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Intersection theory of punctured pseudoholomorphic curves

RICHARD SIEFRING

We study the intersection theory of punctured pseudoholomorphic curves in 4-
dimensional symplectic cobordisms. Using the asymptotic results from [22], we
first study the local intersection properties of such curves at the punctures. We then
use this to develop topological controls on the intersection number of two curves.
We also prove an adjunction formula which gives a topological condition that will
guarantee a curve in a given homotopy class is embedded, extending previous work
of Hutchings from [14].

We then turn our attention to curves in the symplectization R x M of a 3-manifold
M admitting a stable Hamiltonian structure. We investigate controls on intersections
of the projections of curves to the 3-manifold, and we present conditions that will
guarantee the projection of a curve to the 3-manifold is an embedding.

Finally we consider an application concerning pseudoholomorphic curves in
manifolds admitting a certain class of holomorphic open book decomposition, and
an application concerning the existence of generalized pseudoholomorphic curves,
as introduced by Hofer in [7].
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1 Introduction

In this paper we will study the intersection theory of punctured pseudoholomorphic
curves which arise in symplectic field theory [4]. Positivity of intersections for pseudo-
holomorphic curves has been an important tool in applications of pseudoholomorphic
curves to 4-dimensional symplectic topology. First stated by Gromov in [6], rigorous
proofs were subsequently provided by McDuff [17], and Micallef and White [18]. Put
simply, positivity of intersections states that isolated intersections between two curves
contribute positively to their intersection number, and that singular points contribute
positively to the self-intersection number of a single curve. These local statements
translate into useful global topological statements for closed pseudoholomorphic curves.
If u:(X,j)) — M,J)and v : (X',j) — (M,J) are pseudoholomorphic maps with
closed connected domains and nonidentical images, then the intersection number [u] - [v]
is always nonnegative and [u] - [v] = O if and only if u and v do not intersect. Moreover,
if u:(2,j) = (M,J) is a simple, closed, pseudoholomorphic map, then u satisfies the
inequality

(1-1) [ul - [ul — (c1(TM, J), [u]) + x(¥) > 0
and equality occurs if and only if « is an embedding.

While the local results on the intersections of pseudoholomorphic curves apply to
punctured curves appearing in symplectic field theory, coming up with generalizations
of the global results is subtle due to the fact that the intersection number is no longer
homotopy invariant when the domains of the curves are noncompact. Indeed, in a pair
of smooth homotopies of curves, intersections can escape or appear at the ends. One
way to deal with this issue is to perturb one of the curves being considered near the ends,
and compute the intersection number between one curve and the perturbation of the
second curve. Given a sufficiently precise description of the asymptotic behavior, it is
then possible to compute this intersection number in terms of the intersection number of
the original curves and behavior near the punctures. This idea was studied by Kriener in
[16], where the self-intersection number of a single embedded half-cylinder asymptotic
to a multiply covered orbit is considered. These ideas were further pursued by Hutchings
in [14] and [15], where he proves an index inequality for curves in symplectizations.
This index inequality, important for the foundations of embedded contact homology,
gives a topological criterion that will guarantee a curve is embedded and has asymptotic
behavior which satisfies a technical “admissibility”” condition.
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The goal of the present paper is to further develop some of the techniques used in
[14], and study algebraic controls on intersections and embeddedness of punctured
pseudoholomorphic curves. We first give a complete study of the local “asymptotic
intersection theory,” made possible by the asymptotic descriptions of curves in [22].
With this in hand, we introduce the notion of the “generalized intersection number”
of two smooth proper maps from punctured Riemann surfaces which are asymptotic
at the punctures to cylinders over periodic orbits. From the results we prove about
asymptotic intersection theory, it will follow that the generalized intersection number of
two distinct pseudoholomorphic maps is always nonnegative, and is equal to zero if and
only if the curves do not intersect and the curves do not have any tangencies at infinity,
where the notion of tangency at infinity can be made precise in terms of the asymptotic
description from [22]. Moreover, we state a generalization of the adjunction formula
(1-1) in terms of the generalized intersection number.

Having addressed these things we specialize to the case of a cylindrical cobordism
R x M equipped with an R-invariant almost complex structure. Here we relate the
number of intersections of two curves with the number of intersections of each curve
with the asymptotic limits of the other, and the winding of the curves around their
asymptotic limits. This allows us to state a set of necessary and sufficient conditions that
will guarantee that the projection of the two curves to the 3-manifold M do not intersect.
These same techniques, used with the adjunction formula for punctured curves, allow
us to give conditions that will guarantee the projection of a curve to the 3-manifold is
embedded. These results and ideas are useful in the study of finite energy foliations, as
initiated by Hofer, Wysocki, and Zehnder in [12]. As an application of these results, we
prove a result about the contact homology of a 3-manifold admitting a special class of
holomorphic open book decompositions.

Finally, we consider so-called generalized pseudoholomorphic curves as introduced by
Hofer in [7]. We show that the generalized intersection product can be used to develop
topological obstructions to the existence of these curves.
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2 Background and main results

2.1 Hamiltonian structures
In this section we describe a structure defined on 3-manifolds that is central to all we do
here. For further background and examples, see Section 2 of [2] or Example 4.2 in [5].

Let M be a compact oriented 3-manifold equipped with a pair H = (A, w) where A is
a 1-form and w is a 2-form on M. Assume that

(H1) A Aw is avolume form on M.
Then w must be rank 2 everywhere, and thus defines a line bundle ¢,, C TM by
by = Upem(p, ker wp)

where ker w), is the kernel of the linear map w, : TM,, — T*M,, defined by v — w,(v, -).
The condition (H1) implies that A is non-zero on £, that the hyperplane distribution
defined by

&M= ker \

is everywhere transverse to /,,, and that w is nondegenerate on £ If we define a vector
field X4 to be the unique section of £, satisfying A(X3) = 1, we see that condition
(H1) implies that the pair (A, w) determines a splitting

(2-1) T™ = (L4, X30) ® (€M, )

of the tangent space of M into a framed line bundle (¢,,, X7;) and a symplectic 2-plane
bundle (7, w).

If we further require that

(H2) w isclosed

then we can conclude that any section v € I'(¢,,) of 4, in particular X3, satisfies
Lyw = i,dw + d@i,w) =0

so the flow of any section of ¢, preserves w. Finally, if we require that

(H3) d) vanisheson ¢,
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then we find that
Lx, A = ix, d\ + d(ix, \) = 0

so )\ is preserved by the flow of X7, and hence the splitting (2—1) is also preserved by
the flow of Xy;. Following [5], we will refer to a pair H = (\, w) satisfying (H1)-(H3)
as a stable Hamiltonian structure on M. We will refer to the vector field Xy, arising
from such a structure as the Reeb vector field associated to H, and we will refer the the
hyperplane bundle £7¢ as the hamiltonian hyperplane field associated to .

In what follows the dynamics of the vector field X3 will play an important role, and
the periodic orbits of X3 will be of particular interest. For our purposes, it will be
convenient to think of periodic orbits as maps parametrized by S' ~ R/Z equipped
with the basepoint 0 € R/Z. More precisely, for 7 > 0 we define the set ﬁ?(M ,H) of
simple T-periodic orbits of X4 to be the set of all ¥ € C*°(S', M), such that + is an
embedding and -y satisfies the equation

dy(00; = TX3(7(1))
for all + € S'. We will denote the set of all simple periodic orbits by
POM, H) := Ur=oPAM, H).

We note that each set PO(M, H) is invariant under the S!-action on C>°(S', M) defined
by ¢ * () = y(t + ¢) for ¢ € R/Z and v € C*(S',M). We define the space of
unparametrized simple periodic orbits
POM,H) = PO(M, H)/S"

to be the space of ' -orbits in PO (M, H). For some of the results we present (particularly
the asymptotic results in Section 3.1.3) the choice of basepoint 0 € R/Z will be
important for precise statements. Otherwise, we will generally want to think of two
simple orbits as the same if they belong to the same class in PO(M, H) = 750(M JH)/St.
In what follows, we will use the same notation for an orbit v € ﬁO(M ,H) and its
equivalence class in P°(M, ), and if we write 7o = ~y; for two simple periodic orbits,
the “=" should be interpreted modulo the S!-action on 750(M , H) unless otherwise
stated.

Given a y € PO(M,H), we define for any m € Z \ {0} a map 4™ € C=(S', M) by
Y =" 0pm
where p;, : S I' 5 §' is the m-fold covering map defined by p,,([f]r /Z) = [mtlp /7 We

refer to v as a multiply covered periodic orbit with multiplicity m, and we denote the
set of all periodic orbits (simple and multiply covered) by

PM,H).
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Let ¢ : R x M — M be the flow of the Xy, i.e.

() = Xy (1 (1))
forall (f,x) e RxM.If y € ﬁO(M , H) is asimple T -periodic orbit, then it follows from
the fact that Ly, A = 0 and Ly, ,w = 0 observed earlier that dmr| e € Sp(é’;{(o), Wn(0))
for all m € Z. We say that the periodic orbit v is nondegenerate if di),,r| e does not
Y

have 1 inits spectrum. We will say a Hamiltonian structure 7 = (A, w) is nondegenerate
if all periodic orbits of the corresponding vector field X3, are nondegenerate. If v is
nondegenerate we say that

e 7™ is hyperbolic if diyr| N has real eigenvalues, and that
o " is elliptic if dipyr| e has complex eigenvalues.
We will furthermore say that
e 7™ is even if it is hyperbolic and di,,r| “n has positive eigenvalues, and
e 7" is odd if it is either elliptic, or if it is hyperbolic and dv,r| i has negative
eigenvalues.

The designation of a periodic orbit as even or odd will correspond to the parity of the
Conley—Zehnder index of that orbit (see Section 3.1.1).

2.2  Almost complex cobordisms

Let (M, H) be a manifold equipped with a stable Hamiltonian structure H = (\, w).
We would like to define a preferred class of almost complex structures on R x M which
interact in a specific way with the Hamiltonian structure. First recall that given any
symplectic vector bundle (£, w), a complex structure J on E is said to be compatible
with w if the bilinear form defined by

g.]('u ) = CL)(,J)
is a metric on E. It is a well know fact that the space of all such J is nonempty and

contractible in the C*° topology (see e.g. Proposition 5 and discussion following in
Section 1.3 of [13]).

Recalling now that (£%,w) is a symplectic vector bundle, we define the set 7 (M, H)
to be the set of complex structures on £7* which are compatible with w. Given a
J € J(M,H), we can extend it to an R-invariant almost complex structure JonR xM
by requiring

JO, = Xy and 7| en =J
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where a is the parameter along R. We will refer to the almost complex structure J
on R x M defined in this way as the standard cylindrical almost complex structure
associatedto J € J(M,H).

Let W be a 4-manifold without boundary. We define a positive Hamiltonian structured
end to be data ET = (ET,®T MT,H) where Et C W is an open subset of W,
M™ is a closed (possible disconnected) manifold equipped with a stable Hamiltonian
structure H+, and ® : ET — RT x M™ is a diffeomorphism. Similarly we will
define a negative Hamiltonian structured end to be data E- = (E=, " M, H)
where everything is as before except that ®~ is now a diffeomorphism mapping E~
to R™ x M~. A 4-manifold W equipped with (possibly empty) cylindrical ends
E* = (E*, &%, M*, H*) will be called a cobordism of Hamiltonian structures or a
manifold with Hamiltonian structured ends if W \ ET U E~ is a compact manifold
with (possibly empty) boundary. If a manifold W with Hamiltonian structured ends
E* = (B, o* M* 1Y) is equipped with an almost complex structure J, we say
that J is compatible with the ends E* if it is conjugated to a standard cylindrical
almost complex structure on the ends, that is, if d®* o J = J* o d®* for some
JE € J(ME, HE). We will refer to (R x M, J) as a cylindrical cobordism if T = 7 is
the standard cylindrical almost complex structure associated to J € J (M, H) for some
Hamiltonian structure 7 on M. In practice, we will usually suppress the set E and
diffeomorphism ®* and just refer to the data (R* x M*, H*) as a cylindrical end, or
(R* x M*, H*, J*) when we wish to specify the almost complex structure on the ends.

Now, let (W1, J1) and (W5, J) be cobordisms of Hamiltonians structures equipped with
compatible almost complex structures, and assume that W is equipped with negative
cylindrical end (R™ x M1, H1,J1) and that W, is equipped with positive cylindrical end
(R™ x My, Hy,J>). We say that (W, J;) can be stacked on (Wy,J,) if M| = My, = M,
H; = H», and J; = J,. In this case, we define the concatenation W; © W, of W;
and W, to be the C?-manifold obtained by compactifying the negative end of W; with
{—o0} x M, compactifying the positive end of W, with {4+00} x M and making the
obvious identification of {—oco} x M with {400} x M. This operation can obviously be
generalized to an arbitrarily long list of cobordisms {(W1 J1), (W, Jo), ..., (W, 7N)}
provided of course that the negative end of W; matches with the positive end of Wi ;.

We remark that in the setting of symplectic field theory, the cobordisms considered are
usually equipped with a symplectic form, and it is assumed that the almost complex
structure is compatible with the symplectic form. In some cases, these conditions
allow one to obtain topological controls on energy, and this control in turn is important
for compactness theorems necessary to define the algebraic structure of the theory.
However, here we are primarily concerned with intersection-theory-related algebraic
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invariants which only require an almost complex structure with the correct asymptotic
behavior. Therefore, we will not make any assumptions about the behavior of the almost
complex structure away from the cylindrical ends.

2.3 Asymptotically cylindrical maps and pseudoholomorphic curves

Let (M, H = (\,w)) be a closed manifold equipped with a stable Hamiltonian structure,
and let v € PO(M, H) be a simple 7-periodic orbit of X3,. For some m € Z \ {0},
consider the map
" RxS' > RxM
defined by
AM(s, ) = (mTs,¥"(1)) € R x M.

We will refer to such a map as a cylinder over the periodic orbit v™, or simply as an
orbit cylinder. The reader should note that for any J € J(M, H), orbit cylinders have
J-invariant tangent spaces.

In this paper, the main objects we will study are maps from a punctured Riemann surface
to a cobordism of Hamiltonian structures with the maps asymptotic at the punctures to
orbit cylinders. More precisely, we consider a quadruple (X, , ', &t) where (2,)) is a
closed Riemann surface, I' C X is a finite set, and

i=(a,u):X\I' >RxM

is a smooth map. We say that & is asymptotically cylindrical over v at z, € I if there
exists a holomorphic embedding

¢ :[R,00) xSt Cc C/iZ - B\T
satisfying limg_, o (s, ) = z, so that the maps
e [R,00) x S' 5 R x M

defined by
Ve 1= (a(@(s + ¢, 1) — mTc, u(P(s + ¢, 1))
satisfy
lim ¥ = 5"|(g oe)xst it C'([R,00) x §', R x M).
c—00 ’

The map i is said to be a smooth asymptotically cylindrical map if &t is asymptotically
cylindrical at each z € T" over some periodic orbit 2" . In this case we will say that ."
is the asymptotic limit of & at z. Note that if m, > 0 (resp. < 0) then the R-component
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of it approaches 400 (resp. —oo) near z. If m; > 0, we will refer to z as a positive
puncture of i1, and similarly if m, < 0 we will refer to z as a negative puncture of
it. When convenient we will write I' = ', UT'_ to indicate how I' decomposes as
positive punctures, I'; and negative punctures I'_.

We will denote the space of smooth asymptotically cylindrical maps in R x M from a
genus g surface with n punctures by

Co%\ (M, H),

and we will let
COO(Ma H) = Ug>0 UnZO C;(;l(M, H)

denote the space of all smooth asymptotically cylindrical maps in R x M.

In a similar manner, we can define asymptotically cylindrical maps in a 4-manifold
W with Hamiltonian structured ends E* = (RT x M*, HF). Letii: S\ — W
be a smooth map, and assume that each z € I" has an open neighborhood U, C ¥
so that the image (U, \ {z}) of the punctured neighborhood lies entirely within one
of the cylindrical ends ET or E~. Then we can think of the map it|y\{z} as a map
to R x M*, and define what it means for i to be asymptotically cylindrical over a
periodic orbit as we did above. The map & is then said to be asymptotically cylindrical
if it is asymptotically cylindrical at each z € T over some periodic orbit ;. For
asymptotically cylindrical maps in a cobordism, the punctures approaching periodic
orbits 7, in the positive cylindrical end R™ x M™ are always positive punctures (i.e.
have m; > 0), and similarly those punctures at which & approaches a periodic orbit
~2% in the negative end R~ x M~ have m, < 0. We will denote the space of genus-g,
n-punctured asymptotically cylindrical maps in W by

Con (W, 1T H™)
and the space of all asymptotically cylindrical maps in W by

CoW,H*, H7).
Now, let (Wy,J1) and (W5, J,) be almost complex cobordisms, and assume that W,
is equipped with negative cylindrical end (R™ x M,H,J) and that W, is equipped

with positive cylindrical end (R™ x M, H,J) so that we can form the concatenation
Wi ® W,. For i € {1,2}, let

o : \ (Fi,+ U F,‘,_) — W;
be asymptotically cylindrical maps. Assume that there exists a bijection

i: F2’+ — Fl,,
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so that if ii; as asymptotic at z € I', | to 7", then i; is asymptotic at i(z) € I'; _ to
~~ ™. Then we can form the concatenated map

17£1®17£2121622\(FTUFZ_)—>W1®W2

where > ® Y, is the topological surface formed by circle compactifying >, at
its negative punctures, circle compactifying >, at its positive punctures, and then
identifying each negative circle with its corresponding (under the bijection i) positive
circle in a way that makes #; © iip a continuous map. Note that when the asymptotic
data contains multiply covered orbits, >; ©® X, is only well-defined up to Dehn twists
unless further choices (namely so-called asymptotic markers) are made. The specifics
won’t be important here, so we won’t address this issue any further. We will refer to a
map i) © ity constructed in this way as a smooth asymptotically cylindrical building in
Wi © Ws.

Consider an asymptotically cylindrical map (X, j, ', i) € C°(W,H ', H ™) and assume
that W is equipped with an almost complex structure J compatible with the cylindrical
ends. If the map # satisfies the equation

(2-2) diioj=7Todi

we say that (3, j, ', &t) is an asymptotically cylindrical pseudoholomorphic map. We
define an equivalence relation on punctured pseudoholomorphic maps by saying that
(2,j,T', &) is equivalent to (X',/, ", &) if there exists a biholomorphic map

p:¥ =3
sothat I' = ¢(I") and @t o ¢ = &t’. An equivalence class of maps [X,/, I", u] will be

referred to as an asymptotically cylindrical pseudoholomorphic curve. We will use the
notations

MW, J,H, H™) and MM, H,J)

to denote the set of asymptotically cylindrical pseudoholomorphic curves in (W, J) or
(R x M, J) respectively, and similarly we will use

MenW, T, 15, H7) and Mg (M, H, J).
if we wish to specify the genus and number of punctures.

N.B. To simplify our language, we will henceforth simply use the term “pseudoholomor-
phic curve/map” when we are referring to asymptotically cylindrical pseudoholomorphic
curves/maps. The reader should always assume that all pseudoholomorphic curves
are asymptotically cylindrical unless stated otherwise.
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As with smooth asymptotically cylindrical maps, we can concatenate pairs (or finite
lists) of asymptotically cylindrical pseudoholomorphic maps into cobordisms with
matching ends, providing the asymptotic data match appropriately. Following [2], we
will call such maps pseudoholomorphic buildings.

2.4 Main results

Throughout this section, we will let (M, H = (\,w)) denote a 3-manifold equipped
with a nondegenerate stable Hamiltonian structure, and we will let (W,J) denote an
almost complex 4-manifold equipped with cylindrical ends E* = (R* x M*, HE JF)
where the stable Hamiltonian structures ¥ are assumed to be nondegenerate.

The main results of this paper are concerned with the intersection properties of
pseudoholomorphic curves in 4-manifolds with Hamiltonian structured cylindrical ends.
Due to the noncompactness of the domains of the curves we consider, the problem of
understanding intersection behavior becomes particularly subtle in the case that the
curves have multiple ends which approach coverings of the same orbit, or — when
considering self-intersection problems — in the case that an end approaches a multiple
cover of an orbit. Indeed, while all intersections (or self-intersections and singularities)
must be isolated by the results of Micallef and White in [18], it is not immediately
obvious why the algebraic intersection number of two curves — computed by summing
local intersection indices — must be finite since it is conceivable that a pair of curves
could have a sequence of intersections approaching the punctures. Similarly, it is not
clear that a single curve couldn’t have a sequence of self-intersections approaching a
puncture at which the curve is asymptotic to a multiple cover of an orbit or approaching
a pair of punctures at which the curve is asymptotic to coverings of the same orbit.
While we will see that the asymptotic results of [22] imply that the intersection number
of two curves or the self-intersection index of a single curve must in fact be finite (see
Corollary 3.10 and Corollary 3.11 below), an additional unavoidable complication is
that these quantities may not be stable under homotopies since intersections could run
in or out of the punctures at shared asymptotic limits. We thus seek to determine to
what degree these quantities are topologically controlled by the homotopy classes of the
maps in C®°(M,H) or C®°(W,H™,H ™) (depending on the target manifold).

As a first step towards finding intersection-related topological invariants of a pair of maps
with common asymptotic limits, we perturb one of the maps in a prescribed direction
near the ends. This idea was studied locally for a single embedded pseudoholomorphic
half-cylinder in [16] and further pursued in [14], [21], and [15]. More precisely, let ®
denote a choice of trivialization of the plane-field £”* along every simple periodic orbit.

