemma 2.1). The function r which occurs in our
situation satisfies r(—t) = r(t) — t and limy_,oo 7(t) = limy_ 7/ (¢) = 0, but
it does not vanish for ¢ > 0. Therefore 7 is not compactly supported but

only asymptotic to the identity at infinity. For this reason it narrowly misses
being a generalized Dehn twist.

We end our discussion of (E, €, J’) with the following observation:

Lemma 18.5. 7 is fized point free.

Proof. Using the formula (2.1) one sees that

O(€2ﬂir’(u(x)))(x) x §é 52’
m(z) =
A(x) z €S2
A is clearly fixed point free. o is a free circle action, and
1 t
e O’ 1
2 Vo2 442 (0:2)

for all t > 0. O

v (t) =

19 Generalized Dehn twists as monodromy maps

Proposition 19.1. Let (M,w) be a compact symplectic four-manifold and
V C M a Lagrangian two-sphere. There is an ordinary almost holomorphic
fibration (Ev,Qy,Ji,) over some disc Dy whose only critical value is 0 €
Ds, whose fibre over 6 € Ds is isomorphic to (M,w) and whose symplectic
monodromy is (for a suitable choice of isomorphism) a generalized Dehn
twist along V.

This is an analogue of the well-known fact that Dehn twists on surfaces
occur as monodromy maps. The proof takes up the whole of this section.
A more detailed statement of the result can be found in Proposition 19.10
below.

Like the definition of generalized Dehn twists, our proof of Proposition 19.1
is based on a local model. The quadratic fibration considered in the previous
section already comes very near to being this local model; however, as we
have seen, its monodromy is not quite a generalized Dehn twist. We will now
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introduce a modified version of it. The modification achieves several goals:
first, the monodromy becomes a genuine generalized Dehn twist; secondly,
the fibration becomes ‘trivial at infinity’; and finally, the regular fibre shrinks
to a small tubular neighbourhood of S? in T*S%. The same remark about
the non-compactness of the fibres as in the previous section applies.

Fix an € > 0 and a function £ € C*°(R, R) such that £|[0;¢/2] = 1, |[e; 00) =
0, and &'(t) < 0 for t € (¢/2;¢). For 6 > 0, we define

E={(z,z) € C3 x Ds | ]w\Q < 2¢ and x% + a:% + a:% = {(\x|2)z}

Let 7 : E —> Dg be the projection, Qe 92(E) the pullback of the standard
symplectic form on C3, and J' the standard complex structure on the subset

U={(z,2) € E||z]* <e¢/2}
= {(x,2) €C? x Ds | 2% + 23 + 2% = 2 and |z|* < ¢/2}.

Lemma 19.2. If § is sufficiently small, (E,Q,JN’) s an ordinary almost
holomorphic fibration, and (0,0) € E is the only critical point of .

Proof. The ‘Zariski tangent space’ T’ E(%z) of E at a point (z, z) consists of
all (X, Z) € C? x C such that

2a1 X1 + 29 Xs + 23X3) = £(ja)Z + 22 ([a]?) re((a, X)).
(19.1)

E is smooth at (z, z) if TE(,C’Z) has (real) dimension 6. A smooth point (z, 2)
is a regular point of 7 if TEE’I 5 = TE(:E,Z) N (C3 x 0) is four-dimensional.

Let R C E be the set of points (z,z) such that z = 0 or |z|2 > e. At any
point of R the equation (19.1) is C-linear and (because z # 0 or £(|z()* # 0
holds) nontrivial. Hence all points in R are smooth points of E. Since the
smoothness condition is open, the set of smooth points is a neighbourhood
of R. It is not difficult to see that any neighbourhood of R contains 7~ 1(Dy/)
for sufficiently small 6’ > 0. Therefore we can ensure that E is smooth by
making d smaller.

