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Abstract

Our goal in this paper is to settle some transversality question for the
perturbed nonlinear Cauchy-Riemann equations on the cylinder. These
results play a central role in the definition of symplectic Floer homol-
ogy and hence in the proof of the Arnold conjecture. There is currently
no other reference to these transversality results in the open literature.
Our approach does not require Aronszajn’s theorem. Instead we derive
the unique continuation theorem from a generalization of the Carleman
similarity principle.
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1 Introduction

Let (M, w) be a compact symplectic manifold and consider the differential
equation

&(t) = Xo(x(t)) (1)
where Xy = X¢y1 : M — TM is a smooth family of symplectic vector
fields, i.e. the 1-forms ¢(X¢)w are closed. The periodic solutions z(t) =
z(t+ 1) of (1) are the zeros of the closed 1-form ¥x on the loop space £
of M defined by

(a3 ) = / w(E(t) — X2 (), (1)) dt
0

for € € T, L = C*°(z*T'M). On the universal cover of £ this 1-form is the
differential ¥x = dAx of the symplectic action functional Ax : L —R.
We shall assume throughout that the periodic solutions of (1) are all
nondegenerate. This is equivalent to the condition that Ax is a Morse
function.

The Floer homology groups of X can roughly be described as the
Novikov homology of the closed 1-form ¥ x on the loop space of M. The
precise definition involves an infinite dimensional analogue of Witten’s
approach to Morse theory. Thus one considers the chain complex gener-
ated by the zeros of the 1-form ¥ x and constructs a boundary operator
by counting those gradient flow lines which connect two critical points of
relative Morse index 1. In the finite dimensional context this construction
requires the Morse-Smale transversality condition, namely that the stable
and unstable manifolds of any two critical points intersect transversally.
The infinite dimensional analogue of this condition is the subject of the
present paper.

To be more precise, we must study the gradient flow lines of ¥ x with
respect to some L2-metric which is induced by a t-dependent family of
w-compatible almost complex structures J; = Jiy1 : TM — T M. These
gradient flow lines are solutions u : R? — M of the perturbed nonlinear
Cauchy-Riemann equations

Osu + Ji(u)(Opu — X (u)) =0 (2)
which satisfy the periodicity condition u(s,t+ 1) = u(s,t) and have limits

lim u(s,t) = x5 (t) (3)
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which are periodic solutions of (1). The infinite dimensional analogue of
the Morse-Smale condition asserts that the space M(z~, 2", X, J) of all
smooth solutions of (2) and (3) is a smooth manifold of local dimension

dim, M(z™, 27, X, J) = p(u)

where p(u) is the Fredholm index of the operator obtained by lineariz-
ing (2). We shall prove in Theorem 5.1 that this condition is satisfied for



a generic family of almost complex structures J; = Jy41 or for a generic
family of symplectic vector fields X; = X¢y1. The proof requires the next
four sections. It is based on a unique continuation theorem (Proposi-
tion 3.1) which we prove with the help of the Carleman Similarity Prin-
ciple (Theorem 2.2). Another key ingredient in the proof is the existence
of an injective point for every solution of (2) (Theorem 4.3).

In the second part of the paper (Section 6-8) we focus on the case where
the symplectic vector field X; = X and the almost complex structure
Ji = J are independent of t. More abstractly, this can be interpreted as
the case where the action functional Ax : £ — R and the L?-metric on
the loop space are invariant under the natural S'-action. As a matter of
fact, the loop space can be regarded as an infinite dimensional symplectic
manifold and the action functional Ao (with X = 0) as a Hamiltonian
function which generates the Sl-action. If X; = X is independent of t
then Ax is an equivariant perturbation of Ap. Now we are interested
in such perturbations whose critical points are all fixed points of the S*-
action and in those connecting orbits on which S* acts freely. This means
we consider solutions u of (2) and (3) with X; = X and J¢ = J such that
the limits ¥ () = 2% are zeros of X and which are simple in the sense
that u(s,t + 1/m) # u(s,t) for all integers m > 1. We shall prove in
Theorem 7.4 that the space of such simple solutions is a smooth manifold
of dimension p(u). The proof is based on a technical transversality result
for symmetric matrices (Theorem 6.1). In the case pu(u) < 1 we deduce
in Theorem 8.1 that the solutions u(s,t) of (2) and (3) with X; = X and
J¢ = J must be independent of ¢, i.e. they must lie in the fixed point
set of the S' action on the loop space. This result is used in [7] and [10]
(in the case where X = Xy is a Hamiltonian vector field) to prove that
the Floer homology groups HF.(H,J) are naturally isomorphic to the
ordinary homology of M.

2 The Carleman similarity principle

Let V be a finite dimensional complex vector space and denote by S? =
CuU{oo} the Riemannian sphere. Consider the vector bundle A% 7T* 5% ®
V over S% whose fibre over z € S? is the space of complex anti-linear
maps T.S5? — V. The space C°(S*, A%'T*S? @ V) = Q°1(S? V) of
smooth sections of this bundle is, of course, the space of complex anti-
linear 1-forms on S? with values in V. The Cauchy-Riemann operator
0:C®(82,V) — Q"(S2,V) is defined by

Ou=du+ioduoi.

For p > 1 this operator can be extended to the Sobolev space W7 (52, V)
of V-valued functions whose first derivatives are p-integrable. It then takes
values in the space LP(S% A%'T*S? ® V) of LP-sections of the bundle
A®'T*S? @ V. For later reference we state here a special case of the
Riemann-Roch theorem.



Theorem 2.1 For every p > 1 the operator
D:WHP(S* V) = LP(S*, AV T*S* @ V)
is a Fredholm operator. Its index as a complex operator is given by
indexd = dim¢ V

Moreover, this operator is onto and its kernel consists of the constant
functions.

That 0 is a Fredholm operator can be proved by the usual L? estimates
for elliptic operators. In our case this is just the Calderon-Zygmund in-
equality. The index formula follows from the explicit statements about
the kernel and the cokernel. That the kernel consists of the constant maps
is just the assertion of Liouville’s theorem. That the operator is onto fol-
lows from the fact that holomorphic vector bundles over Riemann surfaces
with negative Chern number do not have nonzero holomorphic sections.
In the special case of Theorem 2.1 surjectivity can in fact be proved by
constructing an explicit right inverse T of 9 given by the formula

D)2 — lim [ =L v(z+0)
(T0)(2) LO(%/M . )

for v € C5°(C, V) where ¢ = s + it € C. Then
Do T(v) =vdz

for v € C§°(C, V). Combining this with a change of coordinates and a
similar result for complex anti-linear 1-forms which are supported in a
neighbourhood of co € S? we obtain that & has a dense range and is
therefor onto. The proof that T actually extends to an operator from
LP(S?,A'T*S? @ V) to WHP(S2 V) is, of course, equivalent to the
Calderon-Zygmund inequality.

Let F denote either the real or complex numbers. For a complex
vectorspace V we denote by Lp(V) the F-vectorspace of F-linear maps.
Likewise, we denote by GLy(V) C Lp(V) the open subset of invertible
FF-linear maps.

Write z = s 4 it and consider the first order elliptic system
Osu(z) + J(2)0:u(z) + C(z)u(z) =0 (4)

where u : B = {z € C||z|] < e} — C". We assume that the map
z — J(z) belongs to the Sobolev space W7 (B67 [ZR((C")) for some p > 2
and that J(z) : C* — C™ is a complex structure for every z, i.e.

J(z)? = —1.

Moreover, we assume the map z — C(z) belongs to LP (BE,ER((C")).
The following result is a higher dimensional version of the Carleman-
Similarity principle (cf.[24]). It says roughly that solutions of (4) be-
have like holomorphic maps.



Theorem 2.2 Let u € WP (Bs,([:”) be a solution of (4) with u(0) = 0.

Then there exist a constant 0 < 6 < &, a map ® € WhHP (35, GLR((C")),
and a holomorphic map and o : Bs — C™ such that

for z € Bs.
Proof: First choose a map ¥ € Wh? (B(g7 GLR((C")) such that

for z € Bs and define v € Wh? (35, (C") by u(z) = ¥(z)v(z). Then

0 = Osu+Jou+ Cu
(0sT)v + WOsv + J(0:T)v + J¥Ov + CPv

4 (st + 300 + 51})

where C' = U1(8,U + JO,¥ + CW) € LP (Bg, ER((C”)). With respect to

the complex structure ¢ we decompose C into the linear and anti-linear
part

() =C" () + 0 (2), C()=1 (é(z) ¥ ié(z)i) :

Now choose a map B:. — Lg(C") : z +— D(z) such that
(a) D(z)v(z) =v(z) for z € Be,
(b) D(z) is complex anti-linear for every z € Be,
(c) D € L®(B.,Lg(C")).
For example, define D(2)¢ = |v(2)|"%v(2)v(2)"¢ whenever v(z) # 0 and
D(z) = 0 otherwise. Then the linear map
Az)=C*(2) + C7(:)D(2)
is complex linear and satisfies
A(2)v(z) = C(2)v(2).
Moreover, A € L? (B67 CC((C")). For 0 < 6 < € define
As € LP(S*, L (CM))

by As(z) = A(z) for z € Bs and As(z) = 0 otherwise. Now let V =
Lc(C™) and denote by Ds : WHP(S% V) — LP(A®'T*S? ® V) the per-
turbed Cauchy-Riemann operator

D50 = 90 + A;0dz.



for © € W'P(5% V). By Theorem 2.1 the operator © — (90,0(0)) is
bijective. Since
lim [ As], = 0

it follows that the operator © — (D;0,0(0)) is bijective for ¢ > 0 suf-
ficiently small. Hence, for § > 0 sufficiently small, there exists a unique
map ©s € WP(S? V) such that

Ds©s =0, @5(0) =1.

In particular, 9;05 4+ i0:©5 + AO©s = 0 in Bs. Since Os converges to the
constant map Og(z) = 1 in the WP-norm as § — 0 we may choose § so
small that the complex linear map O5(z) € V. = C"*" is invertible for
every z € S2.

Now we drop the subscript d, denote ©(z) = ©5(z), and define

B(2) = V(2)0(2),  o(2) = O(2) v(2).
Then obviously ¥ € WhP(S?, Lr(C™)) and ¥(2)o(2) = ®(2)v(z) = u(z).
Moreover, in Bs we have
0 = 0w +idw+ Cv
= 0w+i0w+ Av
= 0050 +1i00:0 + (0:0 + 10:0 + AO) o
= O(0s0 +10:0).
Hence o is holomorphic in Bs. Moreover, by construction,
J(2)®(z) = J(2)V(2)O(z) = ¥(2)iO(z) = V(2)O(2)i = ®(z)i
This proves the theorem. a
Here is an immediate consequence of the Carleman similarity principle.