Geometry & Topology XX (20XX)



Intersection theory of punctured pseudoholomorphic curves 1013

Then given two maps it, ¥ € C°(W,J, H', H ™), we define the relative intersection
number i® (i1, v) of i and ¥ by

i® (@1, v) = int(i1, Pop)

where ¥¢ is the map obtained by perturbing ¥ near the punctures in a direction
determined by the trivialization ®, and where “int” denotes the algebraic intersection
number computed by perturbing & and ¥ on compact subsets of their domain so
that they are transverse, and then counting intersections with sign. It is well known
that the resulting count is independent of the compactly supported perturbation of
it and Vg since &t and Vg are disjoint outside of a compact set. Thus the relative
intersection number computed in this way depends on the homotopy classes of i and ¥
in C°(W,J,H*,H ™), and the homotopy class of the trivialization .

While the relative intersection number gives a topological invariant of a pair of
asymptotically cylindrical maps, its relationship to the algebraic intersection number
of two (unperturbed) pseudoholomorphic curves is not clear, and in particular it’s not
immediately clear whether or how it can be used to find a bound on the algebraic
intersection number of two pseudoholomorphic curves. We will see below that through
careful consideration of the relative asymptotic behavior of the curves from [22], such
a bound depending only on the homotopy classes of the maps can be obtained by
adding an appropriate quantity to the relative intersection number which balances the
trivialization dependence. Motivated by the local analysis in Section 3, we define
the generalized intersection number [it] * [¥] of two asymptotically cylindrical maps
(2,7, T, @), (&,j,T,%) € C(W,HT,H™) as follows: assuming that i is asymptotic
at z € I to a cylinder over 7. and similarly that ¥ is asymptotic at w € I to a cylinder
over y;»* we define [it] * [V] by

@3) @ =@+ Y mommax { IR GER)L

m; [myy
(z,w)el xI : e
V=M
mzmyy >0

where 1 ®(7") denotes the Conley—Zehnder index of the periodic orbit v/ (see [8]
and Section 3 below), and where |-| denotes the greatest integer function. Note that
the sum here is taken over all pairs of punctures with the same sign where the maps in
question are asymptotically cylindrical over coverings of the same underlying simple
(unparametrized) periodic orbit.

The following theorem summarizes the main properties of the generalized intersection
number.
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Theorem 2.1 (Properties of the generalized intersection number) Let W, W; and W,
be 4 -manifolds with Hamiltonian structured cylindrical ends, and assume we can form
the concatenation W; ©® W,. Then:

(1) If(%,j,T,@t) and (X', , TV, %) € C°(W,H™,H ™) are asymptotically cylindrical
maps then the generalized intersection number [it] * [V] depends only on the
homotopy classes of it and v in C**(W, H*, H ™).

(2) Forany (X,j,T, &) and (X', ,IV,%) € C¥(W,HT,H™)
[i] = [V] = [V] * [a].
Q) If,j,,u, &7, Ty, &, T Ww) € C(W,HT,H™) then
(it + V]« [W] = [a] = W] + [V] * [W]
where “4 " on the left hand side denotes the disjoint union of the maps it and 7.

(4) Ifn; ® iy and vy © ¥y are asymptotically cylindrical buildings in Wi © W, then
iy © o] x [y © Vo] = [ig] = [V1] + [i@2] * [V2].

Moreover, strict inequality occurs if and only if there is a periodic orbit y so
that i) has a negative puncture asymptotic to v, ¥, has a negative puncture
asymptotic to v", and both " and v" are odd orbits.

In item (4) above, the possibility of strict inequality has to do with the fact that at
an odd orbit (with a fixed multiplicity) the eigenvectors of the asymptotic operator
controlling the direction of approach of negative pseudoholomorphic ends must have
strictly greater winding (computed relative to the direction of the Reeb flow) than those
controlling the direction of approach of positive pseudoholomorphic ends. The relevant
details from [10], [8] are reviewed in Section 3.1 below. In some applications it is
convenient to modify the generalized intersection number to include information about
shared odd orbits so that one has a product which is level-wise additive, i.e. always
satisfies equality in item (4) above. This approach is taken by Momin in [19] to study a
variation on contact homology where only curves contained in the complement of a
prescribed collection of elliptic orbits are included in the differential.

One of the motivations for defining the generalized intersection number as we did is
the next theorem, which generalizes the fact that two closed curves without common
components have a nonnegative homological intersection number, and that the inter-
section number vanishes only if the two curves do not intersect. The fotal asymptotic
intersection index (i, V) mentioned in the theorem is defined in Section 3 below. For
the moment the reader should know that it is a nonnegative quantity defined for pairs of
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pseudoholomorphic curves having no common components that can be thought of as a
measure of the degree of tangency at infinity between the two curves. Here, we say
the two maps & and ¥ have no common components if there is no component of the
domain of & which has image identical to that of a component of the domain of 7.

Theorem 2.2 Let (W*,J) be an almost complex cobordism with cylindrical ends
(R* x M*,J* H*), and let [Z,),T,i], [¥,),TV,9] € M(W,J,Ht,H™) be pseu-
doholomorphic curves in W with no common components. Then

2-4) @] * [V] = int(@t, V) + oo (i, V),

where int(ii, ) is the algebraic intersection number of ii and ¥, and d~o(it, V) is the
asymptotic intersection index of it and v. In particular

[a] * [V] > int(@, V) > 0,

and
[@] x[¥] =0

if and only if it and ¥ don’t intersect, and the total asymptotic intersection index vanishes,
ie. doo(it,v) = 0.

As an immediate corollary to this, we can conclude that if a homotopy class of maps with
connected domains in C>°(W,H ™", H ™) has a negative generalized self-intersection
number, then that homotopy class can contain at most one pseudoholomorphic curve
for a given compatible almost complex structure.

We note that in contrast to the case of closed pseudoholomorphic curves, positivity
of the generalized intersection number of two given curves does not guarantee that
the two curves intersect. This is because the algebraic intersection number of two
punctured curves is not a homotopy-invariant quantity, and intersections between two
pseudoholomorphic curves can disappear out the punctures. The degree to which
intersections can escape or appear at the punctures is however topologically controlled:
even though both quantities on the right hand side of (2—4) can vary under homotopies of
curves, their sum is topologically determined, and this fact coupled with the nonnegativity
of those quantities allows a topological bound on the total count of intersections and
“tangencies at infinity.” One might consider this fungibility of intersections and
“tangencies at infinity” as motivation to think of tangencies at infinity, or “asymptotic
intersections,” as being somehow equivalent to actual intersections. This viewpoint is
further supported by the fact that considering weighted Fredholm theory arguments as
in [11, 3], one would expect that the space of pairs of curves (it, ¥) with d(it, ) > 0
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should have positive codimension in the universal moduli space of pseudoholomorphic
curves.

We next state a generalization for punctured curves of the adjunction formula (1-1).
We first establish some notation and terminology. Let (X,,T",it) € C°(W,HT, H™)
be an asymptotically cylindrical map, and assume that at z € I', u is asymptotic to the
periodic orbit v;<. A choice of complex trivialization of the hamiltonian plane-field
distribution (SHi ,JT) along each . induces a complex trivialization of the pull-back
bundle (#*TW,J) since on the cylindrical ends we have

TW,7) ~ (R @ RXye ® 7, T5) = CXype © (€77,775).

Given such a choice of trivialization, ®, we can define the relative Chern number
c<11> (@*TW) which is the obstruction to extending over X \ I' the trivialization of
(@*TW,J) — X\ T that has been chosen at the ends (see [14, 21] or Section 4.2.1 below
for a precise definition). We define the fotal Conley—Zehnder index p(it) of the map i
by
i) = 2P @ TW) + > p® ().
zel

It follows from change of trivialization formulas given below for the relative first Chern
number and the Conley—Zehnder index that the total Conley—Zehnder index does not
depend on the choice of trivialization.

Next, assuming -y is a simple periodic orbit of a Reeb vector field we define the spectral
covering number of the periodic orbit v by

F(y™) = ged(m, |u®(y™)/2)).

We observe that this quantity does not depend on a choice of trivialization since changing
the trivialization changes |u®(y™)/2] by an integer multiple of m (see comments
following Lemma 3.4). With u as in the previous paragraph, we then define the toral
spectral covering number 5(u) of u by
G =Y 5(").

zel’
We observe that the total spectral covering number of a map depends only on its
asymptotic limits, and not on the map itself.

We now state a generalization of (1-1) involving the generalized intersection number.
The quantity &(it) in equation (2-5), which we call the self-intersection index, is a
nonnegative integer-valued quantity which records information about double points and
singular points, and is zero if and only if u is an embedding (see [18] and Section 4.2.2
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below). The asymptotic self-intersection index 0(it) of ii is defined in Section 3.2
below. For the moment, the reader should know that it is a nonnegative, integer-valued
quantity, defined for a simple pseudoholomorphic curve that can be thought of as a
measure of the degree of self-tangency at infinity. Here, we say a pseudoholomorphic
curve is simple if it does not factor through a branched cover.

Theorem2.3 Let[X,), T, i) € M(W,J, H",H ™) be a connected pseudoholomorphic
curve, and assume that it is simple. Then

(2-5) (@] = (@] — %p(@i) + 3#Lodq + X(Z) — 5(@) = 2[8(01) + Soo(@D)],

where #1I',44 is the number of punctures of it with odd Conley—Zehnder indices. In
particular,

[it] * [it] — S pait) + 34T oqq + X(2) — &(@@) > 0

and equality occurs if and only if &t is an embedding and the asymptotic self-intersection
index of & vanishes, i.e. o(it) = 0.

Note that in contrast to the case of closed pseudoholomorphic curves and (1-1), positivity
of the left-hand side of equation (2—-5) does not guarantee a curve is not embedded. This
is because the self-intersection index J(i) is not, in general, topologically determined
for punctured curves since double points can escape out the ends in families of curves.
However, much like in the discussion following Theorem 2.2 above, this theorem shows
that the sum of the self-intersection index and the asymptotic self-intersection index
is topologically determined, and that double points escaping out the ends are traded
for self-tangencies at infinity. Thus, we might think of having a positive asymptotic
self-intersection index as being somehow equivalent to having double points or singular
points, a point of view which is again supported by the fact that the Fredholm theory
suggests that curves with do(it) > 0 should form strata of positive codimension in the
universal moduli space.

Results closely related to Theorem 2.3 have been proved by Hutchings in [14] and [15].
Due to the specific application being pursued in those papers, no theorem equivalent to
Theorem 2.3 appears. Equation (18) in Remark 3.2 of [14] identifies embedded curves,
but not in terms of quantities that are topologically determined. Still, the appropriate
analogue of that result to the present context is the key step in proving Theorem 2.3. On
the other hand, the index inequality in Theorem 1.7 of [14] gives a purely topological
condition that guarantees a curve will be embedded, but only identifies those curves
whose asymptotic data satisfy an additional “admissibility” condition. Theorem 2.3
above, can thus be thought of as being intermediate between these two results.
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24.1 Cylindrical cobordisms

In this section we specialize to the case of a cylindrical cobordism (R x M, J) equipped
with an R-invariant almost complex structure J arising from a compatible J € J(M, H)
for some nondegenerate stable Hamiltonian structure H = (A, w) on M.

An important (and well-known) observation is that space of curves MM, H,J) is
equipped with an R-action, defined by translating the R-coordinate of the given
curve. More precisely, if [X,],I',#] is a pseudoholomorphic curve, and we write
it = (a,u) € R x M, then [X,j,T,ii.] where ii.(z) := (a(z) + c,u(z)) is also a
pseudoholomorphic curve. Furthermore, in the cylindrical case, the way the almost
complex structure is defined allows the pseudoholomorphic curve equation (2-2) for
the map (X, j, [, (a, u)) to be rewritten,
u'\oj=da

(2-6)

men oduoj=Jomeu odu
where men 1 TM = RXy © €M — €M is the projection of TM onto ¢ determined by
the splitting (2—1). Thus, the M-component, u, of a curve in R x M determines the
R-component, a, up to a constant.

As an immediate consequence of the existence of the R-action, Theorem 2.2, and the
homotopy invariance of the generalized intersection number, we can conclude that if a
connected curve [, j, [, it] has no component whose image lies in an orbit cylinder,
then

(] * [&] = [@&] * [itc] > O

so such a curve must have a nonnegative self-intersection number.

Since, in the cylindrical case, the projection of the curve to the 3-manifold contains all
of the information (up to an R-shift), it is not surprising that generalized intersection
number of two curves in R x M can be computed in terms of 3-dimensional invariants
associated to the curves; namely we can state a formula in terms of the intersections
between one of the curves with periodic orbits which are asymptotic limits of the
other curve, and how the ends of the curves wind around the periodic orbits (see
Theorem 5.8 below). Moreover, since the formula we give decomposes into a collection
of nonnegative terms, this computation then allows one to deduce necessary and
sufficient conditions for the generalized intersection number to vanish, which we state
in Corollary 5.9.

Part of the reason we seek to find conditions to characterize when the generalized
intersection number of two curves [3,j, ", &t = (a,u)] and [X',j/, T,V = (b,v)] €
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MM, H,J) is zero (or nonzero) is that [i] * [#] = O implies that the projections u,
v, of the maps to M don’t intersect, provided that these maps have no components
projecting to identical images in M. Indeed, if we can finda z € ¥ and w € ¥’ so
that u(z) = v(w) then we can find a c¢ so that ii(z) = ¥.(w), which in turn implies that
int(it, ¥.) > 0 and hence [i] * [V] = [i] * [V.] > int(@t, ¥.) > 0 by Theorem 2.2. Thus
the vanishing of the generalized intersection number gives a sufficient condition for
the projection of the curves to the three-manifold to not intersect. The vanishing of the
generalized intersection number is not a necessary condition for the projected curves to
not intersect since it is possible for the algebraic intersection number of i and ¥, to be
zero for all ¢ € R, but still have [#] * [?] > 0, since the asymptotic intersection index
could be nonzero. However, in the R-invariant setting, the asymptotic intersection
number changes in a predictable manner when R-shifting one of the two curves, and
we are able to establish a set of necessary and sufficient conditions for the two projected
curves to not intersect.

Before stating the relevant theorem we discuss some of the more immediate necessary
conditions for the projected curves u and v to not intersect. We first recall some facts
from [10] and [8]. Namely, if a curve [%,j,I', &t = (a, u)] does not have any components
with image lying in an orbit cylinder, then there is a neighborhood of each puncture on
which the map does not intersect any of its asymptotic limits. Thus choosing a loop
in one of these neighborhoods which winds around the puncture once in a clockwise
direction,! and choosing a trivialization ® of ¢* along the orbit, we get a well defined
winding number windg)o (i1; 7) for each z € I". Moreover, it is shown in [8] (and reviewed
in Lemma 3.13 below) that

windZ, (i 2) < [1®(7%)/2]
where we assume i to be asymptotic to 77~ at z € I'. If we consider a small torus T%Z
bounding a tubular neighborhood of ~, and use the framing & to identify H 1(TZ/Z) with
7 & 7, the intersection of the projected map u with T%Z will be a curve in the homology
class (m., wind®(ii; z)). If ¥ also has an end approaching ~, at w € I, the homology

class of intersection of v with T% will then be given by (m,,, wind®(#; w)). Thus, if the
projected maps u and v are to be disjoint, we must have that the intersection number

(m, wind®(it; 2)) - (my,, wind®(; w)) = m, wind®(#; w) — m,, wind® (@; 2)

'"This convention agrees with that used in [8] for positive punctures, but is opposite that
used in [8] for negative punctures. What this means geometrically is that we compute windings
by traversing the orbit in a direction determined by the orientation of the boundary of the
S'-compactified punctured surface, while in [8] the convention is to compute windings by
traversing the orbit in the direction determined by the Reeb vector field. We use this convention
because it simplifies the statements of most of our results.
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is zero or equivalently

m; my

(2-7) wind® (ii;7) _ wind® (;w)

Therefore, if the projections # and v don’t intersect, it is necessary that (2—7) holds at
any pair of punctures (z,w) € I' x IV at which u and v are asymptotic to coverings of a
common orbit.

Next suppose that u intersects one of the asymptotic limits of v. Then one can use the
asymptotic results of [10] (or see Theorem 3.7 below) with the fact that the orbit is a
projection to M of a pseudoholomorphic curve in R x M to argue that u must intersect
v. Thus if # and v don’t intersect, it must be the case that u intersects none of the
asymptotic limits of v, and vice versa.

As the following theorem shows, the necessary conditions we’ve just stated for the
projections of two curves to M to not intersect are also sufficient, and in fact somewhat
weaker conditions are sufficient.

Theorem 2.4 Let [X,j, T, i = (a,u)] and [X',j/,T",v = (b,v)] € MM, H,J) be
pseudoholomorphic curves, and assume that no component of it or v lies in in orbit
cylinder, and that the projected curves u and v do not have identical image on any
component of their domains. Then the following are equivalent:

(1) The projected curves u and v do not intersect.
(2) All of the following hold:

(a) The map u does not intersect any of the positive asymptotic limits of v.
(b) The map v does not intersect any of the negative asymptotic limits of u.
(c) If vy is a periodic orbit so that at z € I', &t is asymptotic to ¥ and at
w € I, ¥ is asymptotic to v"™ , then:
(i) If m; and m,, have the same sign then

wind oo (i1;2) > wind o (V;w)
my — my

(i) Ifm, < 0 and m,, > O then

wind® () u®(y™)/2]  [w®C@™)/2]  wind® (;w)
my o m - ny - My

Z Z

(this is only possible if v and v™ are both even orbits).
(3) Al of the following hold:

(a) The map u does not intersect any of the asymptotic limits of v.
(b) The map v does not intersect any of the asymptotic limits of u.
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(c) If v is a periodic orbit so that at z € I', &t is asymptotic to " and at
w € I, ¥ is asymptotic to 4™, then

windeo (#1;2) _ windeo (V;w)
my - My :

When two curves, [X,j, T, @] and [X,j,I,9] € M(M,H,J), each have as an
asymptotic limit a cover of the same even periodic orbit, it is sometimes possible to
conclude that the generalized intersection number [if] * [V] is positive. Let v denote
either a simple, even orbit or the double cover of an odd, hyperbolic orbit. In this case it
is possible to use the asymptotic description from Theorem 3.7 below to define a notion
of two curves approaching a cover of vy in the same direction. We delay the precise
definition to Section 5.3.1 because it is somewhat technical. The following theorem
then says that two curves approaching a cover of  in the same direction is a sufficient
condition for a positive generalized intersection number.

Theorem 2.5 Let v be a periodic orbit satisfying the above assumptions, and let
[%,j, T, it = (a,u)] and [¥',j,TV,% = (b,v)] € M(M,H,J) be connected pseudoholo-
morphic curves. Assume that at punctures z € I' and w € I, &t and v approach a cover
of v in the same direction, and that there do not exist neighborhoods U of z and V of
w so that u(U \ {z}) = v(V \ {w}). Then

[i] = [V] > 0.

Just as it is of use to know when the generalized intersection number of a pair of curves
vanishes, it is of use to know when the generalized self-intersection number of a single
curve [%,j, 1, it = (a,u)] € M(M,H,J) vanishes. Combining the adjunction formula
(2-5) with the previously referenced formula (5-5) for the generalized intersection
number in terms of data associated to the projected curves, we get a collection of
conditions equivalent to the vanishing of the generalized self-intersection number
[&Z] * [@1], provided the map i is simple and doesn’t have any components contained
in an orbit cylinder (Corollary 5.17 below). From this result we will see that under
the stated assumptions, [if] * [i] = O implies that i is an embedding which projects
to an immersion in M transverse to the flow of X3; which doesn’t intersect any of its
asymptotic limits.

Combining this with the above discussion, we see that if i is furthermore connected,
then [it] * [#] = O implies that & doesn’t intersect any of its R -translates, and thus that
the projected curve u is an embedding (since it is an injective immersion that never
intersects any of its asymptotic limits). We can therefore conclude that if the projected
map u is not an embedding then [i]  [i1] > 0. As with the discussion above concerning
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intersections of projections of curves to M, the converse is not true, since it could be
the case that the generalized intersection number [i] * [ii.] is positive, but still that the
intersection number int(i, it.) is zero for all ¢ € R\ {0}.

However, again as above, the asymptotic intersection index of & and iz, changes in a
predictable manner as ¢ varies, and we can use this fact to come up with the following
criteria for the map u to be an embedding. As with Theorem 2.4, this result can be
viewed as saying that certain subsets of the “obvious” necessary conditions for u to
be an embedding are also sufficient. In condition (4) below, the relative asymptotic
intersection number

i® ([t: 21, [ w])

is a count of how many intersections appear between a neighborhood of z € I" and a
neighborhood of w € I' when # is perturbed near w in a direction determined by a
trivialization ® of the asymptotic limit of & at w. More detail on this quantity can be
found in Section 3.2 below.

Theorem 2.6 Let [X,j, ', it = (a,u)] € MM, H,J) be a connected, simple pseu-
doholomorphic curve, and assume that it does not have image contained in an orbit
cylinder. Then the following are equivalent:

(1) The projected map u : ¥\ I' — M is an embedding.

(2) The algebraic intersection number int(it, ii.) between &t and an R -translate
. = (a+ c,u) is zero for all c € R\ {0}.