The proof that (0,0) is the only critical point of 7 is along the same lines:
any point in R\ (0,0) is a regular of point of 7. The regularity condition
is open, and a neighbourhood of R\ (0,0) contains 7#~!(Ds) \ (0,0) for
sufficiently small ¢’

§~2|TE;{ is nondegenerate for any = € R because TE;{ is complex-linear.
The nondegeneracy condition is open; by shrinking § again we can achieve
that QTE? is nondegenerate everywhere. The remaining condition (3) in
Definition 7.5 is satisfied because (U, Q|U, J') is a Kéhler manifold. The fact
that (0,0) is an ordinary critical point is obvious. O
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From now on we assume that 6 has been chosen such that the conclusions
of Lemma 19.2 apply. (E,Q,J’) has many points in common with the sim-
pler quadratic fibration (E,,J’). For instance, oz (e")(z,2) = (e'z, e*'2)
defines a circle action on E which preserves (2. This action covers the double
of the standard circle action on the base Ds, and the vector field Kz which
generates 0 satisfies

~ ~

Q(,5Kz) =dH
where H(z,z) = 1lz|%. Some of the arguments in the previous section use

only these properties and carry over to (E, Q,J' ) unchanged. In this way
one obtains

Lemma 19.3. (a) Let X" be the horizontal lift of X(z) = z. (E,Q,H) is
nonnegative iff X®.H > 0 at any point in 71(0; ).
(b) The monodromy of (E,Q, H) is
= H|E
(op(=DIEBs) 0 6770 O
The analogue of Lemma 18.1 for Eis

Lemma 19.4. The restriction of (E,Q) to (0;8] C Dy is isomorphic to the
trivial symplectic fibre bundle (0;d] x (T*S%,n). An explicit isomorphism
f: E|(0;8] — (0;8] x T*S? is given by

f =|z re(z) —im(x)|re(z
) = (= o im(@)le(a)] ) (192)

Proof. We write again © = p 4+ iq. The real and imaginary parts of the
equation
oi + a3 + 25 = s&(|2]*)

with s € (0; 4] are

pl* = lal* = s&(pl” + 1al*),  (p.q) =0. (19.3)

The first equation implies that p # 0 because p = 0 = (since s &(|p|? + |q|?)
is nonnegative) ¢ = 0 = £(|p|? + |¢|?) = 1, which leads to a contradiction.
Together with the second equation, this shows that f is a well-defined map
from E|(0;6] to (0;4] x T*S2.

If f(p+iq) = (s,u,0),

? = 1pllal* = 3 ((Ip* + 1a1*)* = (IpI* — 1aI*)?)
=1 (lp+iql” — s*¢(lp +1iq|*)?) < 1lp + iq|*.

lv

(19.4)

Since |p + ig|*> < 4€2, |v| < e. This shows that the image of f lies in
(0; 8] x T*S2.
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Since f is given by the same formula as the map f in the previous section,
we have again

3
s d D
Fn=>dp; ndg; + d(“’g"m q>)-
j=1
The second term vanishes by (19.3) and therefore f*n = Q|7~1(0;4].

Let f, : By — T*S2 be the restriction of f to the fibre over s € (0;6]. The
computation (19.4) shows that the equality |v|? = 1[p+ig|* holds whenever
Ip|2 + |q|> > €. Therefore

FINTES%) € {(w,9) € Es | |2] < 2€}

for all € € [e/2;¢). Since the r.h.s. is a compact subset of Ej, it follows that
fs is proper. The rest of the argument is as in Lemma 18.1. 0

Let

E"™ = {(z,2) € E| |z > ¢}
={2€C?®|e<|z* <2 and 2% + 23 + 23 =0} x Ds.
(Bt Q|Etriv) is clearly a trivial symplectic fibre bundle over Dj, and the

complement of £ in E is relatively compact. This means that (E,,.J’)
is ‘trivial at infinity’. More precisely, we have

Lemma 19.5. The same expression as in (19.2) defines a diffeomorphism
F:E™Y — D5 x (T7S*\ T7,5%)
such that F*n = Q|E™V,

This follows from the same arguments as the preceding Lemma; we omit
the proof. The result can be phrased as follows: (E,ﬁ,j’ ) is an almost
holomorphic fibration whose regular fibre is 7*S? and which contains a trivial
subbundle Ds x (T#5%\ Te*/QSQ). This will become important later when

we glue together E and another symplectic fibre bundle along this trivial
subbundle.