Corollary 2.3 Let £ >2 andp > 2. Let J € W*?(B., Lg(C™)) and C €
W tP(B,, Lr(C™)) with J(2)? = —1 for every z € Be. Letu: B. — C"
be a nonconstant WP-solution of (4) with u(0) = 0.

(i) There exists a constant 0 < § < e such that u(z) # 0 for 0 < |z| < 0.

(ii) If C = 0 then there exists a constant 0 < 6 < € such that du(z) # 0
for 0 < |z| < 6.

Proof: In view of Theorem 2.2 we have
u(z) = ®(2)o(2)

for |z| < 6 where o : Bs — C" is holomorphic and ®(z) € GLg(C") for
|z| < 8. Hence for |z| < ¢

uz) =0 <<= o(z)=0

Since o is holomorphic we have either & = 0 on a neighborhood of 0 or
o(z) # 0 on a punctured neighborhood of zero. This proves (i).



Assertion (ii) is obvious in the case du(0) # 0. Hence assume du(0) =
0. Differentiating the identity dsu + J(2)0:u = 0 with respect to s we
obtain that the function v = 0su satisfies

0sv + J(2)0:v + (05 J)(2)J(2)v =0

Here we have used the identity d:u = J(2)0su = J(z)v. It follows again
from Theorem 2.2 that v(z) = dsu(z) = ®(z)o(z) with ® and o as above
and this proves the corollary. a

Remark 2.4 Standard elliptic regularity theory asserts that if J € WP
and C € W* P with £ > 2 and p > 2 then every W P-solution u of (4)
is necessarily of class W%P. To see this just apply the operator ds — JO;
to the left hand side of (4) and use the local LP-regularity theorem for the
Laplace operator.

3 Unique continuation

In this section we show how the Carleman similarity principle can be used
to prove a unique continuation theorem for J-holomorphic curves in al-
most complex manifolds. More precisely, consider the perturbed nonlinear
Cauchy Riemann equations

Osu~+ J(z,u)0wu + Y (z,u) = 0. (5)

Here we assume that the map J : C x C" — L (C™) is of class W with
p> 2 and
J(z,w)? = —

and the vector field Y : C x C* — C” is of class WP, A W'P-function
u: C — C" is said to vanish to infinite order at a point 2o € C if

sup,_, u(z
lim P2 0\§r| ()|

=0
r—0 rk

for all £ > 0. Of course, a smooth function u vanishes to infinite order
at a point 2o if and only if all derivatives of u vanish at that point. In
particular, for a smooth function the set of points at which it vanishes
to infinite order is closed and for a holomorphic function it is open and
closed. The next proposition asserts that this property of holomorphic
functions persists for the solutions of (5).

Proposition 3.1 (Unique continuation) Let u,v : Q@ — C" be two
WhP_solutions of (5) defined in some open set Q@ C C. Then the sets of
points z € ) where u — v vanishes to infinite order is open and closed. In
particular, if € is connected and u = v on some nonempty open subset of
Q then u(z) = v(z) for all z € Q.



Proof: Define w = u —v. Then

Osw + J(z,u)Ow J(z,u)0w + J(z,v)0w + Y (z,v)
—J(z,u)0u — Y (z,u)

= (J(z, v) — J(z, u))@tv +Y(z,v) = Y(z,u)

= (/O %J(zm—kfr(v—u))dr)@w

' d
—Y(z,u+7(v—u))dr
+ [ o= )
= —C(zw

where C : Q — Li(C™) is locally p-integrable. Hence w(z) = u(z) — v(2)
satisfies _
Osw + J(2)0ww + C(z)w =0

where j(z) = J(z,u(z)) is locally of class W"?. By Theorem 2.2 every
point zo € Q admits a neighbourhood Bs(z0) in which w can be written in
the form w(z) = ®(z)o(z) where o is holomorphic and ®(z) is invertible.
Hence w vanishes to infinite order at z € B.(z0) if and only if o vanishes
to infinite order at z. Hence the sets of such points is open and closed in
Bs(z0). This proves the proposition. O

We will use the previous proposition for functions which are defined on
all of C = R? and take values in a manifold. In this case Proposition 3.1
asserts that two solutions which agree to infinite order at a point must
agree globally.

4 Injective points

In [12] Dusa McDuff proved that a J-holomorphic curve v : ¥ — M in
an almost complex manifold is either multiply covered or admits a point
z € % such that
du(z) #0,  {z} =u" " (u(2)).

(See also [13].) Such a point is called an injective point and the exis-
tence of such points plays a crucial role in the transversality theory for
J-holomorphic curves. The purpose of this section is to prove an ana-
logue of this result for the perturbed equation (5) in the case where both
the almost complex structure J(z,w) and the perturbation Y (z,w) are
independent of the variable s = Re z. Hence consider the equation

Osu~+ J(t,u)(Opu — X (t,u)) = 0. (6)

where J : R x C" — Lr(C") and X : R x C* — C" are of class C*
with £ > 2 and J(t,w)? = —1 for all t € R and w € C™. Thus every
W' P-solution of (6) with p > 2 is necessarily of class W**? and hence of
class C*. We begin with an analogue of Corollary 2.3 (ii) for the nonlinear
equation (6).



Lemma 4.1 Let u : Be — C™ be a C*-solution of (6) and assume that
Osu #Z 0. Then the set of points (s,t) € Be with dsu(s,t) =0 is discrete.

Proof: Let 1 : Q; — C™ be the local diffeomorphisms generated by the
vector fields X¢(w) = X (¢, w) via

d .
%Q/)t = X o, o = id. (7)

It suffices to prove the lemma locally and hence we may assume that
u(s,t) € ¥:(Q) for (s,t) € Be. Then the function v(s,t) = 1, (u(s,t))
satisfies
Osu = dip(v)0sv, Oru — X¢(u) = dipe(v)9sv.
Hence di:(v)9sv + Je(u)dys(v)0:v = 0 where Jy(w) = J(t,w) and this
means that
Osv + i Ji(v)Orv = 0.

Moreover, v is nonconstant since otherwise dsu = 0. Hence it follows

from Corollary 2.3 (ii) that the set of critical points of v is discrete. Since
dv(z) = 0 if and only if dsu(z) = 0 the lemma is proved. O

Lemma 4.2 Let u,v : B. — C™ be C*-solutions of (6) with X = 0 such
that

u(0) = v(0), du(0) # 0, dv(0) # 0.
Moreover, assume that there exists a constant 0 < § < e such that for
every (s,t) € Bs there exists an s’ € R such that (s',t) € B: and u(s,t) =
v(s',t). Then v(z) = u(z) for |z| < e.

Proof: Choose ¢ > 0 so small that ¥ = v(B.) is a submanifold of C". By
the implicit function theorem v~! : ¥ — B. extends to a C*-map defined
on a neighbourhood of ¥. By assumption, u(Bs) C ¥ and hence the map
v lowu: Bs — Be is of class C*. Moreover, our assumptions assert that
this map takes the form v™! o u(s,t) = (¢(s,t),t). Differentiating the
formula u(s,t) = v(4(s,t),t). we obtain

0 = Osul(s,t
= 0sv(d,

95v(9,
= 0sv(p,t

~

+ J(t, u)du(s, t)

D5t + J(t,0(9, 1)) (Dsv(, 1)De + Brv (e, 1))

8S¢ + 8tv(¢7 t)atd) - 8Sv(¢7 t)

(056 — 1) + 9pv(¢,£)0ep

Since 0sv(¢, t) and dyv(¢, t) are linearly independent we deduce that 9:¢ =
1 and 9¢¢ = 0. Hence ¢(s,t) = s + so for some so € R. Since 0 = u(0) =
v(s0,0) we obtain sp = 0 and hence ¢(s,t) = s. This implies that u and

v agree in a neighbourhood of 0. By unique continuation it follows that
u = v on B (see Proposition 3.1). O

t
= t

o — —

The next theorem is a global result in an almost complex manifold M.
More precisely, let M be a manifold (without boundary) of real dimension
2n and fix a compactly supported C*-diffeomorphism ¢ : M — M with
£ > 2. (Here compactly supported means that ¢(x) = z outside a compact



set.) Moreover, let R — End(TM) : t — J; be a C*-family of almost
complex structures on M and R — X (M) : t — X, be a C*family of
vector fields such that

" Jiy1 = Ji, " X1 = Xo.

Sometimes we write X (¢,p) = X¢(p) and J(¢,p) = J:(p). Now let u :
R? — M be a C*-solution of (6) such that

u(s,t +1) = ¢p(u(s, t)), (8)
SEIjI:loo u(s,t) = z*(t), SEIjI:loo dsu(s,t) = 0. (9)

Here the convergence is uniform in ¢. It follows that the limit curves z*(¢)
are solutions of the ordinary differential equation

E(t) = Xe((t),  z(t+1) = ¢(2(t)). (10)

These correspond to fixed points of the C*-diffeomorphism ¢x = 1/);1 o¢
where ¥1 denotes the time-1-map generated by the vector fields X; via (7).
In principle we should be more careful with the domain of definition of the
diffeomorphism ¢x. However, since the set u(R x S Uz~ (SY)Uz™(Sh)
is compact we may assume without loss of generality that the vector fields
X vanish outside a compact set and are therefore complete.

Now let u : R? — M be a C*-solution of (6), (8) and (9). A point
(s,t) € R? is called regular for u if

dsu(s,t) #0, u(s,t) # xi(t), u(s,t) ¢ u(R — {s}, ).

We denote by R(u) the set of regular points of u. In particular, these
conditions mean that the map s’ — u(s’,t) is an immersion near s’ = s
and meets the point u(s,t) only once. This notion is analogous to that of
an injective point for J-holomorphic curves mentioned above. The next
theorem is the main result of this section.

Theorem 4.3 Letu: R? — M be a C*-solution of (6), (8), and (9) such
that Osu Z 0. Then the set R(u) of regular points for u is open and dense
in R

Proof: We first reduce the theorem to the case X; = 0. Denote by
Yt : M — M the time dependent flow generated by the vector fields X
via (7). Since X; is compactly supported so is 9 for every t. Recall from
the proof of Lemma 4.1 that the functions v(s,t) = ;' (u(s,t)) satisfy
the partial differential equation

0sv + Ui J(v)Ow =0
and note that

v(s,t+1) = ¢x (v(s, 1)), lim v(s,t) =z=(0), dx =Yoo

s—+too
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Since R(u) = R(v) we may assume from now on that X; = 0 for all ¢.

In particular, this implies that z* (t) is independent of ¢ and we denote
+ _ %

x*T =z ().