(3) All of the following hold:

(a) u does not intersect any of its asymptotic limits.
(b) If ~ is a periodic orbit so that u is asymptotic at z € I" to 4™ and u is
asymptotic at w € T" to ™, then

windeo (1;7) _ windeo (it;w)
m, - My .

Z

(4) All of the following hold:

(a) The map @ is an embedding.

(b) The projected map u is an immersion which is everywhere transverse to
Xn

(c) Foreachz €I, we have

ged(m,, wind (it 7)) = 1.
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(d) Ify is aperiodic orbit so that u is asymptotic at z to "™ and u is asymptotic
at w # z to ™ with m;m,, > 0, then the relative asymptotic intersection
number of the ends [it; z] and [i1; w] satisfies

i;{;([ﬁ; Z]? [17{; W]) = —mym,, max {wind’;‘é’j(ﬁ;z)7 Wind%fﬁ;w)} )
We note that the conditions of this theorem simplify somewhat if every asymptotic limit
of it is geometrically distinct. In particular, condition (3) implies that a simple curve
with geometrically distinct asymptotic limits projects to an embedding in M if and
only if the projection doesn’t intersect any of its asymptotic limits. For planes, this
generalizes Theorem 1.1 from [8].

As an application of some of these ideas, we can prove a result about the contact
homology of a manifold admitting a holomorphic open book decomposition satisfying
some additional assumptions. Recall that an open book decomposition of a 3-manifold
M is a pair (L,7) where L C M is a link, and 7 : M \ L — S' is a fibration, the
fibers 7~1(6) of which are embedded surfaces bounded by L. In this case the link L is
referred to as the binding of the open book decomposition, and the fibers of the fibration
are referred to as pages of the open book decomposition.

Now consider M equipped with a stable Hamiltonian structure  and compatible
complex multiplication J € J(M,H). We say that (M, H,J) admits a holomorphic
open book decomposition, if M admits an open book decomposition (L, 7) so that the
link L is comprised of elliptic periodic orbits of the vector field Xy, and the pages
are projections of J-holomorphic curves in R x M. We say a holomorphic open book
decomposition is stable if the pseudoholomorphic curves which project to pages are
genus 0, have only positive simple punctures, and have Fredholm index 2.

Theorem 2.7 Assume that (M, H,J) admits a stable, holomorphic open book decom-
position. Let [X,], 1, it = (a,u)] € M(M,H,J) be a connected pseudoholomorphic
curve, and assume that the image of u is not a page of the open book decomposition,
and that i1 does not have image contained in an orbit cylinder. Then at least one of the
following is true:

(1) At least one of the positive punctures of i limits to an orbit that is not a binding
of the open book decomposition.

(2) At least one of the positive punctures of i limits to a multiple cover of a binding
orbit of the open book.

This result in particular immediately implies the following corollary. See [4] for the
definition of contact homology and cylindrical contact homology.
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Corollary 2.8 Let (M, H,J) admit a stable, holomorphic open book decomposition
(L, ), let v C L be a binding orbit, and assume that the contact homology (resp.
cylindrical contact homology) of the triple (M, H.,J) is well-defined. Then -y is a cycle
in the contact homology (resp. cylindrical contact homology) of (M, H,J).

2.4.2 Generalized pseudoholomorphic curves

Finally we present a result concerning the intersection properties of so-called generalized
pseudoholomorphic curves. These curves are introduced in [7] as a possible way to
extend the theory of finite-energy foliations (see e.g. [12]) to include curves with
nontrivial genus.

The generalized pseudoholomorphic curve equation for an asymptotically cylindrical
map (3,7, T, (a,u)) € C>*°(M,H) is obtained by twisting the first of the two equations in
(2-6) by a harmonic form on 3. More precisely, we consider quintuplets (X,j, ', &t =
(a,u),v) where the quadruple (2,,I'; (a,u)) is a smooth asymptotically cylindrical
map, (i.e. belongs to C*°(M,H)), and where v is a 1-form on the unpunctured surface
3. Such a quintuple is called a generalized pseudoholomorphic map in (M, H,J) if it
satisfies

u'hAoj=da+v
(2-8) TeH oduoj:Jowgu odu
dv =0=d(v o})).

A generalized pseudoholomorphic curve is the equivalence class [Y,], ', &t = (a, u), V]
of the quintuple (3,,I', &t = (a, u), v) under the the equivalence relation of holomorphic
reparametrization of the domain.

As with pseudoholomorphic maps, a finite energy condition guarantees that the maps
are asymptotically cylindrical. We will not give the definition of energy here, but will
instead just assume that we are dealing with asymptotically cylindrical maps. We will
denote the set of asymptotically cylindrical generalized pseudoholomorphic curves in
M, H,J) by MAM, H,J)

In contrast to genuinely pseudoholomorphic curves, generalized pseudoholomorphic
curves do not satisfy local positivity of intersections. Indeed, it is possible to construct
a pair of local solutions & = (a,u) and ¥ = (b,v) to (2-8) which have an isolated
intersection of negative index (see Appendix B). In light of this, one might expect
that a pair of generalized pseudoholomorphic curves could have arbitrary generalized
intersection number, but as the following theorem shows, this is not the case.

Geometry & Topology XX (20XX)



Intersection theory of punctured pseudoholomorphic curves 1025

Theorem 2.9 Let [X,j, T, a,v], [X,/, 1,9,V ] € MaM,H,J) be generalized
pseudoholomorphic curves, and assume that no component of it or v is contained in an
orbit cylinder. Then

[i] = [v] > 0.

This result puts topological restrictions on what homotopy classes in C*°(M, H) can
contain generalized pseudoholomorphic maps. Indeed we have the following immediate
corollaries of Theorem 2.9.

Corollary 2.10 Let (X,j,',i1) € C°°(M,H) be a smooth asymptotically cylindrical
map with no component homotopic to an orbit cylinder. If

[&] =[] <O

then there are no generalized pseudoholomorphic curves in the same relative homotopy
class as i1.

Corollary 2.11 Let (X,j,I',&1) € C°°(M,H) be a smooth asymptotically cylindrical
map with no component homotopic to an orbit cylinder. Assume there exists a
generalized pseudoholomorphic curve [%,j, ', v, v] € Ma(M,H,J) so that

[&] * [V] < O.

Then there are no generalized pseudoholomorphic curves in the same relative homotopy
class as i1.

2.5 Overview

The remainder of the paper is devoted to proving the results above concerning the
properties and applications of generalized intersection number. We review relevant
technical background material where appropriate.

As mentioned above, some difficulties arise in trying to understand the intersection
and embedding properties of punctured pseudoholomorphic curves when multiple
ends approach the same orbit, or, when concerned with embedding controls, when
an end approaches a multiple cover of an orbit. First, it is not a priori clear that the
algebraic intersection number is finite since the domains are not compact. Second, even
if the algebraic intersection number is finite, in families of curves, intersections (or
self-intersections) can appear or disappear at the ends and thus, the algebraic intersection
number is not topologically determined.
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A precise understanding of the asymptotic behavior of punctured pseudoholomorphic
curves is the key both to establishing finiteness of the algebraic intersection number
and to understanding to what degree intersections or self-intersections can appear or
disappear at the ends. The relevant asymptotic results are proved in [22] and are
reviewed in Section 3.1.3 after reviewing facts about asymptotic operators and the
Conley—Zehnder index in Section 3.1.1. With the appropriate asymptotic results in
hand, we study some local asymptotic winding invariants in Section 3.1.4 which are
convenient for encoding intersection related invariants we develop. Then in Section 3.2
we take up the study of local asymptotic intersection invariants. In particular we define
and establish the main properties of the asymptotic intersection index o ([i; z], [V; w])
of two ends and the asymptotic self-intersection index d..([it; z]) of a single end. For
pseudoholomorphic curves, these quantities can, in light of the asymptotic results of
[22], be thought of as measures respectively of tangency or self-tangency at infinity,
and, in this case, these quantities give the upper bound on the count of intersections or
self-intersections that could appear that those ends.

The theorems stated above in Section 2.4 are then proved in Section 4 and Section 5
along with some complementary results. We establish the basic properties of the
relative and generalized intersection numbers in Section 4.1 building up to the proof of
Theorem 2.2. Section 4.2 is then devoted to proving Theorem 2.3 and some related
results. The proofs of these theorems rest on the fact that, in the cases we consider,
the generalized intersection number can be understood completely by combining facts
about the local behavior of pseudoholomorphic curves from [18] with the asymptotic
intersection invariants developed in Section 3. In Section 5, we then specialize to the
case of a cylindrical cobordism. The key idea here is that the homotopy invariance of
the generalized intersection number coupled with the existence of the R-action allows
the generalized intersection number to be computed in terms of quantities associated to
the projection of the curve to the three-manifold.

Finally we close with two appendices. In Appendix A we adapt a proof of Hofer,
Wysocki, and Zehnder from [8] to show that the projection to ¢** along Xy of the
differential of a connected curve in M(M, H,J) either vanishes identically, or has a
finite number of zeroes of positive order. In Appendix B we show that local solutions
to the generalized pseudoholomorphic curve equations (2—8) can exhibit intersection
behavior not found in genuinely pseudoholomorphic maps.
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3 Local intersection numbers at punctures

3.1 Asymptotics and asymptotic winding numbers
3.1.1 Asymptotic operators and the Conley—Zehnder index

Throughout this section, we will assume that (M, H) is a 3-manifold equipped with
a stable Hamiltonian structure H = (\,w), and that J € J(M,H) is a compatible
complex multiplication on ¢,

We will associate to any periodic orbit a differential operator related to the linearized
flow. Let v € P(M,H) be a T-periodic orbit (possibly multiply covered) and let / be a
vector field along ~, that is h : S' — TM is a smooth function satisfying h(t) € TynM
forall r € S'. Since h is defined along a flow line of X3, we can define the Lie derivative
Ly, h of h by

Ly, h(t) = &| _ dp—s(y(t + s/T)h(t + 5/7).

Since the flow v, of X3, preserves the splitting (2-1), so must Ly, , and we can conclude

that if h(r) € £¥,) forall t € §1, then Ly, h(r) € £7f, forall € S'. Moreover, if V is

a symmetric connection on TM, we can use dy(¢)0; = 7 - Xy (7(?)) to write
T - LXHh = LT.xHh = V’T"XHh - Vh(T . XH) = V,h - TVhX’,L,{,

and therefore the differential operator V, - —7V.Xy, maps sections of 7*¢* to sections
of v*¢™ and is independent of the choice of symmetric connection.

Choosing some J € J(M,H), we associate to each 7-periodic orbit v € P (M, H) a
differential operator A, ; : C®(y*€M) — C™®(~*¢™) acting on the space of smooth
sections of £’ along v defined by

A%j?? = —J(V[n — TanH).

We note that the discussion of the previous paragraph implies that A ; does in fact map
the space of sections of £7¢ along  to itself, and that A, ; is independent of symmetric
connection V used to define it. Define an inner product on C®(~v*¢7) by

(h k) = /1 wry(p) (7(0), J(1(0)k(D)) dit.
s
Recalling that Ly, w = 0, we have for any 4, k € C®(y*&M) that

w0y (h(1), k(1)) = wray (T(Lagy, 1)), k(D) + wryy (h(D), T(Lxy K1)
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Noting that the compatibility of J with w|¢x implies that w(J-,J-) = w(:, ) on EMx M,
we integrate this to give
(h, Aygk)s = (Aygh, k)

Therefore A, ; is formally self-adjoint, and A, ; induces a self-adjoint operator
Ay DA = HI(Y'E) € (¢ — LP(yeehh.
We will refer to A, ; as the asymptotic operator associated to the orbit 7.

The kernel of A, ; is closely related to the degeneracy of the orbit «. Indeed,
if v is degenerate then there is a nonzero vy € 51{(0) so that dv(v(0)vog = vp.
Defining v € C°°(7*§H) by v(t) = diy(7(0))vo, we have that Ly, v = 0, so
v € kerA, ;. Conversely, if h € C°°(’y*§7") satisfies & € ker A, ;, then we can
conclude that Ly, 7 = 0 so we must have that A(f) = dv;,((0))h(0), and in particular
h(0) = d+(y(0))h(0). Therefore ~y is nondegenerate if and only if A, ; has trivial
kernel.

It will be important to understand the behavior — particularly the winding — of eigenvectors
of asymptotic operators associated to periodic orbits in trivializations of £7*. We establish
our conventions for dealing with trivializations here. Given a simple periodic orbit
v € POUM,H) we will use the term unitary trivialization of (y*¢™,w, J) to refer to a
trivialization

D, ;8" x R? — 7,

of v*¢M satistying

W(Py-, D) = dx Ndy
(I),y o J() =Jo (I)W’

where Jj is the standard complex multiplication used to identify R? with C. Having
chosen a unitary trivialization ®., of (€M, w,J), we get an induced trivialization for
€™ along the multiply covered orbit ((y")*¢™, w, J) by pulling back @, via the m-fold
covering map [tz — [mflg/z. When dealing with trivializations of § " along an orbit
~™, we will always assume that the trivialization arises from a choice of trivialization
along the underlying simply covered orbit v € 730(M , H). Moreover, we will generally
use the same notation to indicate the trivialization ® of €7t along +, and that induced
on &% along .

In a unitary trivialization of the (y*£%,w, J) along a simple periodic orbit v : S' — M,
the asymptotic operator A ; takes the form

(A gh)(0) = —i%h(t) — S(O(D),
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where S(#) is a symmetric, two-by-two matrix. An eigenvector of A ; satisfies a linear,
first-order ordinary differential equation and therefore never vanishes since it doesn’t
vanish identically. Hence every eigenvector gives a map from S! — R?\ {0} and thus
has a well defined winding number. Since —i % — S(¢) is a compact perturbation of
—i % , it can be shown that the winding is monotonic in the eigenvalue, and that to any
k € Z there is a two dimensional space of eigenvectors with winding k. These results
are proved in Section 3 of [8], and we restate them here as a lemma.

Lemma 3.1 Let v € P°(M,H) be a simple periodic orbit of Xy, let A.n j denote
the asymptotic operator of 4™ for m € Z \ {0}, and let T(v*¢™) denote the set
of homotopy classes of unitary trivializations of (y*¢",w,J). There exists a map
w:o(Aym ) X T(y*€M) — Z which satisfies

(1) Ife : S'" — (’y’")*ﬁ” is an eigenvector of A.»; with eigenvalue A, then
w(\, [®]) = wind(®'e), that is, w(\, [®]) measures the winding with respect
to ® of any eigenvector of Ayn ; with eigenvalue \.

(2) For any fixed [®] € T(v*¢™) we have that
wA, [@]) < w(p, [@]) = A < g,
that is, the winding of eigenvectors of A j is (not strictly) monotonic in the
eigenvalue.

(3) If m(\) = dimker(A,» ; — \) denotes the multiplicity of A as an eigenvalue we
have for every k € Z and [®] € T(y*£M) that

> omy =2,
{A I w\ @)=k}

that is, the space of eigenvectors of A j with any given winding has dimension
2.

In this paper the relationship between the spectrum of the asymptotic operator associated
to a simply covered orbit « and that of the asymptotic operator associated to its k-fold
iterate ~* will be important. First note that there is a Z; action on sections of (v¥)*¢%
defined by [jlz/kz *1 f (1) = f(t + %). It is easily verified that A« ; is equivariant with
respect to this action, and therefore that the eigenspaces of A« ; are fixed by this action.
We say an eigenvector e of A ; is multiply covered if the isotropy group

Gle)={j € Zi|j*re=e}
is nontrivial, and we define the covering number of e

cov(e) = |G(e)|
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of e to be the order of this group. Put more simply, cov(e) is the largest positive integer
m dividing k for which (k/m) x - fixes e. It follows from the definition of A, ; that if e
is an eigenvector of A., ; with eigenvalue ), then the section e, € C*°((v*)*¢*) defined
by ex(t) = e(kt) is an eigenvector of A,yk’ ; with eigenvalue kKA. Furthermore, it is
straightforward to see that any eigenvector e of A« ; with covering number m = cov(e)
is of the form e(t) = f(mt) for some eigenvector f of AW”’ J with cov(f) = 1.

The following lemma is an easy consequence of the preceding discussion and Lemma 3.1.

Lemma 3.2 If e is an eigenvector of A x ; and P is a trivialization of v*EM | then

cov(e) = gcd(wind((b_]e), k).

Following [8] we define the Conley—Zehnder index of a periodic orbit ¥ in terms of the
spectrum of the asymptotic operator A« ;. We define a number T (V) € (A y)
by

(3-1) Oman(V") = max(o (A ) NR7)

i.e. so that 0, (%) is the largest negative eigenvalue of A« ;. Given a trivialization
® of v*£M, we define

(3-2) a®(Y*) = W(0pe (V); [®])

so that a®(+¥) is the winding relative to ® of any eigenvector of A« ; having the
largest possible negative eigenvalue. We define the parity of p(7¥) of v* by

prb — {o if Iu € o(Ay ) VR with w(p, [@]) = a®(9)

(3-3)
1 otherwise

and we note that this definition does not depend on the choice of ®. We recall from
[8] that the parity defined here agrees with the designation of +* as even or odd as
defined in Section 2.1. The Conley—Zehnder index ;®(7¥) of the orbit v* relative to
the trivialization & is then defined by

(3-4) p® (%) = 22 () + p().

We will at times suppress the choice of trivialization in our notation for « or p, but it
should always be understood that a choice of trivialization is necessary to define these
quantities. We also observe that even though the asymptotic operator A« ; depends on
a choice of J € J (M, H), the Conley—Zehnder index of an orbit is independent of this
choice, as can be seen by the alternate definitions given in [8].

Understanding how the Conley—Zehnder index of v* behaves as a function of k for
fixed v will be important. This is well understood and the important facts will be
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listed in the following lemma, the proof of which follows from basic facts about the
symplectic group Sp(1) which can be found e.g. in Appendix 8.1 in [12] or the first
chapter of [1]. For our purposes, it will be more convenient to state an iteration formula
for « rather than p, but the relationship between these two is clear.

Lemma 3.3 Let v be a (not necessarily simple) periodic orbit, and assume that v is
nondegenerate for all m € Z\ {0}. Let k € Z \ {0} be a nonzero integer.

e If~y is an even orbit, then

(3-5) (") = ka(y).
e If vy is an odd hyperbolic orbit, then
(3-6) () = [k + 1) = ka(y) + 52

where |- | is the least integer function, and p(k) denotes the parity of the integer
k.

e If v is an elliptic orbit, then there exists an irrational § € R so that

(-7 a(y*) = k6.

It will be convenient for later to record how « changes with changes of trivialization.
The only subtlety here is that since we always deal with trivializations of the underlying
simply covered orbits, we get a factor which accounts for the covering number of the
orbit. We note that if E — S' is a Hermitian line bundle with unitary trivializations ®
and U, the map ®~' o ¥ determines amap S' — U(1) ~ S'. We denote the degree of
this map by deg(®~! o ¥). We now state the formula as a lemma and omit the easy
proof.

Lemma 3.4 Let ® and VU be trivializations of v*¢7. Then
(3-8) a®() = a¥() + kdeg(@™' 0 W)

for any nonzero k € 7.

We close this section by introducing a quantity that will be useful later. Given any
eigenvalue p1 € o(Ax ;) itis clear from Lemma 3.1 and Lemma 3.2 that all eigenvectors
with eigenvalue i have the same covering number. We will therefore write

cov(u)
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to denote the covering number of any eigenvector with eigenvalue . Given any simple
periodic orbit v € PO(M, H), we will then define the spectral covering number &(y*)
of /¥ to be

(3-9) 5(7") = coV(T,0,(7"))
and note that by Lemma 3.2 that

(") = ged(k, a® (%))

where a®(7¥) is computed relative to any trivialization of v*¢* . Note that even though
a®(7*) depends on a choice of trivialization, Lemma 3.4 above shows that changing
the trivialization changes a by an integer multiple of &, so the gcd on the right hand
side of this equation is unchanged.

We note that as a consequence of Lemma 3.3, the spectral covering number of a
hyperbolic orbit can be computed knowing just the covering number of the orbit, and
whether the underlying simple orbit is even or odd. We state this result as a lemma and
omit the straightforward proof.

Lemma 3.5 Let v be simple periodic orbit, and let k € 7\ {0}.
e If ~y is an even orbit, then
5(v") = [k|.
e If v is an odd, hyperbolic orbit, then

ok |k|/2 ifk is even
a(y) =
1 if k is odd.

3.1.2 Asymptotically cylindrical ends

Here we will introduce a notion that will be useful for framing the results of the next
several sections. In this section we continue to consider a 3-manifold M equipped with
a stable Hamiltonian structure 4 = (\,w) and a compatible J € J(M,H).

Consider quadruples of the form (3, j, z., u) where (3, ) is a (not necessarily closed)
Riemann surface without boundary, z,. € ¥ is a point, and u : ¥\ {z:} > R X M isa
smooth map. We will call such a quadruple an asymptotically cylindrical end model if
there is a periodic orbit 4" so that u is asymptotically cylindrical over y™.

We define an equivalence relation on end models in the following way. We say that
asymptotically cylindrical end models (3, ], z«,u) and (3',j, w,,v) are equivalent
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if there exists an open neighborhood U C X of z,, and a holomorphic embedding
Y U — X with 1(z4) = w, so that

u=vou.

on U\ {z.}. Anequivalence class [%, ], z., u] of asymptotically cylindrical end models
will be referred to as a asymptotically cylindrical end.