We can use f to transfer questions about E to (0;4] x T*S%. For example,
from Lemma 19.3(a) one obtains that (F, (2, J’) is nonnegative iff

FUXH) =0/0s(Ho f7') >0
for all (s,u,v) € (0;6] x T*S2. This shows that the function h = Ho f~! has

the same important role as its counterpart i from the last section. There is
no simple explicit formula for A, but we can approach it in following way:
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Lemma 19.6. h satisfies
Bls, hls, u,v)) = o],
where B(s,t) = 1 (16t — s£(4t)?).
Proof. If (s,u,v) = f(p+iq,s) then |[v|?> = |p|?|q|?>. Therefore it is sufficient

to prove that
B(s, 1(Ip* +1af*)) = Ip[*|al?

for any (p + iq, s) € E|(0;4]. By (19.3),

B(s, 1 (Ipl* + 1al*) = § ((pI* + a1*)? = s*¢(pl* + 1aI*)?)
=2 ((pP +1a*? = (pI* = lg1»)?) = [pPlef*. O

Lemma 19.7. (E, S~2, j’) is a nonnegative almost holomorphic fibration.

Proof. As we have seen, this reduces to proving that aﬁ > 0. By Lemma
19.6

gf(s,ﬁ(s, u,v)) + gf(s,%(s,u,v))gg(s,u?v) =0. (19.5)

Because £ > 0 and &' < 0, we have %(s,t) =—3s£(4t)2 <0 and %—?(s,t) =
8t—2s%¢'(4t)€(4t) > O for all s,¢ > 0. In view of (19.5) these two inequalities
complete the proof (only positive t = h(u,v) occur since H is a positive
function on E|(0;4]). O

We now concentrate on hy = h|{8} x T*S2.

Lemma 19.8. hs(u,v) = ~(|v|) for a function v € C*([0; €], R) which sat-
isfies

(1) (t) = V&% + 4t2 for small t,
(2) v(t) = 5t fort > €/2, and
(3) 0 <A/(t) <5 fort <e/2.

Proof. The function

satisfies 3(6,0) = —16%, 9B8/0t > 0 (see the proof of Lemma 19.7) and is
unbounded. Therefore it has a smooth monotone inverse

B (=16%00) — (0;00).
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We emphasize that this is the inverse map and not the function 1/3. By
Lemma 19.6,

hs(u,v) = B(B(S, hs(u, ) = B(Jv]).

Therefore y(t) = ((t2) satisfies v(|v|) = hs(u,v). B(6,-) has the following
properties:

(1) B(5,t) = £(16t% — 6%) for t < ¢/8,
(2) B(6,t) = 4t% for t > ¢/4, and
(3") 28(5,t) > 8t for t € (¢/8;¢/4).

Property (3’) holds because %f(&, t) = 8t — 20%¢'(4t)€(4t) and €'(t) < 0,
£(t) > 0 for t € (¢/2;€). From the properties of 5 one obtains corresponding
properties for its inverse:

(17) B(t) = $V02 + 4t for 0 <t < 2/16 — 6%/4 = 3(3,€¢/8),
(27) B(t) = 3/t for t > €% /4 = B(e/4), and
(37) 0 < B'(t) < (4v1)~! for all t € [0; €2/4].

Again the last item requires some explanation: 3’ is positive because 3 is
the inverse of the monotone function (4, ). The second inequality follows
from property (17) as long as t < €2/16 — 62/4. In the other region (t €
(€2/16 — 62 /4; €2 /4)) we have

o (08, = -1 1

0= (5050) <5 (19
by (3)). Now 3(d,t) < 4t* and therefore 3(t) > 3v/t. Together with (19.6)
this yields the desired inequality 3 (t) < (4v/t)~*

The properties of v stated in the Lemma are immediate consequences of
(17)-(3"). 0
Proposition 19.9. Let P € Aut(E(g,Q|E5) be the symplectic monodromy
ofE The map T = f[; oPo f5 € Aut(T*S2%,n) is given by

(1) 2
A(x) r €S2
with a function r € C(R, ]R) such that r(—t) = r(t) —t for all t, r(t) =0
fort>€/2 and 0 < 1'(t) < % fort € [0;¢/2). Therefore 7 is a local model
) =

for generalized Dehn twists; moreover Fix(7) = T*S?\ T:/252
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Proof. From Lemma 19.3(b) we obtain

F=(fsoop(=1) o fy)og™,.

fs0 op(—1)o fé_l is the restriction of the antipodal involution A to TS
From (1) in Lemma 19.8 it follows that any point in S? C T75? is a critical
point of hs, and therefore 7|S? = A|S2.