We prove that R(u) is open. Assume otherwise that there exists a point
(s,t) € R(u) which can be approximated by a sequence (sy,t,) ¢ R(u).
Then dsu(s,,t,) # 0 and u(s,,t,) # «& for v sufficiently large. Since
(sv,tv) & R(u) it follows that there exists a sequence s, € R such that

u(sy,t,) = u(s,, t,), sl # s,

If the sequence s,, is unbounded then, passing to a subsequence if neces-
sary, we may assume that s, — Zoo and hence, by (9), u(s,,t,) — z*.
This implies u(s,t) = =¥ in contradiction to (s,t) € R(u). Hence the
sequence s, is bounded and we may assume without loss of generality
that s, — s’. Then u(s,t) = u(s’,t) and since (s,t) € R(u) we must have
s’ = 5. Hence s;, and s, both converge to s and this contradicts the fact
that dsu(s,t) # 0. This proves that the set R(u) is open.

We prove that R(u) is dense. To see this recall from Lemma 4.1 that
the set C(u) of all points (s,t) € R? with dsu(s,t) = 0 is discrete. Hence
it suffices to prove that every point in R — C'(u) can be approximated by
a sequence in R(u). Now a point (s,t) ¢ C(u) can obviously be approx-
imated by a sequence (s,,t) € R? — C(u) with u(s,,t) # z*(t). In fact
any sequence s, with s, # s will do. Hence we must prove that every
point (so,to0) € R x [0, 1] with

dsu(so to) #0,  u(so,to) # ™ (to)
can be approximated by a sequence in R(u). Assume otherwise that
B5(807t0) N R(u) =0

for some € > 0. Choose € so small and 7" > 0 so large that the following
holds

(1) u(s,t) ¢ u(Be(so,t0)) for |s| > T and |t — to| < e.

(ii) If |t — to] < e then the map [so —&,s0 +&] — M : s — u(s,t) is an
immersion.

Now, by Lemma 4.1, the set C(u) N [=T,T] x [0, 1] is finite. Moving the

point (so, to) slightly, if necessary, we may assume that u(so,t0) # u(s,t)

whenever (s,t) € C(u) N [-T,T] x [0,1]. We may then shrink £ > 0 to

obtain

(iii) w(B:(s0,%0)) Nu(C(u) N[-T,T] x [0,1]) = 0.

This modification will not affect the conditions (i) and (ii) above.

Now it follows from (i) and (ii) that dsu(s,t) # 0 and u(s,t) # z*(t)
for all (s,t) € Be(so,t0). Hence the condition u(B:(s0,t0)) N R(u) = 0
means that for all (s,t) € B:(so,t0) there exists an s’ € R such that
u(s,t) = u(s’,t) and s’ # s. In view of (iii) we have 9su(s’,t) # 0 for any
such point s and in view of (i) we have |s’| < T'. Hence there can only be
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finitely many such points s’ for each pair (s,t). (Otherwise there would
be an accumulation point at which dsu = 0 and we have just seen that
this is impossible.) Hence let s1,...,sn € [T, T] be the points with

U(So,to) = U(Sl,to) == u(SN,t()).

We claim that for every constant r > 0 there exists a 6 > 0 such that
N
u(Bas (50,t0)) C | u(Br(s5,t0))-
j=1

Otherwise there would exist a sequence (sv,t,) — (So,%0) such that
U(5V7 tl’) ¢ BP(Sj7 tO)

for every j > 1. But there exists a sequence s., # s, such that u(sy,ty) =
u(s),,t,). By assumption (s,,t,) & B,(s;,to0) and, by (ii), we have |s, —
s,| > e. By (i), we have |s,,| < T. Hence the sequence s;, has an accumu-
lation point s’ which must be distinct from all the points so,...,sy but
satisfies u(s’, to) = u(so,t0). This contradiction proves the claim.

Now define

%5 ={(s,t) € cl(Bs(s0, t0)) | u(s, t) € cl(u(Br(s;,t0)))}
for j =1,...,N. These sets are closed and
CI(B(s(So7 to)) =31 U...UX

Hence at least one of the sets ¥; has a nonempty interior. Assume without
loss of generality that int(X1) # 0 and 0 € int(X1). Choose p > 0 so small
that B,(0) C X1 C B:(so0,t0) and note that

B, (0) N Br(s1,t0) =0

provided that r > 0 was chosen sufficiently small. On the other hand it
follows from the definition of X1 that for every (s,t) € B,(0) there exists
an s’ € R such that (s',t) € B(s1,t0) and u(s,t) = u(s’,t). Since the
point s’ is uniquely determined by s we may assume that to = 0 and
u(0,0) = wu(s1,0). This means that the functions u(s,t) and v(s,t) =
u(s + s1,t) satisfy the assumptions of Lemma 4.2 with ¢ = r and 0 = p.
Hence it follows from Lemma 4.2 that

u(s,t) = u(s + s1,t)
in a neighbourhood of zero and hence, by unique continuation this equa-

tion holds on all of R? (see Proposition 3.1). But this implies

u(s,t) = kEIjI:looU(s + ks1,t) = aT

for all s and ¢t. Hence u is constant in contradiction to our assumption
that dsu #Z 0. This proves the theorem. O
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Remark 4.4 Assume zo = (so,t0) € R(u). Then for any smooth func-
tion p : R* — R which is supported in a sufficiently small neighbourhood
of zo there exists a smooth cutoff function R x M — [0,1] : (¢,p) — Be¢(p)
such that

Be(u(s,t)) = p(s1), Bt+10¢ = Bt

We leave the proof of this elementary fact as an exercise.

5 Transversality

In this section we specialize to the case where (M,w) is a compact sym-
plectic manifold, ¢ : M — M is a symplectomorphism, and the almost
complex structure J; : TM — T M is compatible with w. This means that
the formula

(v, w)r = w(v, Jyw) (11)

defines a Riemannian metric on M for every t. We also assume that X
is a Hamiltonian vector field for every t. This means that there exists
a smooth time dependent Hamiltonian function R x M — R : (¢,p) —
H(t,p) = H¢(p) such that

L(Xt)w = dHt
We now assume that H and J satisfy the periodicity condition
Ht = Ht+1 e} ¢, Jt = ¢*Jt+1.

We shall denote by Jy(M,w) the space of all smooth t-dependent almost
complex structures R — End(T'M) : t — J; which are compatible with
w and satisfy Ji = ¢*Ji41. Likewise, denote by Cy (M) the space of all
smooth ¢-dependent Hamiltonian functions R — C*°(M) : t — H,; which
satisty H; = Hi41 0 ¢.

We point out that the requirement on the vector field X; to be Hamil-
tonian rather than symplectic (i.e. ¢(X¢)w is exact rather than closed)
poses no restriction at all. The proof of Theorem 4.3 shows that the vec-
tor field X can be removed from (6) at the expense of altering ¢ and J.
So if we perturb J we can simply consider the case X = 0. However, if we
perturb X it is essential to know that this can be done within the class
of Hamiltonian vector fields.

Now the partial differential equation (6) can be written in the form

0.1 (u) = dsu + Jy(u)du — VHy(u) = 0 (12)

where VH: = J; X; denotes the gradient with respect to the t-dependent
metric (11). As before we also assume that u satisfies

u(s, t+1) = ¢p(u(s,t)), (13)
lim u(s,t) = ¢e(zF),  ou(a®) =z (14)

s—+oo

13



where the convergence is uniform in ¢ and 9su(s, t) converges to zero, also
uniformly in ¢, as s tends to +o00. Here ¥ : M — M denotes the family of
symplectomorphism generated by the Hamiltonian vector fields X; = Xg,
via (7) and

ou =11 09
Hence, again as before, the limit curves z%(t) = 1:(z%) are solutions of
the ordinary differential equation #(t) = X¢(x(¢)) and the equation

Yi41 09 = doYy

shows that z(t + 1) = ¢(x(t)). As in [10] one can prove that for a generic
Hamiltonian function H the fixed points of ¢x are all nondegenerate.
(In [10] this was proved for the case ¢ = 1.)

If the fixed points of ¢ are all nondegenerate then for solutions of (12)
and (13) the existence of the limits (14) is equivalent to the finiteness of
the energy

co 1
E(u) =3 / / (|85u|2 + |Opu — Xt(u)|2) dtds < oco.

—oo 0

If w satisfies (12), (13), and (14) then the energy of u is given by

oo 1 1 1
E(u) = / /w(asu, Opu) dtds + / Hy(z (1)) dt — /Ht(:cf(t)) dt. (15)
—00 0 0 0
In fact these solutions minimize the energy F(u) among all smooth func-
tions u which satisfy (13) and (14). These observations follows from stan-
dard arguments as in [5], [7], [19], [20].

A key theorem in Floer homology asserts that for a generic H or a
generic J the space

Mz, 2") = M(z™, 2", ¢,H,J)

of all solutions of (12), (13) and (14) is a finite dimensional manifold. The
proof is based on Fredholm theory and Thom-Smale transversality and
we shall carry out the details in this section.

The first step is to linearize the partial differential equation (12). This
leads to the first order differential operator

Dy : Wy P(w'TM) — LE(u*TM)
defined by
Dy = Vi€ + Ji(u) Vi€ + Ve Jo (u)dpu — VeV Hy (u)

where V denotes the Levi-Civita connection with respect to the ¢-depen-
dent metric (11). For every inter k > 0, we denote by W;f’p(u*TM) the

completion with respect to the W*P-norm of the space of smooth vector
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fields £(s,t) € Ty (s,1)M along u which satisfy (s, t+1) = dé(u(s,t))E(s, 1)
and have compact support in R x S'. For k = 0 we denote Lg(u*TM) =

Wg’p(u*TM). If % are nondegenerate fixed points of ¢x and u satis-
fies (13) and (14) then the operator D, is Fredholm and its index

indexD., = p(u)

is the Maslov class of u. That D, is Fredholm was proved for the case
¢ = 1 by Floer [7] and the index formula was proved by Salamon and
Zehnder in [20] (see also [18]). The case of general ¢ is treated in [3]. The
Maslov class p(u) is invariant under homotopy, additive for catenations,
and satisfies

(o) = () + 261 (0" T M)
for any sphere v : §* — M. It is related to the Morse index as follows. If
¢ =id and H; = H : M — R is a Morse function with sufficiently small
second derivatives then the fixed points z% of ¢y are critical points of H
and

p(u) = indg(zh) — indg (z7)
whenever u(s,t) = u(s) is independent of ¢. If ¢ = id then these properties
determine the Maslov class uniquely. In general one can choose a trivial-
ization of the vector bundle u*TM — R x S and express the Maslov class
as the difference of the Conley-Zehnder indices corresponding to the ends.
The Conley-Zehnder index is a version of the Maslov index for symplectic
paths and was introduced in [1]. For details about the above assertions
about the Fredholm index and the Maslov class we refer to [3], [17], [18],
and [20].