An asymptotically cylindrical end is said to be embedded if it has a representative model
(2, J, z+, u) for which u is an embedding. A pair of asymptotically cylindrical ends
are said to be nonintersecting, if they can be represented by models (3, ], z«, #) and
(X', J, wy, v) satisfying

u(X\ {zH) NvE N\ {wi}) = 0.

An asymptotically cylindrical end is said to be pseudoholomorphic if it can be represented
by amodel (X, ], z,, u) with u : (X \ {z+},7) = (R x M, J) a pseudoholomorphic map.

By choosing holomorphic coordinates near a given point, it is clear that any asymptoti-
cally cylindrical end can be represented by a model of the form (D, i, 0, u), where ID
is the unit disk in C centered at 0 € C. We will call such a model, a unit disk model.
Given an asymptotically cylindrical end [, 7, 0, ] and a positive integer m, we can
define the m-multiple cover m - [D, 1,0, u] of [D, i, 0, u] by

n- []D)7 ia 07 M] = [D) ia 07 uo ¢m]

where ¢, : D — D is the map ¢(z) = 7. It is a straightforward exercise in complex
analysis to verify that the equivalence class of the end-model produced in this way does
not depend on the choice of unit disk model used in the definition.

It will be convenient for some of the following results to consider asymptotically
cylindrical ends with one additional piece of data. We will call a quintuple (X, j, z«, ¥, u)
a decorated asymptotically cylindrical end model if the quadruple (X, ], z«, #) is an
asymptotically cylindrical end model, and

vex = (T2 \ {0}/R*

is aray in the tangent space of ¥ at z,.. The ray in the data for a decorated end model
will be referred to as an asymptotic marker or decoration of the end. Two decorated end
models (2, /, z«, [X]so ,u) and &7 wae, [Y Iso ,v) are said to be equivalent when
there is an open neighl;orhood UcC¥Xofz.anda I*lolomorphic embedding v : U — Y/
with 1(z4) = wy, [dl/J(Z*)X]E,&* = [Y]E’S,* and

Uu=vor
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on U\ {z.}. An equivalence class of decorated end models is called a decorated
asymptotically cylindrical end.

It is clear that any decorated asymptotically cylindrical end can be represented by a
model of the form (D, i, 0, [1]¢~ JR+ u). As with undecorated ends, we can define the
m-multiple cover by

m - [D,i,0, (e g+, ul = [D, 0,0, [Ues gt 4 0 Bpal,

and it is easily verified that the equivalence class of end models produced in this way
does not depend on the unit disk model chosen to represent the end.

Finally, given a decorated end [X, ], z«, [X]so ,u], and a a € C* we define the change
of decoration map taking [, j, z«, [X]xo ,u] to a * [X, ], z«, [X]xo ,u] by defining

ax [Z7j7 ey [X]EQ* ) ul = [E7ja ey [aX]E(Z)* ) u]a

and again, it is easily verified that this is a well-defined operation on ends independent
of the choice of representing model and X € [X]so .

3.1.3 Asymptotic normal forms and some consequences

Underlying all of the results of this paper is a precise description of the asymptotic
behavior of pseudoholomorphic half-cylinders, and of the relative asymptotic behavior
of a pair of half-cylinders limiting to the same periodic orbit. The key results are proved
in [22] which builds on previous results from [10, 16, 9, 20]. In this section, we will
review the relevant facts and some consequences. Here we continue to assume (M, H., J)
to be a 3-manifold equipped with a stable Hamiltonian structure and compatible complex
multiplication, but we now assume H to be nondegenerate.

Let [X, ], z«, [X], &t = (a, u)] be a decorated asymptotically cylindrical end in (R x M, D),
and assume that u is asymptotically cylindrical over v* for some 7-periodic v €
POM,H) and k € Z \ {0}. Moreover, we assume that if o : [0,¢) — X is a smooth
curve satisfying o(0) = z, and ¢/(0) € [X], then lim, o u(c()) = ¥(0), i.e. if we
extend the projected map u to the S' compactification of ¥\ {z.}, the asymptotic
marker [X] hits the point v(0) on the orbit.

The assumption that i is asymptotically cylindrical allows us to find for some R € R
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an embedding? ¢ : [R, 00) x §' — X\ T, with
lim (s, 1) = z,
§—00

(3-10) Jim — G501 € X1 € (T2 {(0p/R*

andamap U : [R,00) x S' — (¥%)*¢M with U(s, 1) € gﬁm for all (s, ¢) € [R, 00) x S!
so that
(3-11) i(y(s, 1)) = (kTs,exp i, U(s, 1),

where exp denotes the exponential map of the metric

8HJ = AR+ w(-,J)

on M. We will call a pair (U, ) satisfying (3—10)-(3—11) an asymptotic representative
of [3,/, 2+, [X1, u]. It is clear from the C' convergence of i to R x +* that (3—10) and
(3—11) uniquely determine (U, v) up to restriction of the domain.

Now let [X, /', w, [Y], ¥] be a second decorated asymptotically cylindrical end, which is
also asymptotically cylindrical over v*. Then we can find an asymptotic representative
(V, @) of ¥ near w, so that we can write

PG5, 1) = (kTs, expig V(s, 1))

If the ends being considered are pseudoholomorphic, the asymptotic behavior of the
difference of the maps U and V is given by the following theorem. The proof can be
found in [22].

Theorem 3.6 Assume that [3,], z«, [X], @] and [Y',j, ws, [Y], V] are distinct, deco-
rated pseudoholomorphic ends asymptotically cylindrical over +*, with asymptotic
representatives (U, ) and (V, ¢) respectively. Then the difference U — V, where
defined, can be written

U(s, 1) — V(s, 1) = e™[e(t) + r(s,1)]

2 We remark that the embedding v above is not in general holomorphic with respect to
the standard almost complex structure jo on [R,00) x S C R x S' = C/iZ even if the end
is pseudoholomorphic. However it is easily seen from the results in [22] and the fact that
nondegeneracy implies exponential convergence that if the end is pseudoholomorphic, then
there exist positive constants d and M so that

101005, D] = [3(dip +j o dp 0 jo)(s, )| < Me™ T2
for all (s, ) € [R, 00) x S', where the norm | - | on Hom®'(R x S',TY) is defined with respect

to the euclidean metric on R x R/Z and any metric on the unpunctured surface X..
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where e is an eigenvector of the asymptotic operator A« ; with eigenvalue A < 0 and
where r satisfies
|VEr(s, 1] < M,-je_ds

forall (s,t) € [R,00) x §', (i,j) € N?, and some appropriate constants d > 0, M;; > 0.

Some remarks about this theorem are in order. We first remark that if (U, ¢) is
an asymptotic representative of [, ], z., [X], @], then (U(-,- + %), o, - + %)) is an
asymptotic representative of the end

eiZTr/k x [2,], 24, [X], 0] = [2,], 24, [eiZW/kX], i].

Thus if €2 /% [¥,j, 2, [X], 1] # €2™/*« [, ], wy, [Y], 7], the previous theorem then
lets us write .
Us,t+ 1) — Vs, t + 1) = e [eg(t) + ry(s, 1)]

with each \j;, e;; and ry; satisfying that same properties as the A, e, and r appearing in
the theorem. When |k| > 1, we can apply this observation to the case where ¥ = & so
the theorem gives an asymptotic description of each of the maps U(s, t+ %) —U(s,t+ %).
Additionally, we remark that in the case that ¥ is a cylinder over %, we get that V = 0,
so this theorem reduces to give an asymptotic description of a single half-cylinder as
in [10, 20]. Combining these observations, we get the following description of the
asymptotic behavior of U which is a refinement of the results of [10, 20] in the event
that |k| > 1. For proof, see [22].

Theorem 3.7 With (U, ¢) as defined above, there exists an s € R so that for
(s,1) € [s0,00) x S!, either U vanishes identically or
N
Us, 1) =Y _ e (ei(t) + rils, 1)
i=1
where
o The \; are a sequence of negative eigenvalues of A« ; which is strictly decreasing
ini(ie. \j < \; forj>i).
e FEach e;(# 0) is an eigenvector of A« ; with eigenvalue ;.

e The sequence of positive integers defined by setting ky = cov(e) and k; =
gcd(k;—1, cov(e;)), is strictly decreasing in i.

e The r; satisty ri(s,t) = ri(s,t + kil_). Moreover, each r; satisfies exponential
decay estimates of the form

VLIV ri(s, 1) < Myme™ .
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The following two corollaries will be important for our later results. For proofs see [22].

Corollary 3.8 Let [X, ], z«, 1] and [Y', ], ws, V] be pseudoholomorphic ends in R x M .
Then precisely one of the following is true:

e The ends are equal, i.e. [3,], 74, ] = [X', ], wy, V].
e One end is a multiple cover of the other, i.e. there exists an integer m > 2 so that

either
nm:- [E7ja ks i:t] = [E,aj/> Wi, \7]

or
[E7j7 ks ﬁ] =m: [El,j/,W*7f/].

e The ends [X,], z«, it] and [X', ], wy, V] are nonintersecting.

Corollary 3.9 Let [,], 2z, 0] be a pseudoholomorphic end in R x M. Then ei-
ther [X,], z«, 1] is embedded, or there exists an embedded pseudoholomorphic end
[,/ , ws, V] and an integer m > 2 so that

[E7j7 ks ﬁ] =m: [2/7.]./7‘4)*7‘7]-

Combining these corollaries with results about the local behavior of pseudoholomorphic
curves due to Micallef and White [18] or McDuff [17] gives the following generalizations
of results that are well-known for closed curves.

The first such result is that two connected curves either have the same image or intersect
in at most a finite set.

Corollary 3.10 Let (W,J) be an almost complex 4-manifold with Hamiltonian struc-
tured ends, and Iet [%;, j;, Ty, it;] € M(W,J, HT,H ™) be connected pseudoholomorphic
curves. Then the sets a;l(aj(zj \ I'j)) are either finite or equal to ¥; \ T';.

We next address the question of double points and singularities for a connected curve. A
pseudoholomorphic curve [3,j, T, it] € M(W,J, H*, H™) is called multiply covered
it factors through another curve [¥',;/, ", ¥] via a holomorphic map v : ¥ — ¥’ with
deg > 2. If a curve is not multiply covered, it is said to be simple. We can now state
the following corollary.

Corollary 3.11 Let (W,J) be an almost complex 4-manifold with Hamiltonian
structured ends, and let [%, ], T, i] € M(W,J, H",H ™) a connected, simple pseudo-
holomorphic curve. Then the set of double points of i

D@ty = {(p,q) € (E\T) |ip) = ii(q), p # q}
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and the set of singular points® of ii
S@ = {p € £\ T'|dip) = 0}

are both finite.

A version of the following corollary is proved in [10] in the case that the stable
Hamiltonian structure arises from a contact form. The proof given there readily
generalizes to any stable Hamiltonian structure.

Corollary 3.12 Let [X,j,T,it] € M(W,J,H*,H™) be a pseudoholomorphic curve,
let z, € T be a puncture, and let w : T(R* x M*) — §Hi be the projection onto £Hi
over the cylindrical ends determined by the splitting T(RE x M*) ~ R RXyx @ &M
Choose an open neighborhood U’ C ¥ of z, so that w(U’ \ {z.}) lies entirely within
one of the cylindrical ends so that 7 o dii is defined on U’ \ {z.}. Then there exists an
open neighborhood U’ C U of z, so that 7 o dii either vanishes identically on U’ or
vanishes nowhere on U’ .

3.1.4 Asymptotic winding numbers

In this section we will define some invariants associated to the ends of an asymptotically
cylindrical map. Throughout (W,J) will denote a 4-dimensional almost complex
cobordism with positive/negative ends (RE x M*, Jo, Hy = Ot, wi)).

Let [X,/, z, [X], it] be a decorated (not necessarily pseudoholomorphic) end which is
asymptotically cylindrical over 4 for some v € P°(M,H) and some m € Z \ {0}.
We will abbreviate the end by [ii; z] for simplicity. Define:

(3-12) a®(it; 7) := a®(y™) with the right hand side as defined in (3-2).

(3-13) ,u(I’(ﬁ; 7) = ,u(b('ym) with the right hand side as defined in (3—4).

(3-14) a(it; 7) := a(y™) with the right hand side as defined in (3-9).

We note that each of these quantities depends only on the asymptotic limit of the end, and

not on the map, or the decoration. In the case that the end [ii; z] is pseudoholomorphic
and the latter alternative of Theorem 3.7 holds, we define

(3-15) e1(i1; z) := the leading eigenvector in the asymptotic expression of

it at z from Theorem 3.7.

3 Note that the fact that @ is pseudoholomorphic implies that either rank dii(p) = 2 or
dil(p) = 0 forevery p € X\ T.
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If |m| > 1 then e;(ii; z) depends on the choice of asymptotic marker, but applying
the change of decoration map (¢”2"/™). € Hom(7,X) has the effect of replacing the
eigenvector e; = e1(it;z) with ej(- + %). Thus e;(it; z) determines a well-defined
m-fold multisection of &7 |, which doesn’t depend on the choice of marker.

We say that the end [ii; z] winds if it can be represented by amodel (X, j, z, [X], &t = (a, u))
in which the map # does not intersect the cylinder over 4", or equivalently, so that the
projection u of the map to M does not intersect the asymptotic limit . In this case, we
define the asymptotic winding windfo(ﬁ; 7) of &1 at z relative to the trivialization ¢ of
v*€" by choosing a small clockwise loop around z, and defining windfo(ﬁ; z) to be
the winding of the image of this loop around y computed in the trivialization ®. The
assumption that the image of u does not intersect -y implies that the resulting quantity
is independent of the loop chosen. In the case that [i; z] is a pseudoholomorphic end, it
is an easy consequence of Theorem 3.7 that

(3-16) wind® (it; 7) := wind(® ey (i1; 2))

Note that the comments of the previous paragraph show that wind® (ii; z) depends only
on the undecorated end [, /, z, #1] and not on the choice of asymptotic marker. The
following lemma collects some useful facts about wind .

Lemma 3.13 Let ® and U be trivializations of v*¢™, and let [it; z] denote an end
which winds and which is asymptotically cylindrical over ¥ with m € Z \ {0}. Then
(3-17) wind? (it; z) = wind . (it; z) + mdeg(® ' o ).

and the quantity

(3-18) do(it; z) == a® (it; z) — windZ (i; 2)

is independent of the choice of trivialization. Moreover, if [ii; z] is pseudoholomorphic
then dy(it;z) > 0 and*

(3-19) A(it;2) := (|m| — Ddo(; z) — (it; ) + cov(e; (it; 2))
is even, nonnegative, and A1 (it; z) = 0 if and only if at least one of the following holds:

o |ml=1

* The significance of the quantity A;(ii; z) is, at this point, likely not apparent to the reader, so
we give a brief preview here. As mentioned in the introduction, we will later introduce a quantity
000 (#t; z) for embedded ends which is an upper bound on the number of self-intersections that can
appear at that end if pseudoholomorphic. The quantity A (it; z) will be twice the contribution
to doo(it, z) (if any) arising from the failure of the leading eigenvector in the asymptotic formula
to have extremal winding, i.e. failure of d(ii; z) to be zero.
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o dy(it;z) =0

e dy(it;2) =1 and 5(ii; 2) = |m|.

Proof The change of trivialization formula follows as in (3—8) and we omit the
trivial proof. The trivialization independence of a®(i;2) — windfo(ﬁ;z) is then a
consequence of the respective change-of-trivialization formulas. In the event that [ii; z]
is pseudoholomorphic, the nonnegativity of this quantity has been previously proved
in [8], and is an easy consequence the monotonicity of winding relative to eigenvalue
(Lemma 3.1) and the fact that e;(ii; z) has negative eigenvalue (Theorem 3.7), and
therefore must have have winding no greater than o®(ii; z) (by definition of «).

Next, still assuming that [i; z] is pseudoholomorphic, we consider the quantity
Ay(it;2) = (Im| — D[a®(@; z) — wind® (i; 2)] — (it 2) + cov(ey (ii; 7)),

and observe that if windg’o(ﬁ; 7) = o®(ii; 7) then cov(e, (i1; 7)) = G(it; 7) as aconsequence
of Lemma 3.2, so then A;(i;z) = 0. On the other hand, if |m| = 1, then we must have
cov(ey(it;2)) = o (it; 7) = 1 since both of these quantities must divide m. Again we have
A\ (it; z) = 0, and we can conclude that A;(i1; z) = 0 whenever (|m| — 1)dy(it;z) = 0.

Assuming then that |m| > 2 and dy(ii;z) > 1, we get that
Ay(it;2) > |m| — 1 — G(it; 2) + cov(er (it; 2))

which must be nonnegative since 7(ii; z) < |m| while cov(e;(it; z)) > 1. Moreover, the
only possibility for Aj(it;z) = 0 is if dy(it;z) = 1, 6(it;z) = |m| and cov(e;(it;2)) = 1.
If we assume that 5(i1; z) = |m|, we can conclude from Lemma 3.2 that

ged(|m|, a®(i; 2)) = & (it; 2) = |m|

so |m| divides a®(it; z). If we further assume that dy(i; z) = 1, we can use this with
Lemma 3.2 to argue

cov(e) (it; 2)) = ged(|m|, wind3, (i 2))
= ged(|m|, a®(it; 2) — do(it; 2))
= ged(|m|, a®(@t;2) — 1)
=1.
We can conclude that if dy(ii;z) = 1 and 5(&;z) = |m|, then cov(e(ii;z)) = 1, and

hence Aq(ii;z) = 0. We have thus shown that A;(it;z) > 0 and Aq(ii;z) = 0 if and
only if (|m| — 1)dy(it; z) = 0, or do(it;z7) = 1 and &(ii; ) = |m|.
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Finally, to prove the evenness of Aj(ii; z), we observe that, as a result of Lemma 3.2,
the quantity is of the form

(3-20) (m — 1)(a — b) — ged(m, a) + ged(m, b)

(where here a = a®(ii;z) and b = windg’o(ﬁ;z)). If the term (m — 1)(a — b) is odd
then it must be the case that m is even and a and b have opposite parity. In this case, it
follows that gcd(m, a) and gcd(m, b) must have opposite parity, so the sum of the three
terms is even. In the case that (m — 1)(a — b) is even, we have either that m is odd or
that @ and b have the same parity (or both). In either case, it follows that gcd(m, a) and
gcd(m, b) have the same parity, and so the sum of the three terms must be even. O

Next we will introduce a quantity associated to an embedded end which records some
of the finer information about the asymptotic behavior in the event that the asymptotic
limit of the puncture is multiply covered. Let [i;z] = [>,/, z, [X], @] still denote a
decorated end in (R x M,J) which is asymptotically cylindrical over v, but now
assume in addition that [i; z] is an embedded end and that |m| > 2. Let (U, %) be an
asymptotic representative of [it; z] as defined in the previous section, i.e.

(P (s, 1)) = (mTs, exXpmgy U(s, 1)).
The assumption that [iz; z] is an embedded end implies that U(s, ) — U(s, t + %) =0if
and only if j is a multiple of m. Consequently, the winding of the map

rest el [U(s,z) —U(s, 1+ %)} e R2\ {0}

is well defined and independent of s. We define the secondary winding of i at z relative
to the trivialization ® by
|m|—1
wind?@2) = 3 wind o~ [U(s, )= U, + #)} .
j=1
As with the asymptotic winding, it is straightforward to show that the secondary winding

depends only on the undecorated end [, ], z, it], and not on the choice of asymptotic
marker.

In the event that the embedded end [ii; z] is pseudoholomorphic, the secondary winding
can be computed in terms of the eigenfunctions from Theorem 3.6. Letting (U, ) still
denote an asymptotic representative of [ii; z], we have from Theorem 3.6, that

U(s, 1) — Uls,t + L) = eM[e(t) + ri(s, 1)]
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with \; < 0 an eigenvector of A = An ;, e; # 0 an eigenvector of A with eigenvalue
Aj,» and rj converging exponentially to 0. We will write

(3-21) e (it 2) = ¢;

to denote the eigenvector appearing in the formula for U(s, ) — U(s + %). Since the r;
converge to 0 as s — oo, it follows that

wind] (i;2) = Y wind(® el (@: 2)).

We collect some useful properties of wind, in the following lemma.

Lemma 3.14 Let [ii, z] = [2, ], z, it] be an embedded end in (R x M,j) and assume
that [i; z] is asymptotically cylindrical over ¥". If ® and U are trivializations of v*¢™
then

wind? (i; z) = windy (it; 2) + m(|m| — 1) deg(®~' o ).

If [ii; 7] is pseudoholomorphic, then the quantities®
(3-22) Ao (it; 2) := (Im| — 1) wind® (it; z) — cov(e; (it; 2)) + 1 — wind (ii; 2)
Aw(it; z) = (Im| — Da®(it; z) — 5(ii; z) + 1 — wind? (i; 2)

are even, nonnegative, and independent of the choice of trivialization. Moreover, we
have that A,(it; z) = 0 if and only if the asymptotic representation of it near z (from
Theorem 3.7) has at most two terms and the winding of the eigenvectors appearing in
this formula differ precisely by 1. In particular

wind? (i; z) = (|m| — 1) wind, (i; 2)
if and only if cov(e,(it;z)) = 1.
Proof The change of trivialization formula follows as in (3—8) and we again omit the

easy proof. The trivialization independence of the two quantities A, (it; z) and Ay (it; 2)
is then a straightforward consequence of the change of trivialization formulas.