Recall that A|T*S?\ S? = o(—1), where ¢ is the circle action with moment
map p(u,v) = |v|. Therefore

FITIS?\ 5% = ¢l 0 ¢,
Lemma 19.8 implies that 55 is invariant under o; therefore
~iRa2\ Q2 31—hs
FITEST\ S =03, .

By Lemma 19.8, Su — hs = r(p) where r € C*>([0;¢),R) is given by r(t) =
3t — (t). Because 7 is even for small t and y(t) = 3t for t > €/2, r can
be extended (in a unique way) to a smooth function on all of R such that
r(—t) =r(t)—t for all t and r(t) = 0 for t > €/2. Moreover, as a consequence
of the corresponding property of v, we have 0 < r/(t) < % for t < €/2. The
fact that 7/ is a model generalized Dehn twist follows from the definition of

these models (Lemma 2.1). To see that Fix(7') = TS%\ T*,,52, write (19.7)

€/2
as N
%(x) _ 0(6271””‘ (u(:v)))(x> T ¢ 52’
A(x) r €S
and use the fact that 0 < r/(t) < 3 for ¢ € [0;¢/2). O

Using ((2, E, j’) as a local model we can now define (Ey, Qy, Ji,).

Proposition 19.10. Let (M,w) be a compact symplectic four-manifold, V
a Lagrangian two-sphere in M, and i : T*S? — M a symplectic embedding
(for some € > 0) with i(S?) = V. There is an ordinary almost holomorphic
fibration (Ev,Qv, Ji,) over some disc D5 whose only critical value is 0 € Dj
and an isomorphism fy : ((Ev)s, Q(Ev)s) — (M,w), with the following
properties:

(1) Let P € Aut((Evy)s, (Qv)s) be the monodromy of Ey. Then 7 = fy o
Pof‘;1 € Aut(M,w) is the generalized Dehn twist along V' constructed
using the embedding i and a function r which satisfies the same con-
ditions as in Proposition 19.9. In particular Fix(17) = M\ z'(Te*/QSz).

(2) (Ev,Qy, Ji,) is nonnegative.
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(8) For every point x € M \ i (T* S?) there is a horizontal section o, of
(Ev,Q, J{,) such that 0,(8) = ;" (x). Ifv € M\ i(T7)y i(T*,52), im(o,)
has a neighbourhood in Ey on which QV\TE vanishes.

Proof. Recall that (€, E, J’) contains a trivial subbundle 77552 \T* S? x Ds.

Ey is defined by gluing together E and (M \i(T* o S2)) x Ds along this trivial
subbundle. It comes with a natural map Ey — Ds whose only critical
point is (0,0) € E. It inherits from J' a complex structure J{, defined in a
neighbourhood of this critical point. Q and the pullback of w to M x Dy
induce a closed two-form 2y on Ey .

It is not difficult to see that (Ey,Qy, J{,) is an ordinary almost holomorphic
fibration, and because both (E, €2, J’) and (M,w) x Dy are nonnegative, so
is (Ev,Qy, J{,). The isomorphism fy is defined by joining together i o fs:
Es — i(T*S?) € M and the identity map M\Te*/zS2 — M. The statement
about the symplectic monodromy follows from Proposition 19.9, the fact
that the symplectic monodromy of (M, w) x D? is trivial, and the definition
of generalized Dehn twists along V. The horizontal sections o, lie completely
in the trivial part (M \ T* Sz) x Dg; they are given by 0,(2) = (z,2). O

20 Proof of Theorem 16.1

Throughout this section V is a Lagrangian two-sphere in (M,w), i : T*S? —
M is a symplectic embedding (for some € > 0) with i(S?) = V, and 7y €
Aut(M,w) is a generalized Dehn twist along V' formed using the embedding
i and a function r as in Lemma 19.9.