Now if the operator D, is onto then it follows from an infinite di-
mensional implicit function theorem that the space M(z~,z") is a finite
dimensional manifold of local dimension dim, M(z~,z") = u(u) near u.
Hence we denote by

H|_7rcg = H._Zrcg(My w, ¢)

the space of all pairs (H,J) € C3°(M) x Jy(M,w) such that the fixed
points of ¢ are all nondegenerate and the operator D, is onto for all con-
necting orbits u € M(z~, 2z, ¢, H,J) and all fixed points ¥ € Fix(¢).

We are now in a position to state the main theorem of this section.
Recall that a subset of a complete metric space is said to be of the second
category if it contains a countable intersection of open and dense sets. By
Baire’s category theorem, every set of the second category is dense. Recall
also that the spaces J4(M,w) and C3° (M) with their C*°-topology admit
the structure of a complete metric spaces. Now fix a Hamiltonian function
Ho € C3°(M) such that the fixed points of ¢, are all nondegenerate.
Denote by

O;o (Mv HO)

the subset of all H € C3°(M) which agree with Ho up to second order on
the solutions of (t) = X, (z(t),t) which satisfy z(¢t + 1) = ¢(z(¢)).
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Theorem 5.1 Let (M,w) be a compact symplectic manifold and ¢ : M —
M be a symplectomorphism.

i) Let H € C°(M) and assume that the fixed points of ¢ are all non-
¢
degenerate. Then the set

;7reg = sZreg(Mawafba H)
= {JeTs(M,w)[(H,J) € HTres}

is of the second category in Js(M,w).

i) Let J € Jp(M,w) and Hy € CF (M) and assume that the fized points
(ii) % %
of ¢u, are all nondegenerate. Then the set

Hieg = Hreg(M,UJ,(b, HO)
{H € C* (M, Ho) | (H,J) € HTres }

is of the second category in Cg” (M, Ho).

Remark 5.2 The proof of Theorem 5.1 shows that it suffices to perturb
the almost complex structure J; outside a neighbourhood U of the points
1¢(z) where x runs through the (finitely many) fixed points of ¢ . This is
because any connecting orbit which is independent of s must have positive
energy and in the case z+ = 27 it follows from the energy identity (15)
that fu*w > 0. So even in the case 2~ = x* a nontrivial connecting
orbit cannot stay close to the curves ¥:(z) where z = ¢u(x). Thus we
may replace the space Jy(M,w) by the subspace of those almost complex
structures which agree with a given structure J; in U.

Unfortunately, however, we were not able to prove such a statement
in the case of the Hamiltonian functions H;. Here our proof requires
possible perturbations arbitrarily close to the limit curves mi(t). The
result should remain valid for Hamiltonian functions with support outside
a fixed neighbourhood U of the curves 9. (z) with © € Fix(¢x) but this
requires a modification of our argument below which we could not quite
see how to do.

Remark 5.3 It is easy to see that instead of w-compatible almost com-
plex structures we can consider all structures J; which are tamed by w
in the sense that w(v, Jyv) > 0 whenever v # 0. In this case the induced
metric is given by (v, w): = 1 (w(v, Jsw) + w(w, Jev)) rather than (11).

2

Proof of Theorem 5.1: Fix a number p > 2 and two nondegenerate
fixed points ¥ = ¢ (zF), denote z* () = ¢ (xF), and choose trivializa-
tions ®*(t) : R — vt (M with OE(t + 1) = dp(x*(t))®E(t). Denote
by
B=B"(" 2" ¢)

the space of continuous maps u : R? — M which satisfy (14), are lo-
cally of class W' and satisfy ¢t € W'P([T,c00) x [0,1]) and &~ €
WhP((—o0, =T x [0,1]) where £¥(s,t) = £5(s,t + 1) € R*" is defined
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by expxi(t)@‘i (1)E*(s,1)) = u(s,t) for s > T with T sufficiently large.
The space BY* is an infinite dimensional Banach manifold with tangent
space

TuB =W, (u"TM)

Consider the vector bundle £ — B whose fiber over u € B is the space
Eu = LE(u"TM).
The left hand side of the equation (12) defines a section
51, H:B—E&E

of this bundle and the moduli space M(z~,x ", J) of connecting orbits is
the zero set of this section. To prove that this moduli space is a manifold
we must shows that 5])1—1 is transversal to the zero section. Now the
tangent space of £ splits at the zero section as T, 0y = TuB® &, and the
composition of the differential dEH’J :TuB — T(u,O)g with the projection
Tu @ T(w,00€ — Eu is precisely the operator D, : T,B — &, introduced
above. Hence 51{,] is transversal to the zero section if and only if the
operator D, is onto for every u € M(z~,z"1) and this means that (H, J) €
H._’]rcg-

Now denote by J* = jé(Mﬂ.d) the completion of J4(M,w) with re-
spect to the C*-topology. This space is a Banach manifold. Its tangent
space is the space T;J¢ of C*-maps R x TM — TM : (t,p,v) — Yi(p)v
which satisfy

JiYy + Yidy = 0, w(Yiv,w) + w(v,Yaw) =0, ¢ Yii1 = Yi.

The first two conditions can be summarized as Y; € CH(End(TM, Jy, w)).
The map (u,J) — 9 s(u) defines a section of the bundle & — B x J*
with fiber &, ;) = &, which we denote by

F:BxJ' =&  Fu,J)=0mus(u).
The zero set of this section is the universal moduli space
M=, 2", T ={(u,J) € Bx T*|0m,s(u) =0}.

We shall prove that the section F is transverse to the zero section and
hence M(z~, 2%, J*) is a Banach manifold. To see this note that the
differential DF (u, J) = myodF (u, J) : TulB x T;T% — &, at a point (u, J)
with F(u,J) =0 is given by

DF(u, J)(&,Y) = Du& + Yi(u)(Oru — Xt (u))

for € € T,B = W;’p(u*TM) and Y € T7;7%. We must prove that the
operator DF(u,J) is onto for every (u,J) € M(z~, 2+, J%).

Since the operator D, is Fredholm it suffices to prove that DF(u, J)
has a dense range. Hence choose ¢ > 1 such that 1/p+1/g = 1 and suppose
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that n € Lj(u"TM) is in the annihilator of the range of DF(u, J). This

means that L
/ / (n, Du&) dtds = 0 (16)
—o00 J 0

for all £ € W(;’p(u*TM) and

/: /Olm, Yi(w)dsu) dtds = 0 (17)

forall Y € Ty 7 ¢ The first equation asserts that n is a weak solution
of Din = 0 where D; is the formal adjoint operator of D, which can
be obtained from D, by replacing V, with —Vj. Since D}, is an elliptic
first order operator with coefficients of class C* it follows that 7 is of
class C* and is a strong solution of Din = 0. In local coordinates the
operator D, is of the form (4) and hence the unique continuation result
(Proposition 3.1) shows that it suffices to prove that n vanishes on some
open set. We shall in fact prove that n(s,t) = 0 for (s,t) € R(u) where
R(u) C R? is defined as in Section 4. In view of Theorem 4.3 this set is
open and dense in R2.

Assume, by contradiction, that there is a point zo = (so,%0) € R(u)
with 7(z0) # 0. Then it is easy to see that there exists a

Yo S End(Tu )M, Jto, w)

(zo0

such that
(n(z0), YoOsu(z0)) > 0.
(See for example [20], p. 1346.) Now choose any Y € T;J* such that
Y, (20) = Yo. Multiply Y: by a cutoff function 3; as in Remark 4.4 to
obtain a section )NQ = (+Y; for which the left hand side of (17) does no
vanish. This contradiction shows that n(z) = 0 for all z € R(u) and hence
17 = 0. Thus we have proved that the operator DF (u, J) has a dense range
and is therefore onto whenever 5H,J(u) = 0. This implies that the space
M(z~,z", %) is a Banach manifold.
Now consider the projection

M@z 2t T = T (u, J) — J.

This is a Fredholm map between Banach manifolds and hence it follows
from the Sard Smale theorem [22] that the set

Treg(z™ 2™y c J*

of regular values of this projection is of the second category in J*. Now
it follows from the usual argument in Thom-Smale transversality that the
regular values of the above projection are precisely those almost complex
structures J € J*¢ for which the operator D, is surjective whenever u €
M(z™, 2t J).

Thus we have proved statement (i) in the C* category. Although this
would suffice for most applications it is more elegant to work with the full
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statement in the C™ category. This can be reduced to the C*-statement
via the following argument which is due to Taubes [23] and was also used
in [13].

Consider the space

L7rcg,K C \.7

of all smooth almost complex structures such that D, is onto for all xE
and all u € M(z~,z",J) which satisfy |0su(s,t)] < K for all s and t.
Then
;7reg = ﬂ ‘.7reg,K
K>0

and we prove that the set Jieg,x is open and dense in J with respect
to the C*°-topology. We prove first that the complement of Jreg,x is
closed. Thus let J, ¢ Jreg,x converge to J € J in the C°°-topology.
Then there exists a sequence u, of connecting orbits with respect to J,
such that D,,, is not onto. We may assume without loss of generality that
u, € M(xz~, 2", J,) for some fixed pair ¥ = ¢u(2*). Since the first
derivatives of u, are uniformly bounded we may also assume without loss
of generality that u, converges weakly to a finite collection of connecting
orbits v; € M(z;j_1,2;,J) with o = 2~ and znx = z*. If all the D,
were onto then, by the usual gluing argument, it would follow that also
D, is onto for v sufficiently large. Hence one of the limit operators D.;
is not onto and this shows that J ¢ Jreg,k. Thus we have proved that
Jreg,K 1S open in J with respect to the C*°-topology.

Now we shall prove that Jreg,x is dense in J in the C*°-topology. To
see this note first that

£
LZ"ngK = ~7reg,K N J

where ijgK is defined as Jreg,x but with the C°°-topology replaced by
the C*¢ topology. But we have proved above that jfcg’K is dense in J*
with respect to the C*-topology. Hence the set ijgK is both open and
dense in J¢ with respect to the C*-topology. This implies that Treg,K 1S
dense in J with respect to the C*-topology. (Take J € J, approximate it
in the C* topology by an element J' € jfeg’m and then approximate J' by
an element J" € Jreg,x = jfegx N J in the Cl-topology.) Thus we have
proved that the set Jieg,k is dense in J with respect to the C* topology
for every ¢. But this implies that Jicg,k is dense in J with respect to the
C* topology. (Given J € J and v € N choose J, € Jreg,k such that
IJ = Jullgv £277. Then J, converges to J in the C*°-topology.) Hence
we have represented [Jrg as a countable intersection of open and dense
sets and this proves statement (i).