> As with A;(#1; z) before, the significance of the quantities A,(ii; z) and A, (it; z) is likely
not apparent to the reader at this point, so we give a brief preview here. As mentioned before,
we will later introduce a quantity 6, (i; z) for embedded ends which is an upper bound on the
number of self-intersections that can appear at that end if pseudoholomorphic. The quantity
As(it;z) will be twice the contribution to . (it,z) (if any) arising from the failure of the
eigenvectors in the asymptotic formula from Theorem 3.7 to be simply covered, while A, (ii; z)
is the sum of A (@; z) and Ay(@i; z).
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Assuming now that [it; z] is pseudoholomorphic, the nonnegativity and evenness of
Aror(it; z) will follow from the nonnegativity and evenness of A,(i;z) along with
Lemma 3.13, since A (ii; 2) — Ao (it; z) = Aq(it; z), which was already shown to be
nonnegative and even.

To prove that A,(iz; 7) is even and nonnegative, we first write down an alternate formula
for wind, in terms of the eigenvectors appearing in Theorem 3.7. According to the
theorem, we can write

N
(3-23) iw((s, 1) = (st, eXPym(p) Z NS [ei(t) + ri(s, t)])
i=1
with \; < A\;_1, the sequence
ky = cov(er) ki = ged(ki—1,cov(e;))

strictly decreasing in i, and the r; satisfying r;(s,t + k%,) = ri(s,t) and converging
exponentially to zero. We observe that Lemma 3.1 implies that wind ®le; <
wind @ 'e;_; since \; < A\i_;. Since k;_; divides cov(e;_;) and ged(k;—1,cov(e;)) =
k; < k;_1 it follows that that cov(e;) # cov(e;_1), so Lemma 3.2 lets us conclude that
we have the strict inequality wind ®~'e; < wind ®~le; ;.

Abbreviating kg = |m| and w; = wind ®~'e;, we claim that we can conclude from
(3-23) that

N
(3-24) wind (ii;2) = > (ki1 — ky)wi.

i=1

To see this, observe that if ¢;(-) — ¢;(- + é) is nonzero then Lemma 3.1 implies that
wind @ 'e; = wind ®[e;() — e;(- + é)]
since ¢; and ¢;(-) — ¢;(- + é) are eigenvectors of A with the same eigenvalue. Then,

we can use that r;(s, t + %) = ri(s, t) and that

eilt + k%) — et + cov(ei)/ki) = e(t)

cov(e;)

to conclude that if (U, ) is an asymptotic representative of i, then as j varies over
{1,...,ko — 1}, precisely k;_; — k; of the terms ®~'[U(s, ) — U(s, - + é)] have
winding w; for s large. The formula (3-24) follows immediately from this observation
and the definition of wind,.

Using the formula (3-24), the quantity A(i@; z) of interest can be written
N
As(it;z) = (ko — Dwy —ky + 1 — Z(ki—l — kw;.

i=1
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Using that ky = 1 since [u; z] is an embedded end, we can rewrite this as

N N
As(ity2) = Z(kifl —kiwi — ki +1— Z(kifl — kj)w;
i—1 i—1
N

=1 —ki+ Y (ki1 —k)owi —wp)

i=1

and since the i = 1 term of the sum vanishes, we continue

N
=1 —ki+ Y kit — kd(wi — wy)
ZNZ i
=1—ki+ > ) i —k)wiy —wy)
i=2 j=2
N N
=1—ki+) > (hior = k)wji —w)
j=2 i=j

N
=1—ki+ Y (k-1 — Dlwj1 —w)
j=2

N
(3-25) =D (k1 = Dwjm1 = w)) + k= k1.
j=2

Using that w;_; — w; > 1 for each j and that the k; are a decreasing sequence of
positive integers, we find that each term in this sum in nonnegative (in fact positive
except possibly when j = N). Using the definition of k; with Lemma 3.2, we have that

(3-26) k= ged(ki—1, cov(ej(i:2) = ged(ki1, ged(ko, w)) = ged(ki—1, w))

since kj_1 divides ko. Using further that k; divides w;, we can also write k; = gcd(k;j, wj).
These observations allow us to rewrite this sum as
N
(3-27) Z(kf—l — D(wj—1 — wj) + ged(kj—1, wj) — ged(kj—1, wj—1).
J=2
Comparing this with (3-20), it easily follows that each term in the sum is even, and
consequently that the sum is even.

Finally, to see the last claims are true, we observe that it follows from (3-25) that
As(i1;z) = 0 if and only if wj—1 —w; = 1 and k; = 1 for all values of j € Z N [2,N]
for which they are defined. Since the k; form a decreasing sequence of positive integers,
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we conclude that A (it; 7) = 0 precisely when either k, = 1 and w; — wy = 1 or when
k1 = 1, i.e. precisely when the asymptotic representation (3—23) has at most two terms
with the winding of the two eigenvectors (in the case of two terms) appearing in that
formula differing by 1. Moreover, there is one term in this representation if and only
if k&; = 1, which happens precisely when the leading eigenvector e;(it; z) is simply
covered, and in this case Aj(it; z) = 0 is equivalent to

wind? (it; 2) = (jm| — 1) wind2 (&; 2). O

We close this section by defining a quantity that records relative asymptotic information
about two nonintersecting ends limiting to a cover of the same orbit with the same
covering number. We again let [i1;z] = [X,],z, [X], #] be a decorated end which
is asymptotically cylindrical over v, we let [v; w] = [X/,, w, [X], 7] be a second
decorated end which is also asymptotically cylindrical over 4", and assume that the
end [i1; z] and [V; w] are nonintersecting. If we let (U, ) and (V, ¢) be asymptotic
representatives of [i;z] and [V, w] respectively, then the assumption that [iz; z] and
[7; w] are nonintersecting implies that U(s, ) — V(s,t + %) is never zero. Consequently,
the maps

re st ol (U6 = Ve,r+ D] e B2\ {0}

have well-defined winding which is independent of 5. We then define the fotal relative
winding of [it;z] and [#; w] relative to a trivialization ® of v*¢% by

[m|—1

Wind;};l([ﬁ;z], [V;w]) = Z wind &~ ! [U(s, ) —V(s, -+ #)] ]
j=0

As with the secondary winding, the total relative winding of two nonintersecting ends is
easily verified to be independent of choice of asymptotic marker, and therefore gives a
well-defined invariant of the pair of undecorated ends [, , z, #] and [X/, ', w, 7].

In the event that the ends [i; z] and [¥; w] are pseudoholomorphic, the total relative
winding can be computed in terms of the eigenfunctions appearing in Theorem 3.6.
Indeed the assumption that [it; z] and [V; w] are nonintersecting tells us that for each
j€A0,...,|m| — 1} we can write

UGs, 1) — V(s, 1+ 1) = e*[ej(0) + r(s, 1)]

where e; is an eigenvector of the asymptotic operator with eigenvalue A\; < 0 and where
rj converges exponentially to zero. The fact that the r; converge to zero as s — oo lets

us conclude that
m]—1

wind (@], [Fw]) = > wind(®e)).
j=0
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We collect some useful properties of wind,,; in the following lemma.

Lemma 3.15 Let [i;z] = [X,],z,i] and [v;w] = [¥',j/,w, V] be nonintersecting
ends in (R x M,J) which are asymptotically cylindrical over . If ® and ¥ are
trivializations of v*¢™ , then

wind(,([i; 21, [7: w]) = wind)ly([i; 2], [7 w]) + m|m| deg(@ ™! o ¥)

and
wind®,([; 2], [7; w]) = wind®,([7; w], [; 2]).

If [@1; z] and [V; w] are pseudoholomorphic ends, the quantity
Im| max {wind%,(it; z), wind® (7, w) } — windjy,([i; 21, [#; w])

is nonnegative and independent of choice of trivialization, and we have the strict
inequality

|m| max {wind(;'t’o(it;z)7 windg;(f/; w)} — wind?;,([ﬁ;z], [v;w]) >0

only if e\(it; 2) = j *m €1(V;w) for some j € Z,,|, where x*,, denotes the Z,,, -action on

(Y")*€™ (or equivalently if e;(it; z) and e|(¥; w) determine the same multisection of
*¢H

YEE).

Proof As with Lemma 3.13 and Lemma 3.14, the change of trivialization formula
follows just as in (3—8) and we omit the trivial proof. The symmetry of the total relative
winding is an easy consequence of the fact that winding is fixed by negation and the Z,,
action, while the fact that the quantity

|m| max {wind® (i; z), wind%, (¥; w) } — windy([i; ], [¥; w])

is independent of choice of trivialization follows from the change-of-trivialization
formulas for wind,,; and wind..

Now assume that [ii; z] and [7; w] are pseudoholomorphic. To see that
|m| max { wind® (ii; z), wind, (¥ w) } — wind%([@; 2], [7; w]) > 0
we observe that the differences
Us,t) — V(s,t + 1)

cannot decay slower than both of U and V. This observation with the definition of
wind,.; and the monotonicity of winding with respect to eigenvalue imply that

windy,([it; 2], [ w]) < |m| max {wind3, (i; z), windZ, (¥; w) }
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as claimed. To prove the final claim, we first assume that e;(i; z) and e (V; w) have
different eigenvalues. Using the symmetry of the relative winding, we can assume
without loss of generality that the eigenvalue of e;(i1; z) is strictly larger than that of
e1(7; w). In this case, it is immediate that e (ii; z) must be the eigenvector appearing
in the asymptotic formula for U(s, ) — V(s,t + %) for all j € Z,,. It follows from
the definition of the total relative winding, and the monotonicity of winding in the
eigenvalue (Lemma 3.1) that

windy,([it; 2], [7; w]) = |m| windZ, (it; z) = |m| max {wind® (ii; 2), wind®, (¥ w) }

as claimed. Next assuming that e (it; z) and e1(¥; w) have the same eigenvalue (and hence
the same winding), but belong to different Z,,-orbits. Then it is again straightforward to
argue that the eigenvector appearing in the asymptotic formula of U(s, ) — V(s, ¢ + #)
is

e1(it; z) — j *m e1(V; w),

and hence
|m|—1
windyy([it; 21, [ w]) = > wind & [e1(7;.2) — j m €1 (% w)]
=0
= |m| Windgg(it;z) (: |m| windg’o(f/; W))

= |m| max {wind2,(ii; z), windZ, (¥; w) } .

The only remaining possibility is that e1(i; z) and e (¥; w) have the same eigenvalue
and that e;(@; z) is in the Z,,-orbit of e;(V; w). Hence, this must be true if the strict
inequality is to occur. |

3.2 Local intersection theory at co

We now study local intersection properties of asymptotically cylindrical maps near their
punctures. The key idea, considered in a special case by Kriener in [16] and more
generally by Hutchings in [14], is to perturb the maps near the ends and compute an
intersection number which depends on the direction of the perturbation. We will see that
for pseudoholomorphic curves, this intersection number is always bounded from below
by a number which also depends on the direction of perturbation, but that the difference
between the intersection number and its lower bound is independent of this choice.
We can thus associate to each pseudoholomorphic end or pair of ends, an “asymptotic
self-intersection/intersection number" which, roughly speaking, measures tangencies
(or self-tangencies) at infinity. Many of our results in this section are analogous to
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those in Section 6 of [14]. We present full proofs here because our point of view and
conventions are somewhat different than those used in [14], and because in one case
we achieve a stronger bound than what is given in [14] which is important for our
applications.

We start by considering an embedded (not necessarily pseudoholomorphic) end model
(2,j,z,i) in R x M, which we assume is asymptotically cylindrical over 4. Let
(U, 1) denote an asymptotic representative for i, so that

A(Y(s, 1)) = (TS, Xy U(s, 1)

with 7 : [R, 00)xS' — ¥\ {z} an embedding converging to z as s € [R, co) approaches
infinity.

Letting ® : ' x C — y*¢M be a unitary trivialization of 7*¢* and e € RT € C be a
positive real number (thought of as lying in C), we define a map ii; . ¢ : [R, 00) X st —
R x M by

i, a(s,t) = (m7s, expvm(t)[U(s, 1) + ®(mr)e])

so that i, . ¢ is a perturbation of i near z in a direction determined by ®.

Lemma 3.16 There exists an £y > 0 so that the intersection number

int(ft‘w([R,oo)xSI)v 17‘27551))

is well-defined, independent of ¢ € (0,&q), and invariant under homotopies P, :
S! x C — ~*¢™ of unitary trivializations of y*£.

Proof Abbreviating Cg = [R,00) x S! and Iz = [R,R + 1] x §', it follows from the
asymptotic behavior of i and the assumption that i,z «)xst) is an embedding that
we can find a number €y > 0 so that for any € € (0, gg) there exists an R(¢) so that

i(p(Ig U Cre) Nitz e o(Cr) =0 and  #(y)(Cr)) N itz e (Ig U Cree)) = 0

for any unitary trivialization ®; that is, the preimages of all intersections of i and i, . ¢
are contained in the cylinder [R 4+ 1,R(e)] X § I

With this condition satisfied, we can apply standard transversality arguments to find
smooth homotopies v.,w. : [0,1] X [R, o0) X S' — R x M so that vo = it o ) and

Wo = iz e,

vT|1RUCR(s) =iuo w|1RUCR(5) and WT‘[RUCR(E) = ﬁ27€,®|1RUCR(s>7
V(IR U Crie) Mw(Cr) =0 and  v-(Cr) Nwr(Ig U Cr(e)) = 0
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for all 7 € [0, 1], and so that v; and w; have only transverse intersections. These
conditions imply that the set S = {(p, q) € Cg x Cg|vi(p) = wi(g)} is contained in
([R + 1,R(e)] x §1?, and the transversality assumption implies that the set S is finite.
We can therefore define the intersection number int(vy, wi) by counting with sign the
intersections of v; and wy, and we define

int(ﬁ‘d)([R,oo)XSlﬁ Ile,&cE») = int(V] , Wi )
Considering a generic path of homotopies shows that this number does not depend on

the choice of homotopy. Moreover, if &] and i, 4 are any homotopies starting at
] (R 00y x s1) and i, ¢ ¢ respectively, we will have that

int(ﬁ|7,[)([R,OO)><Sl)7 ﬁz7g7<1>) = lnt(ﬁ;, ﬁ;—,g,cp)
provided that there exists an R; so that
u(IrUCr) Nl 5(Cr) =0 and al(Cg) Nl g UCg) =10

for all 7 € [0, 1]. In particular, this homotopy invariance implies that the intersection
number in’[(ﬁ|¢([R700)X s1), iz ¢) 1s independent of € € (0,g9) and invariant under
homotopies of unitary trivializations @, : §' x C — y*¢%. m|

We use the above lemma to define an invariant of an embedded, asymptotically cylindrical
end model. Let (X, ], z, i) still denote an embedded end model, let O be some open
neighborhood of z, and let i, . ¢ denote a perturbation of it|p near z defined as above.
The preceding lemma shows that the intersection number

int(ﬁ|0, az,s,cb)
is independent of sufficiently small € > 0 and depends only on the map #, and the
homotopy class of unitary trivialization ®. Using this observation, we define the relative
asymptotic self-intersection number i (it; 7) of the end model (X, }, z, it) relative to ®
by
ice(8:2) 1= int(@l|o, z.c,0)
for any sufficiently small € > 0O so that the conclusions of the preceding lemma hold.

Using Theorem 3.7, we can compute i& (i; z) in terms of the winding invariants defined
in the previous section. We state this as a lemma.

Lemma 3.17 Let (X, ], z, it) be an embedded, asymptotically cylindrical end model,
and let & be a unitary trivialization of the plane-field £’ along the asymptotic limit of
it at 7. Then the asymptotic self-intersection number i% (it; 7) of it at 7 relative to ® is
given by

i® (it 2) = — windS (i; 7).
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We remark that this Lemma demonstrates that the asymptotic intersection number is an
invariant of the embedded pseudoholomorphic end [3, j, z, &t] and does not depend on
the choice of embedded model (X, , z, &t) representing [, , z, it].

Proof Assume that " is the asymptotic limit of the end, and let (U,) be an
asymptotic representative of the end, so we can write

ﬁ(¢(sa t)) = (mTSa exp'y’”(t) U(S, t))

Note that the assumption that i is an embedding implies U(s,?) — U(s, t + in;) has
no zeroes for j # 0 mod m. By definition, the asymptotic self-intersection number
i® (it; 7) is computed by counting signed intersections of i and the map

Uz e,0(8, 1) = (MTS, €XPmy[U(s, 1) + (mi)e]).
Considering the representations given for these maps, we see that
i 0 (s, 1) = lizea(s, 1)
if and only if
s=4,
t=1+ # for some j € Z,,, and
Us,t) = U(s, 1 + L) + @(mo)e,

where in the last condition we have applied the previous two and have used the 1-
periodicity of ® and the %—periodicity of ~™. It clear then that the algebraic count of
intersections of it with i, . ¢ is equal to the sum of the algebraic count of zeroes of

UGs, 1) — Us,t + L) — ®(mi)e

as j varies over Z,,, which in turn is equal to the algebraic count of zeroes of the
function Fj : [R, 00) x S! — C defined by

Fi(s,) = ®(mt) ' [U(s,t) — U(s,t + L)1 —e € C
as j varies over Z,, \ {0}.

Since all zeroes of the Fj lie in the interior of a compact cylinder of the form [Ry, Ry] xS L
the algebraic count of zeroes of F; will be equal to the difference in winding of the loop
t — Fj(s,t) for s > R, and s < R . For large s’ > R, the assumed decay of U — j x U
implies that

wind(Fj(s', -)) = wind(@(m )~ '[U(s, -) — U(s, - + L)] — &) = wind(—¢) = 0.

Geometry & Topology XX (20XX)



Intersection theory of punctured pseudoholomorphic curves 1051

Next, assuming we’ve chosen ¢ < inf,cqi |U(Ry,1) — U(R;,t + ﬁ)| , we have that
wind(Fy(R;, -)) = wind(@(n )~ [URy, ) — UR), - + £)] — )
= wind(®(m )" [UR1,-) = URy, - + D).
Since ®(mt)"[U(s, 1) — U(s, t + %)] has no zeroes, we know that the winding is

independent of s. We these observations with the definition of wind, from the previous
section to conclude that

|m|—1
i2(:2) = > wind(Fj(Ry, -)) — wind(F(R), -))
j=1
|m|—1 .
==Y wind@@m)'[UR,) — UR, -+ L))
j=1
= — wind? (i1; 2),

as claimed. O

As an immediate corollary of this computation and Lemma 3.14 we get that the
asymptotic self-intersection number satisfies a number of properties. Note that (3—28)
below is an improvement on Lemma 6.7 in [14], and reduces to the result given there
when cov(e;(it;z)) = 1.

Corollary 3.18 Let [i1;z] = [X,],z, it] be an embedded end, with asymptotic limit
4™, and let ® and U be unitary trivializations of v*¢* . Then the relative asymptotic
self-intersection number of the end [ii; 7] satisfies

i® (it;2) = 1% (i1;2) — m(jm| — 1) deg(® " o V)
If [@1; 7] is a pseudoholomorphic end, then:

e We have that

(3-28) i ({152) > —(|Jm| — 1) wind5, (@t 2) + cov(er (@ 2)) — 1

and that

i (@:2) = —(|m| — 1) wind$ (:2)

if and only if cov(e(it;z)) = 1.

e In particular, we have that
iS(#2) = —(|m| — Da®(@2) + 6(i;2) — 1
and that
i2 (;2) = —(Im| — Da®(@1; 2)

if and only if dy(it;7) = 0 and o(i1;7) = 1.
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The lower bounds on & (ii; z) should be thought of as a sort of “positivity of intersections
at infinity” for embedded pseudoholomorphic ends. Indeed, we have shown that the
quantity

D ® -,

ioo(it;2) + (Jm| — D™ (i3 z)

is independent of choice of trivialization, and that

i% (i3 2) + (Jm| — Da® (i3 2) = wind3 (3 2) + (Jm| — Da®(@; 2)
= A(it;2) + Ao(it; 2) + [6(71;2) — 1]

where each of the three terms on the right hand side of this equation are nonnegative
quantities when [i; z] is pseudoholomorphic. We will define the asymptotic self-
intersection index 0o (it; z) of the end [i1; z] to be

(3-29) Soo(@t;2) := L [i2 (@ 2) + (Im| — )a®(@t;2) — 55 2) + 1]

= %Amt(ﬁ;Z)

We note that for pseudoholomorphic ends the asymptotic self-intersection index takes
values in the nonnegative integers as a result of Lemma 3.14 and Lemma 3.17. The
asymptotic self-intersection index can be thought of as a measure of the self-tangency
at infinity of an embedded pseudoholomorphic end. In any given trivialization, it
counts one half the difference between the number of intersections the end has with a
perturbed copy of itself and the minimum number that must occur for any embedded
pseudoholomorphic end with the same asymptotic data.

We now move on to considering the asymptotic intersection properties of a pair of ends
of curves which are asymptotic to coverings of the same simple periodic orbit with the
same sign. Our assumptions will be that (X, j, z, it) and (X', ', w, V) are nonintersecting
(not necessarily pseudoholomorphic) end models in R x M. We further assume that i
is asymptotically cylindrical near z over "<, and ¥ is asymptotically cylindrical near
w to y™, and that m, and m,, have the same sign.

We assume that (U, 1) and (V, ¢) are asymptotic representatives of i and ¥ respectively
so that we can write

ito (s, t) = (m,Ts, XDy (1) U(s, 1))

Vo (s, t) = (my,Ts, EXPym (1) V(s, 1))

for (s,1) € [R,00) x S' for some R € R. If ® is a trivialization of fy*fH, we define a
map V.o : [R,00) X S ! — W as above by perturbing the map ¥ on a neighborhood of
w in a direction determined by ®. As above we have the following lemma.
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Lemma 3.19 There exists an £y > 0 so that the intersection number

int(ﬁ7 f)W,E,‘I))

is well-defined and independent of € € (0, ¢) and invariant under homotopies of unitary
trivializations ®.