Our first step is to modify the fibration (Ey,Qy,J{,) constructed in the
previous section slightly. Let ¢ : [0;2] — [0;d] be a smooth function such
that ¢(t) = t for t < 6/2, ¢(t) = § for t > 6 and ¢/(t) > 0 everywhere.
Consider the map « : Dys — Ds given by

ZC(||ZZ||) z # 0,
0 z=0.

k(z) =

Because k is the identity near 0 € Djs, we can use it to pull back (Ey, Qv, J{,)
to a new ordinary almost holomorphic fibration over Dys (the point is that
Ji, can be pulled back), which we call (E1,€Qq,J]). The pullback is again
nonnegative; this follows from the fact that det(Dk,) > 0 for any z € Days
together with Definition 17.2(3i).

If we identify ODs with S! in the obvious way, (Ey,Qy)|0Ds is isomorphic
to the mapping torus (7, ,©,, ); this is equivalent to the statement that

TV »
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Ty is the symplectic monodromy of (Ey,{y). Since k collapses Das \ Ds
radially to 0DJ, it follows that

(By, Q)| Das \ Ds 2 (6: 28] x (T, O1,)).

Proposition 19.10(3) implies that any horizontal section v of (17,07, ) can
be extended to a horizontal section o1 of (E1, Q7). Moreover, if v corresponds
to a point in M \ ¢ (T* i(T*,52) C Fix(ry), there is a neighbourhood of im(ay)

on which Q|TE} vanishes.

Lemma 20.1. There is a ¢ € Aut(M,w) which is symplectically isotopic to
the identity and has the following properties:

(1) ¢ and Ty o ¢ have nondegenerate fized points;

(2) Fix(¢) N i(T;‘eSQ) consists of two points. Both of them lie in V and
their local ﬁa‘cled point index is +1;

(3) Fix(1y 0o ¢) =Fix(¢p) N (M \ V).

Proof. 1t is not difficult to see that there is a Morse function h € C*°(M,R)
with A (i(u,v)) = |v] for 3¢ < |v] < 2¢ and such that h|z'(T§€SZ) has two
critical points, both of which have even Morse index and lie on V. We will
prove that ¢ = (;5{{ , for sufficiently small ¢ > 0, has the desired properties.
It is clear that ¢/’ has only nondegenerate fixed points and that Fix(¢) N
i(T%ESz) is as required.

Fix(1y 0 ¢{1) N (M \i(T}),5%)) = Fix(¢y") N (M \ i(T})55%)
= Fix(¢/") N (M \ V)

because ¢f! preserves (M \ i (Te*/QSQ)) and 7y |(M \ i (Te*/zSz)) = id. For
the same reasons any fixed point of 7y o ¢! which lies outside z(T*/QSz) is

nondegenerate. It remains to show that 7 o ¢/ does not have any fixed
points in Z(T*/QSQ) Since p(u,v) = |v| is the moment map of the familiar
Sl-action o on T%5?% \ S?, we have

(7 0 08 o)1) = o(e")(u,0)
for +e < |v| < 3. Therefore
(i ory o pl oi)(u,v) = (T2 1D (4, ).

by Proposition 19.10. Since 0 < r/(|v]) < % and ¢ is a free circle action, it

follows that 717 09!’ does not have any fixed points in i(TLSQ\TIESQ) as long
2 4
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as t < m. The remaining region is simpler to deal with: since 7y |i(TF 652)
3

is fixed point free, the same holds for 7y o ¢! |i(TI€SQ) as long as t is small
4

enough. O

From now on we assume that § < i (this is possible since the fibration

(Eq, 8, J7) can be transferred from a larger disc to a smaller one by a radial
expansion). Let ¥ be the surface obtained from C' = R x S! by removing
the closed d-disc around the point (0,0). We will think of ¥ as the surface
obtained from an infinite strip [0;1] x S' by removing two half-discs and
gluing part of the boundary together; that is,

D=5/~

where & = R x [0;1] \ (B5(0,0) U Bs(0,1)) and (s,1) ~ (s,0) for all |s| > 4.
We define a symplectic fibre bundle (E2,$)3) over ¥ in the following way:
E5 is obtained from the product bundle Sx M by identifying (s, 1, z) with
(5,0,¢(x)) for s < —0 and with (s,0, 7y (¢(x))) for s > §. Q9 is induced from
the pullback of w to & x M. If we identify the annulus A = Das(0,0)\ D (0, 0)

with (d;26] x St in the obvious way, the restriction of (F2,2s) to A becomes
isomorphic to (0;20] x (T4, , ©+, ). Therefore we can construct an ordinary al-
most holomorphic fibration (E, €, J') over C by gluing together (E1, 1, J7)
and (FE9,Qs) over A. By definition of (Es,Qs), (F,,J’) has tubular ends
modelled on (Ty,©4) and (Try o4, Ory0p). Moreover, since (Ey,Qy,J7) is
nonnegative and (F2,{)s) is flat (that is, Q| TE} = 0), (E,Q,J') is a non-
negative almost holomorphic fibration.