The proof of (ii) is essentially the same as that of (i). The only point
of difference is that we now consider the bundle & — B x H* where H’ =
Cé(M, Hp). The fibers of the bundle £ are given by &, i) = L (u"TM)
as before. The section F : B x H* — & is given by F(u, H) = 9,1 (u)
and its differential DF(u, H) : TuBB X H — &, is of the form

Df(u, H)(f,h) = Duf - Vht(u).
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In this case a section n € Li(u*TM) is in the annihilator of the image of
DF(u, H) if and only if it is of class C* wit Dy = 0 and

/jo /1 dhe(uw)n dtds = 0 (18)

for all h € H®. Again we must prove that any such n vanishes on some
open set. The details were carried out in [20], pp. 1349-1351, and we
reproduce the argument here.

We first prove that 7(s,t) and dsu(s,t) are linearly dependent for all
(s,t) € R% Suppose otherwise that dsu and 7 are linearly independent at
some point (so,to). We may assume without loss of generality that 0 <
to < 1 and, by Theorem 4.3, we may also asume without loss of generality
that (so,t0) € R(u). Then there exists a neighbourhood Uy C (0,1) x M
of (to,u(so,t0)) such that

Vo = {(s,t) € R?| (t,u(s,t)) € Uo}

is a small neighbourhood of (so,to). Now for € > 0 sufficiently small and
t sufficiently close to to there is an embedding g : B:(0, s0) — Up defined
by g¢(r, ) = expy(s.+)(rn(s,t)). This embedding satisfies

9:(0, ) = u(s,t), 0rg:(0,8) = n(s,t).

Since g: is an embedding there exists a Hamiltonian function hy : M — R
such that the map (0,1) x M — R: (¢,x) — h¢(z) is supported in Uy and

he(ge(r, 5)) = rB(r)B(s — s0)B(t — to)

where 8 : R — [0,1] is a cutoff function which is equal to 1 near 0.
Differentiating this identity with respect to r at 7 = 0 we obtain

dhy(u(s, t))n(s,t) = B(s — s0) B(t — to)

for all s and t. Moreover h; vanishes for ¢ near 0 or 1 and hence we can
extend h: to all ¢ € R such that h; = hiy1 o . Thus we have found a
function h € H* such that the left hand side of (18) does not vanish. This
contradiction proves that 7n(s,t) and dsu(s,t) must be linearly dependent
for all (s,t) € R%.

Now recall that C'(u) is the set of points (s,t) with dsu = 0. By what
we have just proved there is a unique function ) : R? — C(u) — R such
that

n(s,t) = (s, t)dsu(s,t)

for (s,t) € R? — C(u). We prove that
IsA(s,t) =0

for all (s,t) € R? — C(u). Assume otherwise that there exists a point
(s0,t0) € R? — C(u) such that 9sA(so,t0) # 0. Since R(u) is dense in R?
we may assume without loss of generality that (so,t0) € R(u). Choose a
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smooth function p : R? — [0, 1] with support in a neighbourhood Vy of
(so,to) as above such that fpas)\ # 0 and hence

/ Adsp # 0.
Vo

Now choose h; : M — R such that h:(u(s,t)) = p(s,t) (see Remark 4.4).
Then dh;(u)n = Adsp and it follows again that the left hand side of (18) is
nonzero. Thus we have proved that dsA(s,t) = 0 for all (s,t) € R?—C'(u).
Since C(u) is a discrete set it follows that A(s, ) extends to a C*-function
on R? which is independent of s. Hence A(s,t) = A(t) is defined for all
t € R and
n(s,t) = A(t)0su(s,t)

for all (s,t) € R?. Now assume 71 # 0. Then it follows from Corollary 2.3
that the set of points where 7(s,t) vanishes is discrete. Hence A(t) must
be nonzero for all . We assume, without loss of generality, that

A(t) >0
for all t. (Otherwise replace n by —n.) Now use
D,0su =0, Din=0
to obtain
d [

1
A oy = ]/ ({1, Vo) + (Yo, Byu)) dt
ds 0 o

1
:‘/(mew%%D%ﬁwDﬁ
0
_—
On the other hand

,0su) = A()|0su(s, 2dt >0
A(n ) A ()| 0uls, ) dt >

and so the total integral over R x [0,1] would be infinite. But since
n € Li(u"TM) and Osu € L (u"TM) with 1/p + 1/q = 1 this integral
has to be finite. This contradiction shows that n = 0.

Thus we have proved that the section (u, H) — 87,1 (u) of the bundle
& — B x H’ is transverse to the zero section. The remainder of the proof
of (ii) is precisely the same as that of (i) and can be safely left to the
reader. i

Remark 5.4 Theorem 5.1 generalizes under suitable assumptions to non-
compact manifolds. For example in [9] the first and the second auther
considered Hamiltonian systems in C* = R?" with the standard complex
structure Jo and the standard symplectic form wo. These are given by

- 0 -1
QJo:Zd:Ej/\dyj, Jo_< 1 0)
j=1
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in the coordinates (z1,. .., zn) with z; = z;+iy;. They considered smooth
Hamiltonian functions H; = H;y1 : C* — R which satisfy the conditions

|0:VH(2)| < c(1+|2]), |V2H,(2)| < ¢

for a suitable constant ¢ > 0. Moreover H is required to satisfy the
asymptotic condition

lim \VH:i(z) — Az| _

|z]—o0 |Z|

0

for a symmetric matrix A whose spectrum does not intersect the lattice
27Z. This means that the equation

Joi(t) = Az(t),  2(0) = z(1)

has only the trivial solution. In this case the transversality theorems of
this section remain valid for almost complex structures J = J(t, z) which
are compatible with wo and agree with Jy for large |z|.

Our next goal is to study the transversality problem for the partial
differential equation (6) in the case where ¢ = 1 and J and X are in-
dependent of ¢. This is a severe restriction and the techniques of this
section will break down in this case. In the time independent case The-
orem 4.3 is useless and transversality can only be expected for simple
solutions. Moreover we need an additional technical result about sym-
metric (2n X 2n)-matrices which will be discussed in the next section.

6 Symmetric matrices

Consider R?® with the standard complex structure

0 -1
(370

and the standard inner product. Denote the vector space of symmetric
(2n X 2n)-matrices by S = {S € R#mx2n | gT = S}. Now consider the
subset

Sreg C S

of all those matrices S = ST € R?"*2" such that for any four real numbers
a,b, o, B there is no nonzero solution ¢ € R?" of the equations

(SJ() — JoS —a— bJo)C =0 (19)

and
(SJO —JoS—CL—bJo)SC—OéC—ﬂJoC:O. (20)
Our goal in this section is to prove the following theorem.

Theorem 6.1 Assume n > 2. Then the set Sieg s open and dense in S.
Moreover, if S € Sieg then TSP € Sreg for every real number T # 0
and any unitary matriz ® € U(n) = GL(n,C) N O(2n).
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Remark 6.2 If we identify R*" = C" in the usual way by z = = + iy
with z,y € R™ then a real linear transformation 7' : C* — C™ can be
written in the form

T(¢) = AC+ B¢
for ¢ € C™ where A, B € C™*"™ represent the complex linear and the
complex anti-linear part of T'. In real notation 7T is represented by multi-
plication with a symmetric matrix if and only if

A= A", B=pBT

where BT denotes the transposed matrix and A* = AT the conjugate
transpose. With A = %(a + ib) and u = (o + i) the equations (19)
and (20) can be written in the form

B - X =0, B(A¢ + BC) — MAC + BC) — u¢ =0.

Now assume n = 1. Then B is just a complex number and A is a real
number. Hence the first equation has a solution A = B, ¢ = B and the
second equation can obviously be solved for p. Hence in this case Sreg is
the empty set.

Proof of Theorem 6.1: S.¢; is open: Let S, be a sequence in S —S;eg
and assume that S, converges to S € S. Then there exist corresponding
sequences ay, by, ay, Bv such that the equations (19) and (20) have a
solution ¢, € R®" with |¢,| = 1. Since ¢, and Jo{, are orthogonal it
follows that
ag +b, < 4|8,

Similarly, the sequences «, and (3, are bounded and so we may assume
without loss of generality that the sequences a., b,, a., B, and (, all
converge. Hence in the limit we obtain a nonzero solution of (19) and (20)
and this shows that S ¢ Sreg- O

The proof that Sieg is dense will occupy the rest of this section. We
shall begin by examining (19). Denote by

Y C S xR? x R™

the set of all quadruples (S,a,b,¢) with S = ST € R**?" 4.b € R,
¢ € R*™ such that
(SJ() — JoS —a— bJo)C =0

and ¢ # 0.

Lemma 6.3 X is a smooth submanifold of S x R? x R*",

Proof: We must prove that 0 is a regular value of the map
f:8xR?* x (R*™ — {0}) — R*"

defined by
f(57 a, b7 C) = (SJO - JOS —a — bJo)C
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We shall prove in fact that whenever ¢ # 0 then the differential of this
map with respect to S is onto. This means that for every n € R*" and
every nonzero vector ¢ € R?" there exists a symmetric matrix § € R?"*?"
such that (S'Jo — JOS')g = 1. Denote A = S + JoSJo and & = JoC. Then
we must prove that the equation

A¢ =, AT = A= JoAJy

has a solution A € R**" for all £, € R*" with € # 0. Such a matrix is
given by the explicit formula

= # (ne" +&n") + éJo (ne" +¢n") Jo
— 2 (66" + doee™ o) - L) (g€ — € )
This proves the lemma. a

Now denote by &1 C S the set of regular values of the projection
¥ —8:(5a,b()— S

in view of Sard’s theorem this set is of the second category in S and, in
particular, it is dense.

Lemma 6.4 The set S1 is open and dense in S. Moreover, S € Si if
and only if 0 is a reqular value of the map fs : R* x (R®*" — {0}) — R*"
defined by

fs(a,b, C) = (SJ() — JoS —a— bJo)C

Proof: The second assertion follows from standard Thom-Smale trans-
versality theory for paramerized smooth maps A x X — Y : (\,z) —
f\ z) = fa(z). Let y € Y be a regular value of f and denote ¥ = £~ (y).
Then y is a regular value of f) : X — Y if and only if X is a regular value
of the projection ¥ — A : (A\,xz) — A. Apply this to the above map f
with A = 8, X = R? x (R*™ — {0}), Y = R?", and y = 0 to obtain the
required characterization of the set Sj.

Now, by Sard’s theorem, the set S; is dense in §. That S; is open
follows from the fact that for every S the set

{(a7 b, C) |f5(a7b7 C) =0, |C| = 1}

is compact and that dfs(a,b, () is onto if and only if dfs(a,b,t() is onto
for any t € R — {0}. O

Now denote by
I c S xR x (R*" - {0})
the set of all sixtuples (S, a, b, a, 3, () which satisfy (19) and (20).
Lemma 6.5 T is a smooth submanifold of S1 x R* x R*" of dimension

dim I' =dim S +4 — 2n.
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Proof: We must prove that 0 is a regular value of the map
F:8& xR* x (R*™ — {0}) — R*" x R*"
defined by
F(S,a,b,a,8,¢) = (f(S,a,b,0), f(5,a,b,50) — a — BJoC).