Proof Again denoting Cp = [R, 00) X S' and Iy = [R,R+ 1] x S1, it follows from
the asymptotic behavior of (i; z) and (¥; w) that there exists an £; > 0 so that

o ¢(IR) N ‘N)w,a,@(CR) =0 and o ¢(CR) N vw,sﬁb(lR) =0

for and € € (0, <) and any unitary trivialization ® of v*¢*. Moreover, the asymptotic
behavior of & and ¥ implies that there exists an €, so that for any € € (0, ;) we can
find an R(¢) so that it o ¢(Cre)) N Wy e.0(Cr) = 0 and it 0 ¢(Cr) N Wy e 0 (Cre) = 0
for any unitary ®. Therefore choosing €p > 0 less than min {ey, &, }, it follows that
for any € € (0, e9) we have

iio ¢(IR U CR(E)) N f’w,s,@(CR) = (Z)

and
o ¢(Cr) N ycallr U Cre) =0

for any unitary ®. Given this, the claims of the lemma follow from standard transversality
and homotopy invariance arguments as in Lemma 3.16. O

We use this lemma to define a local invariant of a pair of nonintersecting asymptotically
cylindrical ends. Let (X, ], z, it) and (X', ), w, ¥) still denote nonintersecting end models
asymptotically cylindrical over ~
the same sign. Let O be some open neighborhood of w, and let v, ¢ still denote a
perturbation of ¥|p defined as above. The preceding lemma shows that the intersection

" and ™ respectively, with m, and m,, having

number

int(it, Ve o)
is independent of sufficiently small € > 0 and depends only on the maps & and v and
the homotopy class of the unitary trivialization ®. Using this observation, we define the

relative asymptotic intersection number of the end models (X, /, z, 1) and (X', //, w, D)
relative to © by

i2 ([i; 2], [9; w]) := int(ii| 0, Ve a)-

where € > 0 is chosen small enough so that the conclusions of the previous lemma
apply.
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As with the relative asymptotic self-intersection number, we can use Theorem 3.6 to
compute the relative asymptotic intersection number in terms of the local winding-related
invariants studied in the previous section.

Lemma 3.20 Let (%,],z,it) and (X',j',w, V) be nonintersecting asymptotically cylin-
drical end models, and assume that (X,j,z,i) and (X',j/,w,V) are asymptotically
cylindrical over v and ™ respectively with m,m,, > 0. Then the relative asymptotic
intersection number of (it; z) and (V; w) is given by

i2 ([li; 21, [7; w]) = — L wind® (|m,| - [@; 2], |m| - [¥; w])

e MmNy rel

where ® is a unitary trivialization of v*¢*, and m- is the operation of multiply covering
an asymptotically cylindrical end.

We remark that, as with the relative asymptotic self-intersection number, this lemma
demonstrates that the relative asymptotic intersection number is an invariant of the ends
[%,j,z, @] and [¥, ), w, 7], and does not depend on the choice of models representing
these ends.

Proof We initially assume that the ends in question cover y with the same covering
number, i.e. that m;, = m,,. In this case, an argument analogous to that in Lemma 3.17
shows that

i (@ 2], [7; wl) = — windyy([i; 2], [# w).

Moreover, it is an easy consequence of the definition of wind,,; that
T ) ~ ~ 2 e 1D i~ ~
wind,,(m - [it; z], m - [V; w]) = m” wind,,,([&t; z], [V; w])

for any positive integer m so this is equivalent to the formula given in the statement of
the lemma.

In the case that [i; z] and [; w] cover «y with different covering numbers (i.e. m, # m,,)
then we can replace [i; z] and [V; w] with the multiply covered ends |m,,| - [i; z] and
|m,| - [V; w] which both have covering number m;|m,,| = |m;|m,,. Then the reasoning
of the previous paragraph gives

i2 (Ima| - [t 2), |m| - [ w]) = — wind oy (|ma| - [i; 2], [my| - [7; w).
Moreover, it is an easy consequence of the definition of the relative asymptotic
intersection number that

i (ky - [ 2), ko - [ w]) = kika i ([ 2], [7; w])

for any positive integers k; and k,. The claim of the lemma follows immediately from
these two equations. a
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This lemma used with the basic results about the total relative winding yields the
following corollary. Note that (3—30) below is analogous to Lemma 6.9 in [14].

Corollary 3.21 Let [ii; z] and [¥; w] be nonintersecting ends asymptotically cylindrical
over 4™ and ™ respectively, and let ® and U be unitary trivializations of v*&™.
Then the relative asymptotic intersection number satisfies

i ([@; 21, [7; w]) = i2([9; wl, [i; 2])

and
i2 ([ 21, [ w]) = i%([it; 2], [7; w]) — mz|my,| deg(® o ).

If [@1; z] and [V; w] are pseudoholomorphic, then

snd® (7 a0 d® (5
(3-30) (2721, (55 WD) = —mom,, max { S winga o |
. ~ ~ P (N mz D\ my
(3-31) i 2], (75 w]) > —mom,, max { 2707, @700 L

Proof The first two statements follow directly from Lemma 3.20 and Lemma 3.15.
The inequality (3—30) follows from these same Lemmas and the additional elementary
fact that

wind® (m - [@; z]) = m wind®, (i; z)

for any pseudoholomorphic end [i; z] and any positive integer m. Finally, the inequality
(3-31) follows from (3—30) and that

windZ (i1; 7) < a®(@i; 2)
for pseudoholomorphic ends, as observed in Lemma 3.13. |
As with the case of a single end, we define the asymptotic intersection index,

doo([i; 2], [7; W]), of the pair of ends [i;z] and [¥;w] satisfying the assumptions
of the previous lemmas by

(3-32) Gl 2], 73 wl) 1= i (1 21, [55 w]) + o, max { 27070, 70 )

| [

and we note that when [it;z] and [V; w] are pseudoholomorphic, this quantity is
nonnegative as a result of the preceding corollary. The asymptotic intersection index
can be thought of as a measure of the tangency at infinity of the two pseudoholomorphic
ends. It counts the difference between the number of intersections that appear when one
end is perturbed and the minimum number that must appear for any two nonintersecting
pseudoholomorphic ends with the given asymptotic data.
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4 Global intersection theory

4.1 The generalized intersection number and positivity of intersections
4.1.1 Relative intersection number

In this section we introduce the relative intersection number, and establish its basic
properties. We consider two smooth asymptotically cylindrical maps (2,j, I, &t),
&', 7, T, %) € C®°(W,HT,H ™) where W is a 4-manifold with Hamiltonian structured
cylindrical ends. Given a trivialization ® of the stable Hamiltonian hyperplane field
along the periodic orbits, we define the relative intersection number i® (i, ¥) of i and ¥
relative to ® by perturbing ¥ near its punctures in a direction determined by ¢ and
computing the algebraic intersection number of # with the perturbation of ¥. More
precisely, given a puncture w € IV of ¥, we can find a neighborhood U of w which
gets mapped entirely within one of the cylindrical ends, and so that

P(P(5, 1)) = (ms, exp.yngy h(s, 1) € R x M*

for some simple periodic orbit v and m € Z\ {0}, where ¢ : [R, 00) x ' — U\ {w} is
a diffeomorphism. Choosing some smooth cutoff function 3 supported in U and equal
to 1 in a neighborhood of w, we define the perturbed end 74 _: U \ {w} — R* x M*
by

(4-1) 79 . = (ms, expmg, [h(s, 1) + B(d(s, )P (mi)e]) € RF x M*

where ®., : S x C — fy*in is a unitary trivialization of 'y*éHi ande e Rt € C
is a small, positive real number. We define the map vg . : X'\ IV — W by replacing
¥ in a neighborhood of each puncture with a perturbation as in (4-1). It then follows
from standard arguments that there exists an €9 > 0 so that for € € (0, ) the algebraic
intersection number

int(it, Ve )

is independent of all choices made except for that of the homotopy class of trivialization
®. We thus define the relative intersection number i®(it, v) of i and ¥ relative to ® by

i® (@1, v) == int(it, Vg )
for some sufficiently small € > 0.

We summarize important properties of the relative intersection number in the following
proposition.
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Proposition 4.1 Let ii and ¥ satisty the assumptions of the previous paragraph, and let
T . HE T ~ ~

® be a trivialization of '~ along the asymptotic limits of it and V. Moreover, assume

that at z € T, &t is asymptotic to ;- and at w € T, ¥ is asymptotic to ™ . Then the

relative intersection number i‘I’(Et7 V) satisfies:

(1) i®(i1,7) depends only on the homotopy classes of ®, i, and ¥
2) i®@,v) =i®@, i)
(3) If U is another trivialization of §Hi along the periodic orbit set of the ends, then

i®@, ) =@+ Y —mam,deg(®' 0T, )

(z,w)el 4 ><1“’+
Vz="Yw

+ Z m,m,, deg(<1>;z1 oW, )

(z,w)el - xT"_
V="

Proof Part (1) follows from standard transversality and homotopy-invariance argu-
ments, and we omit the straightforward details.

To see that part (2) is true, it suffices construct homotopies i, and ¥, so that

g =1t
) =g
Vo = Vo,
V=V

and so that there exist neighborhoods U of I" and V of I" so that
i (U\T)N3,\T)=0

and
i (E\TD) NV \T) = 0.

for all 7 € [0, 1]. This again is straightforward and we omit the details.

Finally (3), follows from an argument analogous to that in Lemma 2.5 (b) in [14], and
we refer the reader there for more detail. O

For pseudoholomorphic maps, it follows from Corollary 3.10 that the relative intersection
number can be computed by summing local intersection numbers, and asymptotic
intersection numbers as defined in the preceding section. Before stating the result,
we establish some notation and terminology. Consider pseudoholomorphic curves
(2,j,0,al, ¥,7,17,9] € M(W,J,H",H™). A small neighborhood of a puncture
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z € I' determines a pseudoholomorphic end (as defined in Section 3.1.2) which we
will abbreviate [ii; z]. Thus if [ii; z] and [¥; w] are nonintersecting and asymptotic to a
covering of the same orbit with the same sign, we can define the relative asymptotic
intersection number

i ([ 2, [ w])
as in the previous section. Otherwise, we define
i ([ 2], [7;w]) = 0

and we define the fotal relative asymptotic intersection number ig’g(ﬂ, v) of [2,), 1, @]
and [¥',j,T", ] by

i) = Y i), [ w),

(z,w)el' xI

Next, we say that [%, ], T, @] and [X/,j, I, 7] € M(W,J,H",H™) have no common
components if i~ (H(X/ \ I'")) does not contain an open set. In this case, it follows from
Corollary 3.10 that & and ¥ intersect in a finite number of points. We can thus define the
algebraic intersection number of i and ¥ by summing local intersection numbers. We
now state the result giving the relative intersection number of two pseudoholomorphic
curves. This result is analogous to Lemma 8.5 in [14] in the case that the S} and S,
considered there are pseudoholomorphic. The result follows immediately from local
intersection properties of pseudoholomorphic curves, Corollary 3.10, and the definitions
of the terms involved, and we omit the straightforward proof.

Theorem 4.2 Let [Z,j, T, ], [/, IV, %] € M(W,J,HT,H ™) be a pair of pseudo-
holomorphic curves having no common components. Then

(4-2) i® (@, v) = int(@R, ) + i2 (@, v).

4.1.2 The generalized intersection number

We now define the generalized intersection number of two asymptotically cylindrical
maps. This quantity will be an integer-valued symmetric product on the space of (homo-
topy classes of) smooth asymptotically cylindrical maps, which for pseudoholomorphic
curves will bound the algebraic intersection number from above.

Motivated by the bounds on relative asymptotic intersection numbers from Corollary 3.21
above, we define a homotopy-invariant product on asymptotically cylindrical maps
by adding a term to the relative intersection pairing that balances the trivialization
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dependence. Consider two smooth asymptotically cylindrical maps (X, ), I', &) and
2,7, T, 9) € C®°(W,H",H ™) with W as usual denoting a 4-dimensional manifold
with Hamiltonian structured ends. Assume that at z € I'y. that i is asymptotic to 7.~
and at w € I", that ¥ is asymptotic to over /. Given a trivialization of {Hi along
the asymptotic limits of i and ¥, define a quantity Q® (i, ¥) by®

N § : a®() o)
Q) (l/l, V) = mZmeaX{TZ7m7;,
(z,w)el' 4 ><F’+
V=
DMz D Mw
+ > mym, max{ia ) o Ou) )}.
(z,w)el — xT_
Yz=Tw

Note that this quantity depends only on the asymptotic data associated to the two maps,
and not on the maps themselves. We then define the generalized intersection number of
two asymptotically cylindrical maps by

(4-3) [i] * [7] = i® (@, ¥) + Q® (@, v).

We note that as an immediate consequence of the change of trivialization formulas for
i® and a® from Proposition 4.1 and Lemma 3.4 the generalized intersection number
does not depend on the choice of trivialization.

We now prove Theorem 2.1 which gives the basic properties of the generalized
intersection number. We restate the result here for the convenience of the reader.

Proposition 4.3 (Properties of the generalized intersection number) Let W, Wy and
W, be 4-manifolds with Hamiltonian structured cylindrical ends, and assume we can
form the concatenation W, ® W, . Then:

(1) If(%,j,T, @) and (X', , T, 9) € C°(W,HT,H ™) are asymptotically cylindrical
maps then the generalized intersection number [ii] * [V] depends only on the
homotopy classes of it and V.

(2) Forany (%,j,T, @) and (X',j',I",%) € C°(W,HT,H™)
[i] = [V] = [V] * [a].
Q) If%,j,T,w, &7, Ty, "7, T W e C(W,H',H") then
[i2 + V] * [w] = [&] = [W] + [V] * [W]

where “+ 7 on the left hand side denotes the disjoint union of the maps it and V.

¢ Note that this is the same quantity appearing in the sum on the right hand side of formula
(2-3) from the introduction, except here we use that a®(v%) = |u®(v%)/2] (see (3-4)) and
we explicitly separate the parts of the sum coming respectively from positive punctures and
negative punctures.
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4) Ifu; ©up and vy ® v, are asymptotically cylindrical buildings in Wy © W, then
[ur @ uz] * [vi ©v2] 2> [u1] * [vi] + [u2] * [v2].

Moreover, strict inequality occurs if and only if there is a periodic orbit v so
that @i, has a negative puncture asymptotic to 4™, ¥, has a negative puncture
asymptotic to ", and both " and " are odd orbits.

Proof The first claim follows immediately from the fact that igg(a, v) and Q‘P(ﬁ, V) are
determined entirely by the homotopy classes of i, ¥, and ®. Since their sum does not
depend on a choice of trivialization, the generalized intersection number only depends
on the homotopy class of & and ¥ in C(W,H*, H™).

The second claim follows immediately from the symmetry of the relative intersection
number and the quantity Q® (i, ¥), and the third claim follows immediately from the
definition and basic properties of intersection numbers.

Before proving the final claim, we first establish some notation. We first observe that,
since we assume that the concatenation u; © uy is defined, the asymptotic data at the
negative punctures of #; must correspond with and match the asymptotic data at the
positive punctures of u;. We will let I'; _ = {z; } denote the set of negative punctures
of uy and T, = {z;"} denote the set of positive punctures of u,. Moreover we assume
that at z;*, u, is asymptotlc to the periodic orbit v/, while at z;~, u; is asymptotic to

the periodic orbit 7; . Similarly, let I'} = {wj } Iy, = {w;“}) be the set of
negative (positive) punctures of v; (v2), and assume that at w;r (wj_) that v, (vy) is

asymptotic to the periodic orbit ’y,’ (% .

With this notation set, it follows from the definition of the generalized intersection
number that

[r © usl * [vi © val — [ur] * [vi] — [uz] * [v2]

mi > —mi Ly
(4-4) = Z —m;n; (max{ (P(” ) 2 ,(17’ )}%—max{o‘@g{i ), = (Zj )}>

’Yz 'Yj

Consider then the expression
D m Do n D —m D\ —n
A(y,m,n) ;= —mn (max {L 157 ) o &) 27 )} —i—max{ia (,71 ) (70 (3 )}>
with m and n positive integers. If -y is an even orbit, then Lemma 3.3 implies that

® @ ® ®
A(y,m,n) = —mn (max {%ﬁ), "QT(V)} + max{_’”“ () —na (7)})

m n

=0.
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If v is odd and hyperbolic, we get

® ()45 (m— LY P
A(’y,m,n): _mn<max{ma (©0) ’%l(m p(m)),na ) r%(n p(n))

m ’ n

— o (max { o)
m n

= min {np(m), mp(n)} > 0,

+ max { —ma® ()45 (—m—p(—m) —na® )+ 3 (—n—p(—n) })

and we get a strict inequality here if and only if m and n are both odd. Finally, if ~ is
elliptic, we get that there is an irrational 6 so that

A(y,m,n) = —mn (max {Lm—meJ, L"TGJ} + max { [=m6b] 1=nb] })

=min{—n|mb|, —m|nf]} + min {—n|-mb], —m|—nbd|}
> —|nmb| — | —nmb |
= [nmO] — [nmb| = 1.

Thus for each pair (i, j) with «; = 4; and ;" and ’y]'-qj both having odd Conley—Zehnder
index, we get a positive term in the sum (4—4), which proves our claim. |

We next prove Theorem 2.2 which is one of the main motivations for defining the
generalized intersection number as we have. It says that for a pair of asymptotically
cylindrical pseudoholomorphic curves with no common components, the generalized
intersection number is equal to the algebraic intersection number plus the total measure
of tangency at infinity between the two curves. Since the generalized intersection
number is a homotopy invariant quantity, while the algebraic intersection number in
general is not, this result demonstrates the utility of this quantity in situations where
one is hoping to obtain topological control over the total count of intersections between
two curves.

Before restating and proving the theorem we establish some notation. As previously
noted, each puncture z € T of an asymptotically cylindrical pseudoholomorphic curve
[%,/,T,u]l € M(W,J,H",H™) determines a pseudoholomorphic end [u; 7] (as defined
in Section 3.1.2) in one of the ends of W. Given a second curve [¥',j/, T, v] having no
common components with # and so that the ends [u; z] and [v; w] are asymptotic to a
covering of the same orbit with the same sign, we can define the asymptotic intersection
index

doo([u; 2], [v; w])
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as before in (3-32). Otherwise, we define
doo([u; 2], [v; w]) = 0,
and we then define the fotal asymptotic intersection index doo(u,v) of [X,j, ', u] and
[, ", v] by
Soclt,v) i= Y Soollu; 2], [vs w).

(z,w)el'x I

We now restate and prove Theorem 2.2.

Theorem 4.4 (Positivity of the generalized intersection number) Let (W*,J) be
an almost complex cobordism with cylindrical ends (R* x M*,J* H*), and let
[2,/,T,ul, [X,/, T, v] € M(W,J,H*,H™) be pseudoholomorphic curves in W with
no common components. Then

(4-5) [u] * [v] = int(u, v) + dso(it, V).

In particular
[u] * [v] = int(u,v) > 0,

and
[ul] *[v] =0

if and only if u and v don’t intersect, and the total asymptotic intersection number
vanishes, i.e. d5o(ut,v) = 0.

Proof The equation (4-5) follows immediately from adding Q%(u, v) to both sides of
(4-2) and then applying the definition (3—-32) of the asymptotic intersection index.

The final two claims are direct consequences of (4-5), local positivity of intersections
for pseudoholomorphic curves, and the nonnegativity of the asymptotic intersection
index from (3-31) and (3-32). O

4.2 The adjunction formula

4.2.1 Relative Chern numbers and the total Conley—Zehnder index

In order to state the appropriate generalization of (1-1), we will need to introduce a
relative version of the first Chern number of a complex vector bundle over a punctured

Riemann surface. This will then be used to define the total Conley—Zehnder index of an
asymptotically cylindrical map.
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Let (32,)) be a closed Riemann surface, and let I' C > be a finite set. We will call an
open neighborhood U of T disk-like if the closure U of U is diffeomorphic to a disjoint
union of closed disks, and if each component of U contains precisely one element of .
Let E — X \ I be a complex vector bundle. Since for any disk-like neighborhood U
of I' the set U \ T" has the homotopy type of a disjoint union of circles, the restriction
E|g\r is trivial. Let @ : U\ T' x C" — E be a trivialization of E|y\r. If E is a line
bundle, then we will define the first Chern number of E relative to ®, denoted c;(E; ®)
or cf’(E), to be equal to the algebraic count of zeroes of a generic extension of the
section ®(z)1 of E| v\r to asection of E. If dim¢ E = n > 1, we define the first Chern
number of E relative to ¢ by

c1(E; ®) = c1(AGE; AGD)

where AGE is the determinant line bundle of E and A7 @ is the trivialization of
AGE ]U\p induced by ®. We can define an equivalence relation on the set of pairs
(U, ®) of disk-like neighborhoods of I' and trivializations ® of E[;\r be defining
(U, ®) ~ (V, W) provided there exists a disk-like neighborhood U’ C UNV of T so
that ® |y is homotopic to W|yn . The relative first Chern number ¢ (E; ) clearly
only depends on the equivalence class of the pair (U, ®).