Let v be the horizontal section of (77,04, O, 04) corresponding to a point
x € Fix(1y o ¢). Consider the constant section 9 : ¥ — X X M given by
da2(s,t) = (s,t,x). Lemma 20.1 says that Fix(1y o ¢) C Fix(¢). Therefore
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g9 descends to a horizontal section oy of (Fs,€)s2). Because any horizontal
section of (Tr,, 0, ) can be extended to a horizontal section of (E1, 1, J]),
there is a horizontal section oy of (E1, 4, J7) which agrees with o on the
subset along which E; and E» are glued together. By piecing together o1 and
o9 we obtain a horizontal section o of (E,,J’) which has v as its positive
limit. Because Fix(ry o ¢) C M\ i(T§GS2) by Lemma 20.1, im(o1) C E;
has a neighbourhood on which Q;|TE} vanishes. The corresponding fact
for im(o2) C E5 is trivial because (Ea,Q2) is flat. It follows that o has the
same property.

Proof of Theorem 16.1. We have just shown that (E, 2, J') satisfies the con-
ditions of Theorem 17.7. Moreover, Lemma 20.1 implies that

dimA CFl (T¢, @¢) = dimA CF1 (TTVO¢, @TVO¢) and
dimp CF(](T@ @¢) = dimpy CFO(TTVodn @Tvoqg) + 2.

Therefore we can apply Corollary 17.11, which shows that ®(FE,Q, J’) fits
into an exact sequence

0 — HF(¢) — HF(1v 0 ) —
— A? — HFy(¢) — HFEFy(ry o ) — 0.

Because ¢ is symplectically isotopic to the identity, HF.(¢) = HF,(id)
and HF.(1y o ¢) = HF.(7y). It remains to prove that ®(F,Q,J') is a
homomorphism of QH,(M,w)-modules. Choose some t € S\ 0 and let
P: B4 — E(1,) be the symplectic monodromy along the curve [—1; 1] x
{t} ¢ C. Proposition 10.1 says that ®(E,Q,J’) is a homomorphism of
QH,(M,w)-modules if the composition

Y Iav) P [a¥) Y
M= (Ty) = By — By = (Trpog)t =M

induces the identity on homology. If we choose ¢ such that [—1;1] x {t} C 3,
this is obvious because then E|[—1;1] x {t} = Es|[—1;1] x {t} has a canonical
trivialization which is compatible with the identifications of E(4;; with
M. O

21 Transversality for horizontal J

This section contains the proof of the technical Theorem 17.10. (E,Q,J")
denotes an almost holomorphic fibration which satisfies the assumptions
of that Theorem, and we assume that almost complex structures J* €
Jreg(TT, ©F) have been chosen. As usual, 7 denotes the map E — C.
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Theorem 17.10 amounts to the fact that the transversality arguments which
lead to each of the four parts of Theorem 13.1 (namely, Propositions 13.9,
14.1, 14.2 and 15.1) can be carried out in the subspace

JNE,Q,J 07, TN c T(E,Q,J T, Jh)

of almost complex structures which are horizontal. The restriction to the
subspace Jh(E,Q, J's J7,JT) does not change the kind of general frame-
work used in the proof. One chooses a Jy € J"(E,Q,J';J~,J1), a large
R > 0 such that Jy agrees with J~ on 7~ !((—o0; —R] x S') and with J7*
on 7 ([R;00) x S'), and a small closed neighbourhood U of Crit(r). The
subspace of almost complex structures in J h(E ,Q,J'; J7, J1) which agree
with Jy on

Ey=m'((—o00; —=R] x S U[R;00) x SHUU
will be denoted by J".