In fact, it suffices to differentiate F with respect to S, a and 5. The
differential of F in these directions is a linear operator L = (L1, L) :
S x R? = R x R?" given by

Li(S,4,8) = (8Jo—JoS)C,

Ls(S,6,8) = (SJo— JoS)S¢
+ (8Jo — JoS — a — bJo)SC¢
— (&+ BJo).

The strategy is now as follows. Given 51,72 € R?" first choose S, such
that . R
(S1do — JoS1)¢ =m.

That this is possible was shown in the proof of Lemma 6.3. Secondly, use
the fact that S € S1 and hence, by Lemma 6.4, 0 is a regular value of fs.
This implies that there exist &, 3 € R and & € R?*" such that

(8Jo — JoS —a — bJo)€ — (& + BJo)¢ =n2 — (SJo — Jo5)SC.
The final step is to find a matrix A € R2"*?" guch that
AC =€, AT = 4, AJdy = JoA.

An explicit formula for A is given by

A = # (€7 +¢e™) - #Jo (€™ +¢€") o
= 88 (et - e ) + 2D (g™ + 67 o).

Now it follows from the previous three equations that
L1(~§'75¢73):7717 L2(S’7547B):772

with § = S+ {1 Here we have used the fact that, since A is complex
linear, SJO — JoS = Sljo — J()S1. O

Proof of Theorem 6.1: S, is dense: Denote by Sa C S; the set of
regular values of the projection

r 481 : (S,a,b,a,ﬁ,() = 5.
Then for every S € Sz the set

I's = {(a,b,a,6,<)|(S,a,b,a,ﬁ,() EF}
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is a manifold of dimension
dim's =dim I' —dim § =4 — 2n.

This set consists precisely of the quintuples (a, b, a, 3, ) which satisfy (19)
and (20) and ¢ # 0. Moreover, if I's is nonempty then it is at least 1-
dimensional because it is invariant under the action of R — {0} given by
(a,b,, 3,¢) — (a,b,a, 3,t¢). Hence in the case n > 2 we conclude that
I's = 0 for every S € Sy and this implies So C Sieg. Hence, by Sard’s
theorem, Syeg is dense in Sy and hence in S. O

7 Transversality for simple curves

In this section we examine the solutions of the equation (6) in the case
where both the almost complex structure J and the symplectic vector
field X are independent of ¢ and, moreover, the symplectomorphism ¢ is
the identity. Hence consider the partial differential equation

Osu + J(u)(Oru — X (u)) =0 (21)
with boundary condition u(s,t+ 1) = u(s,t) and limit condition
111;1:(1 u(s,t) =z (22)

where % are zeros of the vector field X. We shall assume that both
zeros are nondegenerate as 1-periodic solutions of £ = X (z). This means
that the eigenvalues of dX(xi) are not integer multiples of 27i. If X is
sufficiently small in the C''-topology then this simply means that dX (zi)
is nonsingular.

Since X is a symplectic vector field (in the sense that +(X)w is closed)
it follows that JX is locally the gradient of a smooth function and our
assumptions imply that % are nondegenerate critical points of this func-
tion and are therefore hyperbolic zeros of the (gradient) vector field Y =
JX : M — TM. If X is a Hamiltonian vector field then

(X)w =dH

for some function H : M — R and the vector field JX = VH is the
gradient field of H. In this case it is interesting from the point of view of
Morse theory to study the space of gradient flow lines v : R — M which
run from z~ to z™:

. . +

¥ =JMX(), lim ~(s) =™, (23)

s—+too

These gradient lines form special solutions of (21), namely those which are
independent of t. Of course, this remains valid if X is only a symplectic
vector field. In this case the Hamiltonian function H is to be replaced by

the closed 1-form
a=(X)w
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and JX can be interpreted as the gradient vector field of o. So in this case
the solutions of (23) could be thought of as the gradient flow lines of the
closed 1-form a. Now these special flow lines give rise to a chain complex
which in the Hamiltonian case generates the homology of M (cf. [19], [21],
[25]) and in the general case generates the Novikov homology of the 1-form
a (cf. [11], [14], [16])

The important question is now if the solutions of (21) are all indepen-
dent of ¢ and thus degenerate to gradient flow lines of the form (23). An
elementary example on M = S? shows that this can in general not be
expected (cf. [10]). However, in this example the solutions which depend
on ¢ in a nontrivial way all have Maslov class p(u) > 2. In Theorem 8.1
we shall prove that this holds in general. In order to formulate this more
precisely we first recall that under our assumptions the Maslov class of a
smooth map u : R x S* — M which satisfies (21) and (22) is given by

pw(u) = inda () — indg (7)) + 2 /u*cl (24)

provided that X is sufficiently small in the C'-topology. Here inda(z)
denotes denotes the Morse index, i.e. the dimension of the negative part
of the Hessian of the closed 1-form « at the critical point x.

A function u : R? — M which satisfies u(s,t + 1) = u(s,t) is called
simple if for every integer m > 1 there exists a point (s,t) € R? such
that u(s,t + 1/m) # u(s,t). For any two zeros z*t of X we denote by

M (2, X, )

the space of simple solutions of (21) and (22). Our goal is to prove that for
a generic choice of H and J this space is a finite dimensional manifold of
dimension p(u) near u. Then it follows that the space M*(z~, 2", X, J)
cannot contain any t-dependent solutions unless pu(u) > 2 because these
always come in (at least) 2-dimensional families. To state the result more
precisely we make the following definition. We denote by

vx M — M

the time-1-map of the symplectic differential equation & = X (z).

Definition 7.1 A symplectic vector field X € X (M, w) is called admiss-
able if the following holds.

(i) Ewvery zero p of X is a nondegenerate fized point of ¥x, i.e. det(1 —
dipx (p)) # 0. Equivalently, the spectrum of the linear transformation
dX(p) : TyM — T,M does not intersect the set 2mwiZ.

(ii) There exists an almost complex structure J € J(M,w) such that for
each zero p; of X and each unitary frame ®; : R*™ — Tp, M (i.e.
®;Jo = J(p;)®; and ®jw = wo) we have

Sj = Jo®; ' dX (p;)®; € Sreg.
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Denote by
Xad (M, w)

the set of admissable symplectic vector fields. Given a cohomology class
a € H'(M,R) we denote by X(M,w,a) the set of vector fields X €
X (M,w) such that the 1-form ¢(X)w represents the class a and

Xod(M,w,a) = Xaa(M,w) N X (M,w,a).
Given a vector field X € Xaq4(M,w) we denote by
Jad(Mvw)

the set of all almost complex structures J € J(M,w) which satisfy (ii)
above.

Lemma 7.2 Assume dim M = 2n > 4.

(i) For every a € H'(M,R) the set Xaa(M,w,a) is dense in X (M,w,a)
with respect to the C° -topology.

(ii) The set Xoa(M,w) is open in X (M,w) with respect to the C*-topology.

(iii) For every X € X(M,w) the set Jaa(M,w,X) is open in J(M,w)
with respect to the C°-topology.

(iv) If the pair (X, J) satisfies the conditions of Definition 7.1 then so
does the pair (T¢*X,¢*J) for any sufficiently small real number
7 # 0 and any symplectomorphism .

Proof: Recall from Theorem 6.1 that in the case n > 2 the set Syeg C S
is an open and dense set of symmetric matrices, characterized by the fact
that the equations (19) and (20) have no solution (a, b, o, 3, ¢) with ¢ # 0.

Now every symplectic vector field is locally Hamiltonian and so can
be written in the form Xy = —JyV H in local coordinates near a critical
point. In this terminology condition (ii) in Definition 7.1 asserts that the
Hessian of H at p; can be represented by a regular symmetric matrix
Sj € Sreg in some (and hence every) unitary frame. This can be achieved
by an arbitrarily small perturbation of the local Hamiltonian function H
and hence of the symplectic vector field X. This proves (i). (ii) and (iii)
follow from the fact that Sieg is open in S. (iv) follows from the last
statement in Theorem 6.1 and the fact that the eigenvalues of 7dX (p) for
sufficiently small 7 have modulus less that 2. O

Remark 7.3 (i) The proof of the lemma shows in fact that admissability
of X with a given almost complex structure J can be achieved by an
arbitrarily small Hamiltonian perturbation of X. Thus the set of all
pairs (X, J) which satisfy the conditions of Definition 7.1 is dense in
X(M,w) x J(M,w).

(ii) The results of the previous section do not show whether admissability
can be achieved by only perturbing J where we have to assume, of
course, that the symplectic vector field X satisfies condition (i) of
Definition 7.1. This question seems to be slightly more difficult
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than the one addressed in the previous section and be related to the
linear Birkhoff normal form. Thus we do not know whether the set
Jaa(M,w, X) is dense in J(M,w) for X € Xoq(M,w).

Given an admissable symplectic vector field X € X,q(M,w) we denote
by
Treg = Jreg(M,w, X)

the set of all admissable almost complex structures J € Jad (M, w, X) such
that the operator D,, is onto for all simple solutions v € M*(z~,z", X, J)
and all % € Fix(1x). These almost complex structures are called regu-
lar for X. Our goal in this section is to prove the following theorem.

Theorem 7.4 Let (M,w) be a compact symplectic manifold of dimension
2n >4 and let X € Xoa(M,w). Then the set Jreg(M,w, X) is of the sec-
ond category in Jaa(M,w, X) with respect to the C°-topology (it contains
a countable intersection of open and dense sets).

The proof of this theorem relies on the following four lemmata. The
first is concerned with a nonlinear version of the equations (19) and (20)
in the previous section. Given X € X,q(M,w) and a sufficiently small
neighbourhood V' of the zero set of X there exists a unique Hamiltonian
function H : V. — R such that «(X)w = dH in V and H(p;) = 0 for
every zero p; of X. (The condition H(p;) = 0 is only used to simplify the
notation in the proof.)

Lemma 7.5 Let X, V, and H be as above and J € Jaa(M,w,X). Then
there exists a neighbourhood U C'V' of the zero set of X such that for any
four real numbers «, 3, &, B the equations

[VH,X] = aVH — 3X (25)

and
Vyu[VH,X] = aVyuVH + 3VvuX +aVH + X (26)

have no solution in U other than the zeros of X.