We collect some useful properties of the relative first Chern number in the lemma
below, but before stating the lemma we will establish some notation and terminology.
Given a punctured Riemann surface 3 \ I', we will call a pair (U, 1)) a holomorphic
cylindrical coordinate system around I' if U is a disk-like neighborhood of I' and ¢ is
a biholomorphic map % : ITfL, ([0, 00) x S'); — U \ . Using the coordinate fields O
and 0; to identify T ([0, 00) X Sy with C, we note that the derivative of 1 is a map

dy : TATEL ([0, 00) x 1)) ~ (I, ([0, 00) x $1)) x C = TS| p

and therefore determines a trivialization of (T%,j) over U\T'. If E - ¥ \T'isa
complex bundle, and ® and ¥ are trivializations of E |U\p, then ®~! o U determines a
map U\ I' = GL,(C). If we denote 1; = 1|0 ~)xs1),» then det((®~" o U)(Wi(s', -)))
is an oriented loop in C \ {0} for any fixed s’ € R™. We define deg(®~! o ¥) by

#T
deg(® ' 0 ¥) =) " wind (det (@' o W)(ti(s’, "))
i=1
and note that this definition does not depend on the choice of holomorphic cylindrical
coordinates, or on §'.

Lemma 4.5 Let (3,)) be a closed Riemann surface and let I' C X be a finite set. Let
E, E\, E; — X\ T be complex vector bundles over ¥. \ I', and let U be a disk-like
neighborhood of T'. Then
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o If® and V¥ are each trivializations of E|;\r then
(4-6) c1(E; ®) = c1(E; U) — deg(® ! o W),

o If ®; is a trivialization of E;[i\p for i € {1,2}, then

(4-7) Cl(E1 ® Ey; @1 ® P2) = c1(Ey; Py) + c1(Eo; P2)
and
(4-8) c1(E1 @ Ep; @1 @ o) = c1(E1; @1) + c1(Ep; P2).

e If (U,1) is a holomorphic cylindrical coordinate system, then
(4-9) cl(T(E\ D)y dp) = x(E\T) = x(2) — #I'

where x(S) denotes the Euler characteristic of S.

Proof To see that (4—06) is true, we pick a holomorphic cylindrical coordinate system
(U,1), and choose a generic section i of E| v\r which is equal to AE-®(z)1 for
z € Uihi([0, 1] x S') and equal to ALW(2)1 for z € Unpi([2, 00) x S'). Extending h
to a generic section of A{.E, the algebraic count of zeroes of 4 in ¥ \ I is equal to
c1(E; V) while the algebraic count of zeroes in 3 \ U is equal to c¢{(E; ®). Therefore,
letting m represent the algebraic count of zeroes of / in the necks U;/;([1,2] x S!), we
must have
c1(E;®) =c1(E; V) +m

so it suffices to show m = — deg(®~! o ¥). This indeed follows from

#T
m = Z wind(AL®(i(2, )~ h(¥i(2, ) — wind(AEBWi(1, )~ h(tpi(1, )
i=1
#T

= > wind(1) — wind(AZ®((1, )~ (AL T (i1, )1
i#:Fl #I'
=) —wind(AE(@ " o W)(yi(1, N1) =Y — wind(det(@~" o W)(t(1,))))
= flleg(CI)” o D). -
To prove (4-7) and (4-8), we first observe that there are natural isomorphisms
AET™(E ® Ey) — (AL E1) ® (AZE)

and
AF(E1 @ Ey) — (AL E)D) @ (AZEy)
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where n; = dimc E;. Furthermore, the trivializations A¢! (B, @ By) of A¢ M @
E))|p\r and AZ™(®; @ ®3) of AF™(E; ® Ep)|y\r both induce the trivialization
(A ©1) @ (AF @) on (A E1) @ (AF E2)| 1 under the given isomorphisms. Therefore
both (4-7) and (4-8) are equivalent to the special case of (4-8) when E| and E; are
line bundles. In this case, we let h; be a generic section of E; agreeing with ®;1 over
U\ T, we assume that the zero loci of i and h; are disjoint. Then i ® hy is a section
of E; ® E; agreeing with (®; ® ®;)1 over U \ I, and the algebraic count of zeroes of
h; ® hy is given by the sum of the algebraic counts of zeroes of 4 and h;.

Finally, to see that (4-9) holds, we note that if (U,1)) is holomorphic cylindrical
coordinate system then the section di)(z)1 of U \ I extends to a smooth section of U
with a simple zero of positive index at each point of I". Any extension of this section to
a generic section of 7% will have x(2) zeroes counted with sign, of which x(X) — #I"
lie within ¥\ T". O

Having defined the relative first Chern number, we now define the total Conley—Zehnder
index. Let (X,/,I',u) € C®(W,H",H™) be an asymptotically cylindrical map in a
4-manifold W with Hamiltonian structured ends, and assume that W is equipped with a
compatible almost complex structure J. A choice of unitary trivialization of (f”i JT)
along each asymptotic limit of # induces a complex trivialization of the pull-back
bundle (u*TW,J) near the punctures of u since on the cylindrical ends we have

(TW, 1) ~ (R & RXye @ M5 T5) ~ CXype @ (€77, 7).

We will use @ to denote both the chosen trivialization of (£ HE ,JF) along the asymptotic
limits, and the induced trivialization of (u*TW,J) near the punctures. We then define
the rotal Conley—Zehnder index of p(u) of u by

() = 2¢L W TW, u*J) + Z u‘b('ysz).
zel

where u is assumed to be asymptotic to 7.~ at z € I'. We note that this quantity is
independent of choice of trivialization as a result of Lemma 3.4 and Lemma 4.5, and
depends only on the homotopy classes of u and compatible J. We further note that
in applications, the 4-manifold W is typically equipped with a symplectic form with
which J must be compatible on all of W (as opposed to being just compatible on the
ends as we assume here). In this case, it is well known (see e.g. Proposition 5 and
discussion following in Section 1.3 of [13]) that the space of such J is contractible, so
the total Conley—Zehnder index would depend only on the homotopy class of the map u.
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4.2.2 The adjunction formula

In this section we prove Theorem 2.3 which is a generalization of (1-1) for punctured
curves which is stated in terms of the generalized intersection number.

Before proving the result, we review some basic facts about the local intersection
properties of pseudoholomorphic curves which we will need. Proofs of these facts can
be found in McDuff [17] or Micallef and White [18]. Let u : (3,)) — (W4,J) be a
pseudoholomorphic map in an almost complex 4-manifold. Since du : ;% — T,yW
is complex linear, the derivative of u is always either rank 2 or rank 0. Define the
singular set S(u) of u to be the set of points where the derivative of u is zero, i.e.

S(w) :={z € X|du(z) =0} .

Each point z € S(u) has an open neighborhood U so that either u/y 1} is an embedding,
or u|y\(y factors through an embedding via a holomorphic covering. Consequently,
the singular set of a pseudoholomorphic map is an isolated subset of the domain. For
an asymptotically cylindrical pseudoholomorphic map, this fact combined with the
assumed convergence to an orbit cylinder at the punctures implies that the singular set
is finite.

Givenapoint z € S(u), assume that u| U\{z} is an embedding for some open neighborhood
U of z. We can define a quantity d(u; z) in the following way: there exists a C'-small
perturbation J' of J supported near u(z) and C'-small perturbation «’ of u supported
in a neighborhood U of z so that «'|y is an immersed J'-holomorphic map with
precisely 0(u; z) transverse double points. This quantity is independent of the choice of
perturbation.

Now, let v : (X', ) — (W*,J) be another pseudoholomorphic map, and assume that
u(p) = v(q) for some (p,q) € ¥ x ¥’. Then there exist open neighborhoods U of p
and V of ¢ so that either

vV vl uU)y)

wU\ApH Nv(V\ {q}) =0.

In the latter case, when u and v have an isolated intersection at u(p) = v(q), we will
denote the local intersection number of u at p with v at g by

o((u; p), (vi q)).

The local intersection number 6((u; p), (v; ¢)) is always greater than or equal to 1, and
is equal to 1 if and only if u is immersed at p, v is immersed at ¢, and « and v intersect
transversely.
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Assume next that u : (3,j)) — (W4 J) is a simple map, that is that # does not
factor through a branched cover of Riemann surfaces. Define the double point set
D, C ¥ x ¥\ AY of u by

D(u) = {(p,q) | u(p) = u(q),p # q} -

As observed in Corollary 3.11, the preceding discussion along with Corollary 3.8 and
Corollary 3.9 imply that an asymptotically cylindrical curve has at most a finite number
of double points. For such a map, we define the self-intersection index d(u) of u by

(4-10) Sy =Y (5(u;z)+% > 8w 2), (s w)).

7€8(u) (z,w)ED(u)

We note that this quantity is an integer since the second sum counts (z, w) and (w, z)
separately. A pseudoholomorphic map u is an embedding if and only if é(u) = 0.
Furthermore, 6(«) has the following significance: if J’ is a compactly supported,
perturbation of J, and ' is an immersed, J’-holomorphic, compactly supported
perturbation of u having only transverse double points, then ' has precisely 0(u)
double points, that is d(u) = %#D(u).

Now consider an almost complex cobordism of Hamiltonian structures (W, J, H™, H ™)
and let [3,/,T,u] € M(W,J,H*,H ") be a simple pseudoholomorphic curve. We
define the total asymptotic self-intersection index of u by

1
doot) =D [ Bocwid) 5 D doolluszl, [usw)),
z€l (z;w)EDXT
FwW
where d4.(i; z) is as defined in (3-29) and 0. ([u; z], [i; w]) is as defined in (3-32).
This quantity will be nonnegative integer-valued since the asymptotic intersection index
doo([u; 7], [u; w]) is symmetric, and each pair of distinct punctures is counted twice in
the second sum.

Letting [, /, ', u] € M(W,J, H+, H ™) still denote a simple curve, we now define the
singularity index’ sing(u) of u by

sing(u) := 0(u) + doo(1t).

The singularity index is nonnegative-integer-valued, and equals zero for a given curve
if and only if that curve is embedded and has total asymptotic self-intersection index
equal to zero. Finally, recalling the definition (3—14) of the spectral covering number

" N.B. This definition of sing(x) is different from the one used in [21]
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o (u; z) of a pseudoholomorphic end [u; z], we define the fotal spectral covering number
of u by
5w =Y 5(u;2).
zel
The spectral covering number depends only on the asymptotic data of the map, and not
on the map itself.

We now prove Theorem 2.3 which we restate here for the convenience of the reader (cf.
Remark 3.2 in [14] and Theorem 3.13 in [21]).

Theorem 4.6 (Theorem 2.3) Let (W,J) be an almost complex 4-manifold with
cylindrical ends (R* x M*, H*,J*) and Iet [Z,j,T,u] € M(W,J,Ht,H ") be a
connected, simple pseudoholomorphic curve. Then

(4-11) [u] * [u]l — 3 p(u) + 3#T04q + X(2) — () = 2 sing(u)

where #1449 denotes the number of punctures of u limiting to orbits with odd Conley—
Zehnder indices. In particular,

[u] * [u] — S p(u) + 34T 0qq + X(2) — G() > 0

and equality occurs if and only if u is an embedding and u has total asymptotic
self-intersection index equal to zero.

Proof We first observe that it suffices to assume that u is an immersion having only
transverse double points. If not we can apply results of Micallef and White [18] to
find an immersion u; : ¥ \ ' — W which is homotopic to u via a homotopy that is
constant outside a compact subset of ¥ \ I", which has precisely d(u) transverse double
points and no other singularities, and which is Ji -holomorphic for some Ji which is
homotopic to J viaa homotopy that is constant outside a compact set. Such a homotopy
leaves all the terms in (4—11) constant, and it thus suffices to prove the result for such a
up.

Proceeding with these assumptions, we compute the relative intersection number of
u with itself for a given trivialization ® by pushing u off of itself with a section of
the normal bundle to u which is asymptotic at each puncture to ®(¢). Using standard
homotopy invariance and transversality arguments, it can be shown that the zeroes of
the section contribute C(II’(NM) to iq)(u, u), and the double points of u contribute 26(u) to
i®(u, u). Moreover, the local asymptotic analysis in Section 3.2 shows that multiply
covered ends, and distinct ends approaching coverings of the same orbits contributes a

total of
Yoiwa+ D iz, wwl)
zel (z,w)el'xT
FW
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so consequently we have that

4-12) %) = PN +20) + > s+ Y is (g, [uswl).

zel (z,w)el'x T’
FwW

(This is equivalent to formula (4.1) in [15] and to the first formula on page 110 of [21]).

Assuming that at a puncture z € I'", u is asymptotic to 7, we add

<I> D, My
Z mzmwmax{ I(’YI )’OCIIEZVI )}
(z,w)el'xT’

Vz=Tw
mzmy, >0

;. m; a®(2%)  a® ()
_E ‘mZ’O‘ (71 )+ E mzmwmax{ me| ‘m’m
zel (z,w)el'x’
F#w
Vz="w
mzny, >0

to (4—12) and use the definitions of [-] * [-], doo(:), and doo(+, *) to get

(] % [u] = €P(NW) + 20() + D [2000(u32) + (ut32) + 6(u;.2) — 1]
zel

+ Z doo([u; 2], [u; w)

(z,w)el'xT’
ZFwW
= (V) + 2sing(u) + 5(u) — #7 + > a(u; 2)
zel
= ¢ (N,) + 2 sing(u) + 5(u) — #T' — MToaa + > _ 3" (u:2).

zel
Finally, using the properties of the relative Chern number from Lemma 4.5, we have that
P TW) = X(E\ D) + P (V)
= X(X) — #T + ¢} (N,)
which, combined with the above formula for [u] * [u], gives that
(1] # [u] — 5 () + X(2) + 3#Toaq — F(u) = 2 sing(w).

as claimed. O

It is useful in certain contexts to rewrite (4—11) in terms of the virtual dimension (or
Fredholm index) of the moduli space of the curve being considered. We define the
index of a pseudoholomorphic curve [X,7, T, u] € M(W,J, H*, H ™) by the formula

(4-13) ind(u) = p(u) — x(X) + #I.

Geometry & Topology XX (20XX)



1070 Richard Siefring

If u is simple, the index is equal to the dimension of the moduli space of unparametrized
curves near u for a generic choice of admissible almost complex structures on W (see
[11, 3]). Using this formula we can restate the adjunction formula as follows.

Corollary 4.7 Let (W,J) be an almost complex 4-manifold with cylindrical ends
(RE x M*E,H*,JF) and let [2,j, T, u] € M(W,J,HT,H ™) be a connected, simple
pseudoholomorphic curve. Then

(4-14) [u] * [u] — % [ind(u) — x(2) + #l eyen] + #I' — 5(u) = 2 sing(u).

Using the homotopy invariance of the generalized intersection number, we have the
following corollary which allows us to bound the number of intersections between two
pseudoholomorphic curves which are homotopic. This result is useful in the study of
finite energy foliations (see e.g. [12]).

Corollary 4.8 Let [X,j,T,u] € M(W,J,H",H™) be a connected, simple pseu-
doholomorphic curve, and let [¥/,j',T",v] € M(W,J,H",H™) be a second curve,
distinct from u, which is homotopic to u in C**(W,H*, H ™). Then

int(u,v) < % [ind(u) — x(32) 4 #L eyen] + (1) — #I' + 2 sing(u).

5 Cylindrical cobordisms

In this section we will consider some applications of the intersection theory we’ve
developed in previous sections to curves in a cylindrical cobordism. Throughout the
remainder of this section M will denote a 3-manifold equipped with the nondegenerate
stable Hamiltonian structure ‘H = (A, w), and a compatible almost complex structure
J € JM,H). As in previous sections, we will denote the associated R-invariant
almost complex structure on R x M by J.

It will be convenient for many of the results in this section to consider a special class
of smooth asymptotically cylindrical maps. Given an asymptotically cylindrical map
2, j, T, (a,u)) € C°(M,H), we say that (3,/, I, (a, u)) has ends which wind if there
is an open neighborhood U of T' so that u|yn - does not intersect any of the asymptotic
limits of u, i.e. in the language of Section 3.1.4 a neighborhood of each puncture
determines an asymptotically cylindrical end which winds. If (3,j,T', (a,u)) is an
asymptotically cylindrical map with ends that wind, we can define for each puncture
z € I' the asymptotic winding Windgg(u;z) as we do in Section 3.1.4 by choosing a
small clockwise loop p around z and computing the winding of u o p relative to a
trivialization ® of ¢’ along the asymptotic limit of u at z.

Geometry & Topology XX (20XX)



Intersection theory of punctured pseudoholomorphic curves 1071

5.1 Tangency to the flow and wind,

Let it = (a,u) : ¥\ I' = R x M be a pseudoholomorphic curve, and let e : TM =
RXy, @ &M — ¢M be the projection onto 7! determined by the splitting (2—1). Then
the projection 7g# o du of the derivative of u is a complex linear map

Ten 0 du(@) - (T(E\ ), )) = (1), D)

according to the second equation in (2-6). Thus for any z € ¥\ T, Ten o du(z) has
rank O or 2. In the case that the Hamiltonian structure on M arises from a contact form,
it is shown in [8] that TeH © du either vanishes identically, or has isolated zeroes of
finite positive order. The proof given there readily generalizes to the case of an arbitrary
stable Hamiltonian structure (see Appendix A). Moreover, assuming that m¢# o du
doesn’t vanish identically, it follows from Corollary 3.12 that 7¢# o du has at most a
finite number of zeroes. Following [8], we will denote the algebraic count of the zeroes
of Tem O du by wind(u).

Since Tem O du is a section of the complex line bundle, Hom¢(7,(X \ T), u*{”), the
algebraic count of zeroes of me# o du is determined by the behavior of u near the
punctures. Indeed in [8] it is shown that

(5-1 wind, () + do(@) = 5(ind(@) — X() + #even)

where
do(it) = do(it: 2),
zel
and dy(it; z) is as defined in (3—18). Substituting into (4-14) gives the following
corollary to Theorem 4.6 which will be useful for some results later in this section.

Corollary 5.1 Let [X,j, )it = (a,u)] € M(M,H,J) be a connected, simple pseudo-
holomorphic curve. If w¢n o du doesn’t vanish identically, then

(5-2) [&] * [@] — [wind,(@t) 4+ do(@)] + #I' — 5 (1) = 2 sing(it).

The results in this section will mostly be concerned with pseudoholomorphic curves
that have no component with image contained in an orbit cylinder. We collect in the
following lemma some conditions that are equivalent to this. This fact is well-known
and can be deduced using Corollary 3.12 and Corollary A.3. For further discussion and
proof see [8].

Lemma 5.2 Consider a pseudoholomorphic curve [3,], T, it = (a,u)] € MM, H,J).
The following are equivalent.
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(1) 7w o du does not vanish identically on any component of >\ I".
3 Yy y p

(2) No component of the map has image contained in an orbit cylinder.

(3) No component of the map is fixed by the R -action.

(4) The map [%,j,1',&t = (a,u)] has ends which wind, i.e. for each z € T and
trivialization ® of ¢ along the asymptotic limit of it at z, the asymptotic
winding wind2 (ii; z) is defined.

5.2 Intersections with orbit cylinders

In this section we compute intersection numbers of an orbit cylinder with an asymptoti-
cally cylindrical map with ends that wind. Throughout this section, we will be dealing
with an asymptotically cylindrical map (3, /, I, it) with ends that wind, and we will use
the notation 2, with m. a nonzero integer and v, € P°(M, ) a simple periodic orbit,
to indicate that at the puncture z € T, & is asymptotic to 7; .

We first compute the relative intersection number.

Lemma 5.3 Let (X,j,1',it = (a,u)) € C°(M,H) be an asymptotically cylindrical
map with ends that wind, and let 7% be the orbit cylinder over +*, with ~ a simple
periodic orbit and k a positive integer. Then the algebraic intersection number int(-y, u)
is well-defined and

(5-3) i®(@,4%) = k | int(y,u) — Y wind? (u;2)

zel
V=

Proof Since we assume that the map # has ends that wind, there is a neighborhood
of each puncture on which # doesn’t intersect 4 and hence on which the projected
map u doesn’t intersect . Applying standard transversality and homotopy-invariance
arguments, u can therefore be perturbed on a compact set to a map with a finite number
of isolated, transverse intersections with ~y, and the total algebraic count of these
intersections is independent of the perturbation. The intersection number int(v, ) can
then be defined to be the algebraic count of these intersections.

Using the definition of the relative intersection number, and using the same reasoning
that leads to Theorem 4.2 we have

i®(@,7%) = int(7*, @) + Y 2 (75 00l [z + D & (155501, [ 2D).

zelt zel'~
V=Y V2=
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where we consider % as a map from S? \ {0, 00} with oo the positive puncture and 0
the negative puncture. Since 7 is fixed by the R-action we have that®

(5-4) int(3, i) = int(v*, u) = kint(~y, u).

Moreover, it follows from Lemma 3.20 and the definitions of wind,,; and wind, that

for a puncture z € I'" with 7, = v we have

i (13 00l, [ 2]) = — g windyey(me - [5% 00], k - [#; 2])
= — g kme wind?, (k - [@; z])
= —kwind® (ii; 7).
Similarly, for z € I'~ with 7, = v we have
io ([5": 01, [@t: 2]) = —k windZ, (i; 2)

which completes the proof. a

Next we compute the generalized intersection number of an orbit cylinder with an
asymptotically cylindrical map with ends that wind. A variation on this is used in [19]
to study a variation on contact homology in which the curves in the differential are
required to not intersect a prescribed collection of elliptic orbits.