J" is a Fréchet manifold; to see this, consider the splitting TE, = TEY @
TE! at a point z ¢ Crit(n). As an easy consequence of the definition, a
horizontal almost complex structure has the form

0
I = < : th> (21.1)

with respect to this splitting. Here J"" is the unique horizontal lift of the
complex structure on the base C'; J;V is an almost complex structure on T'E?)
which tames Q|TE?. Conversely, every almost complex structure of the form
(21.1) is horizontal at the point x. It follows that J” is a Fréchet manifold
and that its tangent space at any point J is the space of endomorphisms of
TEY which are (J|TE")-antilinear and vanish on Ej.

Recall that each part of the transversality Theorem 13.1 was eventually
reduced to proving that a certain linear operator is onto. The tangent space
T;J was one factor in the domain of these operators. To prove Theorem
17.10 it is sufficient to check that these operators remain surjective if 177
is replaced by the subspace T;7". We will carry out this check for the
transversality theory of J-holomorphic sections (Proposition 13.9) which is
by far the most important case. Indeed, in the other cases no problems arise
(or, in the case of Proposition 14.2, they can be solved by a minor change in
the argument) because the transversality theory for J-bubbles uses only the
vertical component of J. Now, this component can be varied in the same
way within J h'as within J.

Let o be a section in M(E, J;v~,v) for some J € J" and v+ € H(T*, 0%).
What we need to prove is that the operator

Déuniv,h(o_’ J) . WLP(J*TEU) X Tjjh — Lp(O'*TEU),
Déuniv,h(o., J)(X7 Y) = Dé](O’)X + Y(@a/@t)v
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is onto. Here (0o /0t)" denotes the vertical component of do/0t. We need
to distinguish between horizontal and non-horizontal sections: indeed, if
o is horizontal, the second term in DJ"V+"(g, .J) vanishes and hence the
argument which was used to prove Lemma 13.4 breaks down. We postpone
discussing the horizontal sections and deal with the non-horizontal ones first.

Proposition 21.1. If o is not horizontal, the operator DOV (o, .J) is
onto.

Proof. The precise assumptions on R and U which are needed for this ar-
gument are: R should be so large that E|[R — 1;00) x S & [R — 1;00) X
(T+,0%), and n(U) C [-R+1; R —1] x SL.

As a first step, we prove that there is a point in (R — 1; R) x S* such that
Oo /Ot is not horizontal at this point. Assume that the contrary is true: then

o(s,t) = (s,vT(t)) for (s,t) € (R—1;R) x S,

where vt is a horizontal section of (T7,07). One of the assumptions on
(E,Q,J’) in Theorem 17.10 is that there is a horizontal section ¢ with
positive limit . This section necessarily satisfies

ot (s,t) = (s,vT(t)) fors>R—1.

Hence ¢ = o on (R — 1;R) x S'. The unique continuation theorem for
J-holomorphic curves [20, Lemma 2.1.1] implies that o = o, contradicting
our assumption that ¢ is not horizontal.

Let (so,t0) € (R—1; R) x S be a point such that (9o /0t)(se, to) is not hori-
zontal. It is clear that the same holds for all (s,¢) in some neighbourhood D

of (so,t0). This implies that for every W € C*°(¢*T'E") which is supported
in D thereis aY € T;J" such that

D™ (g, J)(0,Y) = Y (o /0t)” = W.

The rest of the proof is as in Lemma 13.4. O

It remains to deal with the horizontal sections. From what we have said
above, it is clear that DI"V-" (5, J) is surjective at a horizontal ¢ iff D;(o)
is onto, that is, iff o is regular. This is ensured by the following result:

Proposition 21.2. A horizontal section of (E,Q, J") is reqular with respect
to any J € JNE,Q,J;J,J).

To prove this we translate an idea of Braam and Donaldson [4] from the
theory of instantons to that of holomorphic curves. Let o be a horizontal
section of E. As we saw in the proof of Theorem 17.7, ¢ must necessarily be
one of the sections whose existence is part of our assumptions on (F,Q, J').
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In particular, Q|TE" vanishes in a neighbourhood on im(¢). Hence ind(c) =
0 by Lemma 17.6(d). Because of the vanishing of the index, it is sufficient
to show that the kernel of

DO;(o) : WYP(6*TEY) — LP(6*TE") (21.2)

is trivial. The operator D3, (o) can be written in a particularly simple form
using the canonical connection V7 on ¢*T E":

Lemma 21.3. Let o be a horizontal section of (E,,J'). Then

_ \VAd \YAd
Doy(o) = %JFJ(U)E
forall J € JME,Q,J'50-,J%),

Proof. In section 11 we have obtained the formula
Dd;(0)X =[S, X]+ J[JS, X],

where S € C®°(TE) and X € C>®(TE") are extensions of do/0s and X. In
the present case, since o is horizontal, we can take S to be the horizontal
lift of the unit vector field in s-direction on C'. Then by definition

-~ \vid

S, X]=—X.