Proof: Choose local Darboux coordinates such that z = 0 is the critical
point of H and such that the almost complex structure J(z) € R*"*2"
satisfies J(0) = Jo. Then J§ J(z) is a positive definite matrix for every z
and

X(z) = —Jo0H(z), VH(z) =—J(2)Jo0H(z)

where OH (z) denotes the ordinary gradient of H and VH (z) denotes the
gradient induced by the J-metric (11). Now suppose, by contradiction,
that there exists a sequence z, — 0 and sequences o, Bv, du, Bu of real
numbers which satisfy (25) and (26). Then there exists a constant ¢ > 0
such that .

(low] +180] + léw| + |Bu]) 2] < c.

Now define €, = |z, | and

H,(¢)=¢e,"H(e,0), Xu({)=¢,'X(e0),  Ju(¢)=J(0).
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Then the equations (25) and (26) are satisfied at the point ¢, = ¢;, 2, with
a=¢c,ay, f=¢,0, & =¢e,4, and [3' = EVB,,. Now take th limit v — oo.
Then, since H, converges to the quadratic part of H and J, converges
to Jo, we get a nontrivial solution of the equations (19) and (20) where
S = 8%H(0) € R®*™*2" is the Hessian of H at 0. But by assumption this
Hessian is in Sreg and so no such solution exists. This contradiction proves
the lemma. m]

The next lemma asserts that every simple solution u of (21) is almost
everywhere immersed.

Lemma 7.6 Let X € X(M,w) be a symplectic vector field with only non-
degenerate critical points and J € J(M,w) be an w-compatible almost
complex structure. If u : R? — M is a simple solution of (21) and (22)
with u(s,t+1) = u(s,t) then the set of all points (s,t) € R? at which dsu
and dwu are linearly independent is open and dense in R2.

Proof: There are two kinds of special solutions of (21), namely those
which are independent of ¢ and hence satisfy dsu = J(u)X (u) and those
which are independent of s and hence satisfy d:u = X (u). Our solution
u cannot be of the first kind because it is simple and it cannot be of the
second kind because then the limit condition (22) would imply that w is
constant. Hence it follows from Corollary 2.3 that the set of all points (s, t)
where either 0;u = 0 or 0,u = 0 is discrete. We must prove that dsu and
Oru are linearly independent on a dense set. Suppose otherwise that there
exists an open set Q C R? on which dsu and d;u are linearly dependent.
We assume without loss of generality that €2 is a neighbourhood of 0 and
Osu and O;u do not vanish on 2. Hence there exists a nonzero smooth
function A : Q2 — R such that

Oru(s,t) = A(s,t)0su(s, t),

for (s,t) € Q. We shall prove that A is constant in Q. If we choose
to be sufficiently small then the restriction of the symplectic vector field
X to a neighbourhood U of «(2) is Hamiltonian and hence there exists a
smooth function H : U — R such that

UX)w|, = dH
Now (21) implies that dsu + J(u)0yu = VH (u) and hence
ds(H ou) = (VH(u),dsu) = |9sul’.
Similarly,
Ou(H ou) = (VH(u), dpu) = (Bsu, ru) = X" dpul?.

Differentiate the last equation with respect to s and the first with respect
to t to obtain

2(ViOsu, Osu) = 0:0s(H ou)

0s0:(H o u)

A (Vadiu, D) + (A1) |0cul?
= 2(V0su, Bsu) — |Dsul?DsA.
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This shows that A(s,t) = A(¢) is independent of s. Now the identity
Oru = A0su shows that u(s,t) is constant along the characteristic curves
t — (s(t),t) with ds/dt = —X(t) and hence

u(s,t) =~ <s +/ A(T) d7'>

for small s and t where, obviously, v(s) = u(s,0). Now use the formula
Osu + J(u)0yu = VH(u) at the point s = — fot A(T) dt to obtain

Y(0) + A#)J(7(0))7(0) = VH(7(0)).

Since 4(0) # 0 this implies that A(¢) = A must be independent of ¢. The
above formula now becomes u(s,t) = y(s + At) and v : (—¢,e) —» M is a
solution of the ordinary differential equation

(s) = (L= AJ(1) " X (7(s))

for small s. Extend this solution to all of R and define v(s,t) = v(s+ At).
This function agrees with u in a neighbourhood of 0 and hence everywhere.
Thus we have proved
u(s,t) = y(s+ At)

for all t € R. We have already ruled out the case A = 0 because otherwise
u would not be simple. But in the case A # 0 we obtain u(Ak,0) =
v(Ak) = u(0,k) = u(0,0) = ~(0) for every integer k and in the limit as
k — oo we obtain v(0) = x*. Since X(z") = 0 this implies y(s) = 2™ for
all s. Hence u is constant and this again contradicts our assumption that
u be simple. This proves the lemma. a

A point (s,t) € R? is called a regular point for u if the four vectors
Osu, Oru, X (u), VH(u)

are linearly independent at (s,t). We denote by R(u) C R? the set of
regular points.

Lemma 7.7 Assume n > 2 and let (X,J) C X(M,w) x J(M,w) be an
admissable pair in the sense of Definition 7.1. Let U be the neighbourhood
of the zero set of X in Lemma 7.5. Then for every simple solution u :
R2 — M of (21) and (22) with u(s,t + 1) = u(s,t) the set

{(s,t) € R(u) |u(s, t) € U}
is open and dense in ut(U).

Proof: The set R(u)Nu™"(U) is obviously open and we must prove that
it is dense in u~'(U). Suppose otherwise that there exists an open set
Q c R? such that

QN R(u) =10, u(Q) C U.
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By Lemma 7.6 we may assume that dsu and Ozu are linearly independent
in Q. We may also assume that VH(u) # 0 in Q. Since QN R(u) = 0
the vectors dsu, Oiu, VH(u), and X (u) are linearly dependent in Q. This
implies that there exist smooth functions a,b: € — R such that

Osu = aVH (u) + bX (u)

in 2. Otherwise, by a general fact in complex linear algebra, the four
vectors Osu, J(u)dsu, X (u), and VH(u) = J(u)X (u) would be linearly
independent and since dyu = J(u)dsu + X (u) this would contradict our
assumption. Now multiply the above formula by J(u) to obtain J(u)0su =
bVH (u) — aX(u). Since dyu = J(u)0su + X (u) this implies

Ou=bVH(u)+ (1 —a)X(u).

Denote by V the Levi-Civita connection of the metric (11) (Note, that
this time we have no t-dependence of the metric). Then Vid:u = Vi0su
and inserting the above two expression we obtain by a simple calculation
that

[VH,X] =aVH+ 38X

on u(2) where

o Ota — Osb 5= Jsa + Otb
a2 +b2—a’ T a2+b2—a’
Here we have a2 +b%—a # 0 since dsu and O:u are linearly independent in
Q. Now differentiate the previous identity (covariantly) in the direction
VH = Msu+pdiu with A = (a®>+b*—a) " (a—1) and p = (a®>+b*—a)"'b
to obtain

Vyu[VH,X] = aVyuVH + VvuX + aVH + X

where & = A\dsa+ pd:a and B = X005+ mud.5. By Lemma 7.5 there are
no such numbers «, 3, &, [3’ which satisfy the last two equations as long
as u(s,t) € U. This contradiction shows that our assumption that dsu,
dvu, VH (u), X (u) were linearly independent on some open set in u™"(U)
must have been wrong. m|

Lemma 7.8 Assume n > 2 and let (X,J) C X(M,w) x J(M,w) be an
admissable pair in the sense of Definition 7.1. Let U be the neighbourhood
of of the zero set of X in Lemma 7.5. Then for every simple solution
u:R? — M of (21) and (22) with u(s,t+1) = u(s,t) the set of all points
(s0,t0) € R(u) Nu~"(U) which satisfy

u(s, t) = u(so, to) = s=3s0, t—to €L

is open and dense in u”t(U).
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Proof: Openness follows from a simple compactness argument as in the
proof of Theorem 4.3. Suppose that the set in question was not dense.
Then there would exist an open set

QC Ruw)Nu *(U)

such that for every (s,t) € € there exists a point (s',t') ¢ Q with
u(s’,t') = u(s,t). Choose Q2 so small that the restriction of u to € is
an embedding. Denote

Q= {(5'715') eR® —Qu(s',t) € u(Q)} .

We shall first use Sard’s theorem and Baire’s category theorem to conclude
that €’ must contain an open set. To see this denote

/
fufu‘Q, v =,

Then v'(Q') = v(Q) and the composite
d=vrtod : Q0 = Q

extends to a smooth map on some neighbourhood of Q. (Just project
u(z) onto the submanifold u(Q) for z near ' and then apply v='.) If
z = (s,t) € Qis a regular value of ¢ then 9su(z’) and dyu(z’) are linearly
independent for every z' = (s',t') € Q' with u(z’) = u(z). Hence for any
such regular value the set of points 2z’ € Q" with u(z’) = u(z) consists of
isolated points and is therefore finite. By Sard’s theorem, fix z = z9 € Q2
to be such a regular value and let 21,...,2zn € € be the corresponding
points with u(z;) = u(z0). Now proceed as in the proof of Theorem 4.3
to conclude that for every € > 0 there exists a § > 0 such that

N
u(Bs(20)) € | u(B:(20))-

Again, as in the proof of Theorem 4.3, the set Bs(zo0) is covered by the
finitely many sets

¥, = {z' € B:(2) |u(2) € u(Bg(zo))} cqQ

and so, by Baire’s category theorem, one of these sets must have a non-
empty interior.

Having proved that €’ contains an open set we consider again the map
p=v"torv : QO — Q. Write ¢(s,t) = (0(s,t),7(s,t)) and use the fact
that both u and w o ¢ satisfy (21) to obtain

0 = 0Os(uog)+J(uop)di(uoep)—J(u
= Osu(¢)0so + Oru(p)0sT + J(u())dsu(d) o
+J(u(#))0eu($) 0T — J(u(9)) X (u(6))
= (0s0 — 0¢7)0su(@) + (OsT + Oto)Oru()
=X (u())0s7 — J(u($)) X (u(¢)) (1 — ;).

0 ¢)X(uocg)
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The last equation follows from J(u)dsu = du — X(u) and J(u)Ou =
J(u)X (u) + Osu. Since the image of ¢ is contained in R(u) it follows
that the vectors dsu(9), O:u(¢), X (u(¢)) and J(u(¢))X (u(¢)) are linearly
independent and hence

0so0 = O =1, 0sT = 0o = 0.

Hence ¢ is a translation. Since the domain and range of ¢ are disjoint in
R x S* it follows that there exists a point (so,%p) € R* — {0} x Z such
that

u(s,t) = u(s + so,t + to).

This holds on some open set and, by unique continuation, on all of R2.
But this is impossible: if so # 0 then u(s,t) = u(s + kso,t + kto) — x+
as k — +o00 and so u is constant, in contradiction to our assumption that
u be simple. Hence s = so and so u(s, s+ to) = u(s,t) where to ¢ Z. But
if to is irrational then this condition together with w(s,t + 1) = u(s,t)
implies that u must be independent of ¢, again contradicting simplicity.
Finally, if ¢o is rational then we have u(s,t + 1/m) = u(s,t) for some
integer m and this contradicts again the definition of simple. This proves
the lemma. i

We point out that all three lemmata remain valid for almost complex
structures and symplectic vector fields of class C'*. In this case all other
functions, in particular J-holomorphic curves, will in general also be only
of class C*.

Proof of Theorem 7.4: The basic strategy of the proof is the same as
in Theorem 5.1. We fix a symplectic vector field X € X.q(M,w) denote
by Bs € B=B"?(z~,2%,id) the open subset of all those maps u € B for
which there exists a point (s,t) € R(u) such that

u(s’,t') = u(s, t) = s'=st -tel.

We shall call such a point a regular injective point for u. Note in
particular that at any such point X (u(s,t)) # 0. It is a simple matter
to prove that the set Bs is open in B. Moreover, by Lemma 7.8, every
simple solution of (21) and (22) with any almost complex structure J €
Jad(M,w, X) admits a regular injective point and is therefore contained
in Bs.

Now denote by Jaqa = jzfd(M,w,X) the space of all almost complex
structures J € J*(M,w) such that the pair (X,J) is admissable. This is
an open set in the space J*(M,w) (of all almost complex structures of
class C* which are compatible with w) and is therefore a Banach manifold.
We consider the Banach vector bundle

E — Bs X Jaa
with fibers &, = LP(u*TM). We shall prove that the section

F :Bs X Jaa — &
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defined by
Flu,J) = 0x,7(u) = Osu + J(u)(pu — X (u))
is transverse to the zero section or, equivalently, the differential
DF(u, J) : TuBs + Ty Jaa — Eu,

given by

DF(u, J)(&,Y) = D&+ Y (u)(Opu — X (u))
for € € Wl’p(u*TM) and Y € Ty Jaq, is surjective whenever gx’(](u) =0.
Since D, is a Fredholm operator, it suffices to prove that DF(u, J) has a
dense range. Now if n € LY(uw*TM) with 1/p 4+ 1/q = 1 annihilates the
range of DF(u, J) then n is of class C* with Dj;,n = 0 and, moreover,

/Z /01<77’ Y ()] (u)dsu) dtds = 0.

forallY € Ty Jaq. But this last equation implies, by the same argument as
in the proof of Theorem 5.1, that 7 must vanish at every regular injective
point of u. Since the set of such points is open and nonempty it follows
that n vanishes on some open set and, by unique continuation, n = 0. This
proves that F is transverse to the zero section and so the universal moduli
space of all pairs (u, J) € Bs X Jaa with gx,J(u) = (0 is a smooth Banach
manifold. Now the regular values of the projection (u, J) — J, defined on
this universal moduli space, are now the required regular almost complex
structures. This proves the theorem in the C*-case. The details of this
argument as well as the extension to the C°°-case are precisely the same
as in the proof of Theorem 5.1 and are left to the reader. O

8 Equivariant action functional

Denote by L the space of contractible loops on M and think of these
loops as smooth maps z : R — M which satisfy z(t + 1) = z(¢). Given a
symplectic vector field X € X(M,w) there is a natural closed 1-form ¥ x
on L defined by

U (a3) = / w(a(t) — X (2(1)). (1)) dr.

for £ € ToL = C*°(z*TM). The (negative) gradient flow lines of this 1-
form with respect to the metric induced by an almost complex structure
J € J(M,w) are precisely the solutions of

B+ J(u) (Bu — X (1)) =0 (27)

with boundary condition wu(s,t + 1) = u(s,t). Connecting orbits also
satisfy the limit condition

lim u(s,t) = z* (28)

s—+oo
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where x¥ are zeros of the vector field X. These are the equations (21)

and (22) studied in Section 7.

From a more abstract point of view the infinite dimensional manifold £
carries a natural symplectic structure and the closed 1-form W x therefore
generates a symplectic vector field z +— & — X (z) on £. The 1-form Ux
and the corresponding vector field on £ are invariant under the natural S*-
action. In the case X = 0 this vector field in fact generates the S'-action
on £ and the X-term can be considered as an equivariant perturbation.
From this point of view the simple solutions of (27) and (28) are precisely
those gradient trajectories w of the closed 1-form W x such that

(a) the limit points & = lims_ 400 u(s,t) are fixed points of the S'-
action,

(b) S* acts freely on .

Theorem 7.4 can be viewed as an equivariant transversality result for
such gradient trajectories. We shall now use this result to prove that if
the relative Morse index is less than or equal to 1 then all the connecting
orbits between zeros of X are independent of the ¢t-variable. Equivalently,
if the limit points belong to the fixed point set of the S'-action and have
relative Morse index at most 1 then the connecting orbits also belong to
the fixed point set of the S'-action.

To make this precise we fix any symplectic vector field X € X(M,w).
By Lemma 7.2 (i) there exists an arbitrarily small Hamiltonian func-
tion H € C°(M) such that the X + Xy € Xaa(M,w). It follows
from Theorem 7.4 that the set Jreg(M,w,X + Xg) is of the second
category in the set Jaa(M,w,X + Xg). Thus we have proved that for
any cohomology class a € H 1(M ) there exists a symplectic vector field
X € X(M,w,a), an open set Joa(M,w,X) C J(M,w) and a generic
set Jo(M,w,X) C Jaa(M,w,X) (i.e. a set containing a countable inter-
section of open and dense sets in Jaqa(M,w, X)) such that the following
holds.

(1) The zeros of X are all nondegenerate.

(2) There exists a number mo > 0 such that for every integer m >
mo the moduli spaces M*(z~,z%, X/m, J) are finite dimensional
manifolds of local dimension

dim, M*(z™, 2, X/m,J) = pu(u)

= indx(er)—indX(af)—l—Q/u*cl

near u for any two zeros z% of X.

These assertions hold in fact for an open and dense set of symplectic vector
fields in X'(M,w,a). Note that (1) is slightly weaker than condition (i)
in Definition 7.1. For the proof of (2) we note that if X € Xoa(M,w,a)
then X/m € Xaa(M,w,a/m) for every sufficiently large integer m > mg
and Jaa(M,w, X/m) = Jaa(M,w, X). Thus Jo(M,w, X) can be defined
as the intersection of the sets Jreg(M,w, X/m) over all integers m > my.
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These sets are all of the second category in Jadq(M,w, X) in the sense of
Baire and so is their intersection. The condition m > my in (2) is required
in order the Maslov index of =¥ to agree with the Morse index ind x (mi)
This number refers to the Morse index of & as a critical point of H where
H is a local Morse function near 2% such that +(X)w = dH.

The following result was proved in [10] in the case where X is a Hamil-
tonian vector field.

Theorem 8.1 Let (M,w) be a compact symplectic manifold of dimension
2n > 4. Assume either that M is monotone or c1(m2(M)) = 0 or the
minimal Chern number is N > n. Assume also that X € X(M,w) and
J € J(M,w) satisfy the conditions (1) and (2) above. Then there exists a
constant mo = mo(X, J) such that every solution w of (27) and (28), with
w(u) <1 and X replaced by (1/m)X with m > myg, is independent of t.

Proof: To prove this, one first uses a compactness argument to show that
every solution with nonpositive area f u*w < 0 must be independent of ¢
provided that m is sufficiently large, say m > mo (see [10], Lemma 7.1).
Now let u(s,t) = u(s,t+1) be a solution of (27) and (28) with X replaced
by (1/m)X where m > mo and hence

/u*w > 0.

Assume p(u) < 1 and, by contradiction, that wu(s,t) is not independent
of t. If u is simple then u must be independent of ¢ since otherwise the
functions (s,t) — u(sg + s,to + t) form a 2-dimensional family of simple
solutions in contradiction with the dimension formula of statement (2)
above. If u is not simple then there exists an integer k > 1 such that

u(s, t+ 1/k) = u(s, t).

Let k be the largest such integer. (If there is no largest integer with this
property then u(s,t) is independent of ¢.) Then the function

v(s,t) = u(s/k,t/k) =v(s,t + 1)

is a simple solution of (27) with X replaced by (1/mk)X and index

() =indg(z) — indg (z7) + 2/1)*61.

* 1 * *
/vclzg/uclg/ucl.

and hence p(v) < 1. By (2) this implies that v, and hence w is independent
of t. If, on the other hand, f u*c1 < 0, then M is not monotone and hence
must have minimal Chern number N > n or N = 0. In the former case

/v*cl <-N<-n
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and hence p(v) < 0. In the latter case p(v) = p(u) < 1. In both cases
v is a simple solution of (27) and (22) with X replaced by (1/mk)X
and p(v) < 1. Since ((1/mk)X,J) € X Jreg it follows again that v is
independent of . This contradiction proves the theorem. O

In [10] the previous theorem was used in the Hamiltonian case to prove
that the Floer homology groups HF.(M,w, H,J) are isomorphic to the
ordinary homology of M, tensored by the Novikov ring associated to w.
In [11] LeHong Van and Kaoru Ono used a result similar to Theorem 8.1
to prove that, if the manifold M is monotone and X; = X411 : M — TM
is a time dependent family of symplectic vector fields, then the Floer ho-
mology groups HF*(M,w, X, J) are naturally isomorphic to the Novikov
homology of the Calabi-invariant

1
a:/ L(X¢)w dt.
0

Their result is based on an ingenious continuation argument which allows
them to rescale the vector field X (and hence the form «) by an arbitrarily
small constant without changing the Floer homology groups.

Theorems 7.4 and 8.1 will also play an important role in studying
equivariant Floer homology. For this it will be important to choose the
almost complex structure J € Jo(M,w,X) such that, in addition to (1)
and (2) above the following conditions are satisfied

(3) The gradient flow JX of the 1-form a = ¢(X)w with respect to the
metric induced by J is of Morse-Smale type.

(4) The zeros of X and the gradient flow lines of JX with index dif-
ference 1 do not intersect the holomorphic spheres of J with Chern
number less than or equal to 1.

These conditions can be achieved by a generic perturbation of the almost
complex structure. For (3) this follows from Theorem 8.1 in [20]. For (4)
this follows from the fact that for a generic almost complex structure J
the set of points which lie on J-holomorphic spheres of Chern number less
than or equal to 1 form a set of codimension 2 in M (cf. [10] and [13]).
In particular, conditions (3) and (4) can be used to prove that the set
of simple solutions of (27) and (28) with relative Morse index p(u) = 2
is compact and hence there are only finitely many of these (modulo the
action of S' and R). The number of such orbits will play an important
role in equivariant Floer homology.
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