15, X] ds
Since J is horizontal, J S is also horizontal. In fact it is the horizontal lift
of the unit vector field in ¢-direction on C and therefore

VO'

S X]=—X.

Lemma 17.6(c) shows that the connection V7 is flat. For such connections
we have the following result:

Lemma 21.4. Let (F,wp) be a symplectic vector bundle over C with a flat
symplectic connection V. Let Jp be a complex structure on F (that is,
(F,Jr) is a complex vector bundle) which tames wg, and

Ve Ve
S N S

os ot
the Dolbeault operator on (F,J) determined by Vg. Then every section
S € C*(F) such that

OF

8 (S) =0, /|VF5’2<oo and / S| |V i8] < 00
C C

(|- |2 is the metric on F obtained from Jr and wr) is parallel: it satisfies
VrS =0.
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Proof. There is a unique two-form Qp on the total space of F' (considered
as a manifold) with the following property: if i : U x R*® — F|U is a
symplectic trivialization of (F,w) over some U C ¥ such that i*(Vp) is
trivial, then i*Qp is the pullback of the standard symplectic structure on
R?" to U x R?". This characterization shows that Qp is unique, and it also
allows to construct it by patching together local charts.

Let S be a smooth section of F' with 0pS = 0. S is a smooth map from
3 to F, and we can use it to pull back QF to a two-form S*Qr on . By
looking at a local chart, one sees that

S*Qp = £|VpS|2ds A dt; (21.3)

our assumption implies that [, o S QF converges.

Let us consider the multiples S, = r S. Clearly S}Qp = rZ(S*QF). On the
other hand (again by considering local coordinates) we find that

9

ES" Qp = db,
with 0, = 2r S (igs, jo,r). 0r satisfies [0,.] < r[S||VErS|. Therefore it is
integrable, and by Stokes’ theorem, (0/0r)S:Qr = 0. Of course, one must
be careful when applying Stokes’ theorem because of the non-compactness
of C, but a little reflection shows that our decay conditions are sufficient
to take care of that. S¥Qp = r25*Qr and (9/0r)S Qr = 0 imply that
S*Qp = 0, and because of (21.3) it follows that VS = 0. O

Any S € WHP(a*TEV) with Dd;(0)S = 0 satisfies the conditions of Lemma
21.4; therefore it must be V7-parallel. On the other hand, a nontrivial
parallel section can never lie in WP (it is constant in R-direction outside
a compact subset and therefore does not decay); this proves that (21.2) is
injective and completes the proof of Proposition 21.2.

Remark 21.5. Lemma 21.4 and its proof generalize to Riemann surfaces
with tubular ends; the statement is

Let (3,7) be a Riemann surface with tubular ends and (F,wr) a
symplectic vector bundle over it with a flat symplectic connection
V. Let Jp be a complex structure on F' which tames wr, and

5F:%(V+JFOVOJ')

the Dolbeault operator on (F, Jr) determined by V. Then every
section S € C*°(F) with

B (S) = 0, / VS < oo and / 18| [V 5S] < 00
by by
is parallel.
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It seems unlikely that this is new (but I have not found a reference). The
result has interesting implications even in the closed case: assume that X
is a closed surface of genus g > 0. The space of V-parallel sections has
dimension < 2n, where n = rankc(F'). Therefore we obtain the inequality

indrOr < 2n (21.4)

for the (real) index of dp. Using the Riemann-Roch theorem we conclude
that ¢1(F,wr) < ng. If equality holds in (21.4), the symplectic vector bundle
(F,wr) must be trivial and hence ¢;(F,wr) = 0. Using this we can improve
the estimate to

c1(F,wr) < ng.

The case n = 1 is an old result of Milnor [21] (Milnor’s proof is completely
different).
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