Corollary 5.4 Let (2,j,I', it = (a,u)) € C>°(M,H) be an asymptotically cylindrical
map with ends that wind and let 4 be a cylinder over a simply covered periodic orbit .
Then for k > 0 we have

(7 151 = k((int (7,0

mz k mz -
+ E m, [max{a(,71Z 2, a(,j )} - a(,l )} + do(it; 2)
zely
V=7

mz —k nz -
+ > Im [max {a|’71:| ), 20 )} - a‘(,% )} +do(u;z)>.

zel_
Y=

Proof The result follows from adding

Z km, max {L(Z:z), —”‘SZ”} + Z k|m.| max { af;:z), aw,;k)}

zel4 zel_
Y= V=7
to (5-3) and using the definition of dy(it; z) and [i] * [ﬁ"]. O

8 Note that the orientation of M matters in the right-most expression since M is 3-dimensional.
We always orient M so that A A w is a positive volume form, and R x M is oriented so that
dx AN A AN w > 0 where x is the coordinate along R.
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We observe that in the event that the map (X,j,I', ) in this Corollary is pseudo-
holomorphic, then the formula given above expresses the generalized intersection
number [ii] * [5] as a sum of nonnegative terms. Indeed, the terms of the form

m k m . ~
max {a‘(rz‘ ), a|(k7| ! } - a|(;71| ) are nonnegative for any map. In the case that & is pseudo-

holomorphic, the terms d(it; z) are nonnegative by Lemma 3.13. Moreover, when i
is pseudoholomorphic the fact that int(y, #) is nonnegative follows from the fact from
(5—4) that int(~y, u) = int(9, it) and positivity of intersections for pseudoholomorphic
curves.

In the case that v is a hyperbolic orbit, the iteration formulas from Lemma 3.3 simplify
the formula from Corollary 5.4 somewhat. We state this result here and omit the
straightforward proof.

Corollary 5.5 Let it = (a,u) and y satisfy the assumptions of Corollary 5.4, and let
k > 0. If v is an even orbit, then

[i] % [7] = k | int (y,u) + ) doit; 2)
zel
V=7

If v is an odd, hyperbolic orbit, and k is even, then

[+ 17 = k [ int (0 + 3 [242 + dotis 2|
zel
V=Y

where p(m) denotes the parity of m. If -y is an odd, hyperbolic orbit, and k is odd, then

(@] * [] = kint (v, )+ > [@ (k — min {k, m.|}) + kdo(a;z)} .

zel
V=Y

Finally, we compute the generalized intersection number of an orbit cylinder with itself.

Proposition 5.6 Let v be a simple periodic orbit, and let k > 0. Then
(71 131 = —kp(")

where p(y*) is the parity of periodic orbit ~¥.
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Proof It follows immediately from the definition of the relative intersection number
that i®(5%, 4%) vanishes for any trivialization ® of v*¢™. Consequently, the definition
(4-3) of the generalized intersection number gives us that

(551 % [55] = QP (55, 55)
=k(@®( +a®™).

If ~ is an even orbit, we have from (3-5) that
a®() + 0?7 = ka®() —ka®(y) = 0

SO [f?k] * [’yk] =0= —kp(’yk) in this case. If v is an odd hyperbolic orbit, we have
from (3-6) that

a®(h) +a®(y™H = ka®() + HE —ka®(y) + THE
= —pk) = —p(y"),

so [5%] * [#%] = —kp(¥¥) in this case as well. Finally, if ~ is elliptic, it follows from
(3-7) that there exists an irrational number # so that

a®( )+ a® (v = (k0] + | k0]
k6] — [k0] = —1

so we have Wk] * [ﬁk] =—k= —kp(yk) for elliptic orbits as well. O

This computation has an application to curves in R x M equipped with a non-R -invariant
almost complex structure. We consider a stable Hamiltonian structure H = (A, w) on
M, and let ¢ - H denote the stable Hamiltonian structure ¢ - H = (¢ - A\, ¢ - w). Consider
R x M equipped with an almost complex structure J which agrees on [1, +00) x M
with a standard cylindrical Jy for ¢ - H and agrees on (—oo, —1] X M with a standard
cylindrical Jo forca-H. If v¥ isa periodic orbit for the structure H,, it is also a periodic
orbit for the structure ¢; - H, and the Conley—Zehnder index of 7¥ is the same relative
to all three structures. We can consider the orbit cylinder 4%, which in general will not
be J-holomorphic, but is still a smooth asymptotically cylindrical map. The preceding
proposition still applies and implies that 4* has a negative (generalized) self-intersection
number if v* is an odd orbit. By the positivity of intersections for the generalized
intersection number (Theorem 4.4), and the homotopy invariance of the generalized
intersection number, we can conclude that there is at most one J-holomorphic curve in
the homotopy class of the orbit cylinder #*.
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5.3 Counting intersections

In this section we will compute generalized intersection number of two maps in terms
of data that is entirely determined by the M -components of the maps: namely the
intersection numbers of each map with the asymptotic limits of the other, the asymptotic
winding invariants, and the asymptotic data. We then identify necessary and sufficient
conditions for the generalized intersection number of two pseudoholomorphic curves
to be zero. Finally, we examine a set of necessary and sufficient conditions for the
projections of two pseudoholomorphic curves into the three manifold to not intersect.

We recall that there is an R-action on maps in cylindrical cobordisms, defined by
shifting in the R-direction of R x M. We will denote this action by ¢ - &t = (a + ¢, u) or
by i, = (a + c¢,u) where it = (a,u) : ¥\ I' = R x M is an asymptotically cylindrical
map.

We also recall that [2] defines what it means for a pseudoholomorphic curve to converge
to a pseudoholomorphic building (see CHC1-CHC2 in Section 7.3 of [2]). The
definition of convergence of pseudoholomorphic curves given there can be generalized
in straightforward way to asymptotically cylindrical maps converging to asymptotically
cylindrical buildings.

Lemma 5.7 Let (3, ji, Ui, i), (X}, J5, Tk, %) € C°(M, H) be sequences of asymp-
totically cylindrical maps so that the disjoint union iy, + v converges in the sense of
[2] to a 2-level building (fix,1 © fico2) + (Voo,1 © Voo,2). Then

R P D~ - D~ ~
lim ™ (i, V) = i (uoo,lv Voo,l) +1 (Moo72’ Voo,Z)-
k—00

We remark that the result and proof here easily adapt to the case where the limit
building has more than 2 levels and when the limiting curves are mapped into a splitting
symplectic manifold.

Proof According to definition of convergence in [2], our assumptions imply that there
exist constants ¢ and dj and holomorphic reparametrizations ¢y ; : X IIY, — X 11X
so that ¢y - (ftx + Vi) o @k,1 converges in Cpy. 10 fioo, 1 + Voo, 1, and so that dy - (i + Vi) o P 2
converges in Cjy). 0 il 2 +Voo,2 . Moreover, we can compactify (R x M) © (R x M) and
identify it with [0, 1] x M (equipped with a C? structure) and can choose a sequence of
identifications of the compactification of R x M with [0, 1] x M and diffeomorphisms
P D 1 22 — 2 I 22 in such a way that (it + V) o ¥, converges uniformly to
(floo,1 © llsg,2) + (Voo,1 © Vo,2), all viewed as maps into [0, 1] x M. It then follows from
the properties of intersection numbers, and the definition of the relative intersection
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number that for large & we have i@y, ) = iq’(ﬁoo,l, Voo,1) + iq’(ﬁoqz,f/oog) as
claimed. U

As an immediate application of this, we have the following computation of the
generalized intersection number of two asymptotically cylindrical maps with ends that
wind.

Theorem 5.8 Let (X,j,1',it = (a,u)), &',j, I,V = (b,v)) € C®°(M,H) be asymp-
totically cylindrical maps with ends that wind. Assume that at z € T" that ii is asymptotic
to v, and that at w € I ¥ is asymptotic to ™ with m,, m,, nonzero integers and -,,
Y € POU(M,H), simple periodic orbits. Then

(5-5)
(@ (71 = |l [ ints+ > el & (27, 400 - do(a; 2)
wel, zel'y
Vz=Tw

+ Z im| | int(y,v) + Z || K(%;l”,%) + do(P; w)

zel'_ wel’_
Tw="z
D maldoGEs2) + el w) — ] |G+ oGED
@J@EF,XF;
Vz="Tw
where
(5-6) A (x,y) := max {x,y} — y.

Proof We apply the R-action to i, and note that
lim (¢ @) + 7 = (@ © [+zer_7; ™D + ((Hwer "1 © )
c—00 +

where the limit is to be understood in the sense of [2], and “+” denotes the disjoint
union of the maps. Consequently, the homotopy invariance of the relative intersection
number along with Lemma 5.7 imply that

(5-7) @) = lim i*c-mv) =Y @i+ Y @A),
wel’, zel
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Applying Lemma 5.3 and the definition of dy(i; z), we have that

0@, ) = my | intCy,u) = Y windg (u:2)

zel’
Vz="Tw

= my | intly, 1) + D [doii;2) — a®(479)]

zel
Yz="Mw

and similarly

iq)(f)’ ™) = Im_| | int(y;,v) + Z [do(T;w) — aq)('yfv’w)]

wer’
="z

Substituting these formulas in (5-7) and adding
N a(r?)  atw™)
Q% (@@, v) = Z mzmwmax{ ] W}
(z,w)el'xI”

Yz=Yw
mzny, >0

to both sides gives

[i] * [7] = %@, 9) + Q% (@, v)

= Y |myl | int(ye, )+ |mZ|K(al(:71tr)’a|(,7§‘“)> + do(it: 2)
WGFQ_ zel4
V=T

+ 3 e [ intCz v+ Y fmyf K(a&,“),%) + do( w)

zel_ wel”
Tw="7z
+ Z |my|do(it; 2) + |m;|do(V; w) — |my,my| [a|(;"yl|) i %]
(z,w)el = ><F’+
Yz=Yw
as claimed, where we’ve abbreviated A (x,y) = max {x,y} — y. 5

We note that in the case that the maps # and ¥ from this theorem are pseudoholomorphic
that (5-5) expresses the generalized intersection number [it] * [¥] as a sum of nonnegative
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terms. Indeed the nonnegativity of each of the terms is discussed following Corollary 5.4,
with the exception of the terms of the form

a(yt) | a(u™)
~lmym| [ 2 D]

The fact that these terms contribute nonnegatively to [iz] * [V] is addressed in the proof
of Corollary 5.9 below.

The fact that (5-5) expresses [it] * [V] for pseudoholomorphic curves as a sum of
nonnegative terms allows us to prove the following result which gives necessary and
sufficient conditions for two curves to have generalized intersection number equal to
Zero.

Corollary 5.9 Let [X,),T',it = (a,u)] and [¥',j,TV,v = (b,v)] € M(M,H,J) be
pseudoholomorphic curves, and assume that no component of it or v lies in an orbit
cylinder. Then the following are equivalent:

(1) The generalized intersection number [ii] x [V] = 0.
(2) All of the following hold:

(a) The map u does not intersect any of the positive asymptotic limits of v.
(b) The map v does not intersect any of the negative asymptotic limits of u.
(c) If ~y is a periodic orbit so that at z € I", &1 is asymptotic to v and at
w e I, ¥ is asymptotic to 4™, then:
(i) If m, and m,, are both positive then dy(ii; z) = 0 and

a,ymz) > a('ym“’)

my nyy

(i) If m, and m,, are both negative then dy(V; w) = 0 and

a(y™) - a(y™)
| = fme]

(iii) If m, < 0 and m,, > O then dy(it; z) = do(¥; w) = 0 and y™ and "™
are both even orbits; or equivalently

windeo (it;z) _ windeo (V;w)
my myy :

(3) All of the following hold:

(a) The map u does not intersect any of the asymptotic limits of v.

(b) The map v does not intersect any of the asymptotic limits of u.

(c) If ~y is a periodic orbit so that at z € I", &t is asymptotic to v and at
w e I, ¥ is asymptotic to y™, then dy(it;z) = 0, do(v; w) = 0. Further
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(i) if vy is elliptic, then m, and m,, have the same sign, and

a(,ylnz) o a(,y"lw')
m;  my

(i1) if ~y is odd, hyperbolic then either m; and m,, are both even, or
m; = my,.

Proof As discussed preceding the statement of this corollary, this will follow from
Theorem 5.8 and in particular the fact that Theorem 5.8 gives an expression of [it] * [V]
as a sum of nonnegative quantities. Indeed, as discussed following Corollary 5.4, it
follows from (5—4) that the terms involving intersections of the projected maps « and v
with periodic orbits are nonnegative. Moreover, Lemma 3.13 establishes that the dj
terms are nonnegative, while it is clear that each other grouped term on the right hand
side of equation (5-5) is nonnegative except possibly for the term in the final sum of
the form

— a@y™) | o)
Ay(y,m,n) := —|mn| [ 1] + In] }
where here m and n have opposite sign. The nonnegativity of this term will follow
from Lemma 3.3. Without loss of generality, assume that m > 0 and n < 0. So that

the expression takes the form

o™ 4 a(v”)}
—n

m

Ai(y,m,n) = mn {
If v is an even orbit then (3-5) gives us
Ai(y,m,n) = mnfo(y) — a(y)] = 0.
If ~ is odd, hyperbolic, (3-6) gives us
Ai(y,m,n) = 5mp(n) — np(m)]
which is nonnegative since m > 0 and n < 0, and equals zero if and only if both m and
n are even. Finally if y is elliptic, by (3—7) there is an irrational € so that
Ai(y,m,n) =n|mb| —m|nb|
> [nml] — |nmb| =1,
where the inequality follows from the assumptions that n < 0, m > 0 and that 6 is

irrational. To summarize, we have seen that for m and n integers with opposite sign,

we have that
a(@y™) | a(y™)
—|mn| { ] + ] } >0

and equality occurs if and only if " and ~" are both even orbits.

Given this, it is clear from (5-5) that [i] * [?] = O if and only if:
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e int(yy,u) =0 forallwe I,
e int(y,v)=0forallzel_,
. d()(LNt;Z) =0 and

max {a(%"‘"’) a(%’f‘”)} _ et

\mz| ’ ‘mw| m
forall (z,w) € Ty x I with 7, =,
e do(¥;w) =0 and

max {a(wé"f) a(v(ﬁ'w)} o) _

|mz‘ K |mw" my
forall (z,w) € I'_ x I'"_ with ~, = ~,,, and
e dy(ii;7) = dp(¥; w) = 0 and

(5-8) — |m.my,| {a(ﬂy‘?lz) - —O‘(ﬁw)} =0

[ [
forall (z,w) € T_ x I'"_ with 7, = .

The discussion of the previous paragraph tells us that (5-8) is true if and only if 77" and
v are both even orbits. Moreover, we have from Lemma 3.13 together with m, < 0,
m,, > 0, and the previously observed nonnegativity of the left-hand-side of (5-8) that

Windoo(v/;w) < a(7vv ) < 04(7.:”2) < Windoo(a;z)
= = m; =

nyy nyy m;

in general. This together with the definition (3—18) of dj tells us that the last listed
condition above, that is dy(it; z) = do(¥; w) = 0 and (5-8), is true precisely when

windeo (7;w) _ windeo (i1527)
My - my

so the two conditions given in item (2(c)iii) are equivalent. The fact that (1) <= (2) in
the statement of the corollary follows immediately then from the above list of conditions.

To see that (2) <= (3), we use the symmetry of the generalized intersection number
with the asymmetry of statement (2). Indeed if (2) is true as written, then (1) is true,
and thus (2) will be true with the roles of & and 7 reversed. We immediately find that
(2) holds precisely when

e int(y,,u) =0 forall we I,

e int(vy,v)=0forall zeT,

o dy(it;z) = dp(v;w) = 0 and

a(r?) _ atw™)
[ | [

for all (z,w) € I' x IV with ~, = v, and m,m,, > 0, and
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o dy(it;2) = dy(v;w) = 0 and

a(?) | et _
—|mym,| m + el | = 0
for all (z,w) € I" x I'" with v, = ~,, and m,m,, < 0.

Using (3-5) we see that

for any m and n with mn > 0 if + is even, and using (3—6) we see that

a™) _ o) . pm) _ pn)

m] In| m n

if v is odd hyperbolic. This last statement is true exactly when m and n are both even,
or m and n are equal. These observations with the discussion of the first paragraph
shows that the conditions listed above are equivalent to those listed in (3), so we see
that (2) <= (3). d

We note that if [ii] % [?] = O then [i] * [c¢ - 7] = O for all ¢ € R, and in particular,
Theorem 4.4 implies that the actual algebraic intersection number int(i, ¢ - V) is zero
for all ¢ € R, provided # and ¥ do not have any components with images that differ
by an R-shift. By positivity of intersections, this implies that # is disjoint from every
R-translate of ¥ which implies that the projected curves u# and v in the 3-manifold
M either have identical image or do not intersect. Thus the preceding corollary gives
sufficient conditions for the projected curves u and v to not intersect. The converse
is not true, as is it possible that projected pseudoholomorphic maps # and v do not
intersect, but still have [i] * [?] # O since the asymptotic intersection number of the two
curves could be nonzero. However, since R-shifting a curve changes the asymptotic
description from Theorem 3.7 in a predictable way, it is possible to use Theorem 5.8
to identify necessary and sufficient conditions for two projected pseudoholomorphic
curves to not intersect.

The key element in understanding this problem is the following lemma concerning the
behavior of the total asymptotic intersection number of two curves under R-shifting.

Lemma 5.10 Let [X,j,T',i] and [¥X/,j,TV,9] € M(M,H,J) be asymptotically
cylindrical pseudoholomorphic curves, and let . = (b + ¢, v) be the curve resulting
from translating v in the R -coordinate by c. Assume no component of it or ¥ has image
contained in an orbit cylinder. Then the algebraic intersection number int(ii, v.) and the
total asymptotic intersection index d~(ii, V) are defined for all but a finite number of
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values of ¢ € R. Moreover

Y, it v ind o (i; ind o (V;
Ooo(it, V) > Z mzm,, (max {"‘E:,‘j), olv W)} — max { W‘n‘mzf“ 2 Wm‘mwﬁv *) }) ;
(z,w)el'xI

Ve="Tw
mzmy, >0

with equality occurring for all but a finite number of the values of ¢ € R for which
Ooo(it, V) is defined. Furthermore,

int (&, Ve) < [i] * [V]

o a(iy) a@w) | windeo (i1;7)  wWindog (V;w)
S mm, (max{ ) ol } max{ doo(i) | windes })

(z,w)el'xI’
Yz="w
mzmy, >0

and strict inequality occurs for at most a finite set of values of ¢ € R for which int (i, ¥.)
is defined.

Proof There will be values of ¢ for which the algebraic intersection number int(i, ¥.)
and the total asymptotic intersection index & (i, V) will not be defined if there are
components of iz and ¥ which project to the same image in the three-manifold, but it is
clear the lifted maps & and ¥, can have components with identical image in R x M
only for finite number of values of ¢ € R, since we assume that no components of the
curves are fixed by the R-action.

We consider a pair of end models (%, /, z,it) and (X',j’, w, v = (b, v)) and assume that
there is a v so that & is asymptotic to v and ¥ is asymptotic to v" with m and n
having the same sign. Assume we have the asymptotic representations

(s, 1)) = (m7s,expm(y €M [e1(1) + r1(s, 1))
PG, 1)) = (s’ exp gy €2 [ex(t) + ra(s', ).

with the )\;/e; eigenvalues/eigenvectors of the appropriate asymptotic operators, and
the r; converging exponentially to 0 as s — oo. Then, according to Lemma 3.20, and
Lemma 3.15, we have that

Y Y.
(5-9) i (121, (75 w]) > —mn max { MG vinde G0 |

m] In|

with strict inequality occurring only if there is an integer j so that
ei(nt) = ex(mt + n‘%n)
for all r € S'. Considering the shifted end

f/C:(b—FC,V)
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we have, for ¥.(s,1) := (s + -5, 1) that

nt’
N _ Xo(s+--) <
Te(te(s, 1)) = (175, €Xpoyny €217 [ea () + ras + 35, 1)]

A
= (1T, €Xp.yu(y 5[ n ex(f) + r3(s, 1))

with r3(s,?) = e"% ra(s + ;) converging exponentially to zero as s — oo. Thus,
R-shifting an end has the effect of scaling the eigenvalue appearing in the asymptotic
formula (once the formula has been rewritten so that the first component does not
contain an R-shift). Consequently, we get either the strict inequality

Windg)o (it;2) Windg)o (Ve;w) }

P~ ~
i ([ 2], [Pes w]) > —mnmax{ PR Tl

s D 4@ s
— _mnmax {wmdoo(u,z) wmdoo(v,w)}

Im[ ]

or that i®([it; z], [V.; w]) is not defined for at most one value of ¢ € R. For all other
values we will have

. D ~. . D ~.
i®([it; 2], [Ve; w]) = —mn max {Wmd‘;jl(u’@, Wmdm(v’w)} )

a(y™) a(y")
Im[ 2 |n]

intersection number of the two ends satisfies

m n AP 5. AP .
doo([it; 2], [V; W]) > mn (max { ayh) oy )} — max {Wmdoo(”’Z) windoo (Vi) })

Adding mn max { } to both sides of this, we can conclude that the asymptotic

Im[ 2 [n] Im[ In|
with the strict inequality occurring for at most one value of ¢ € R.

The claims of the Lemma now follow from applying the results of the previous paragraph
pairwise to ends of & and ¥, which are asymptotic to coverings of the same orbit with
the same sign, together with (4-5). |

As a corollary of Theorem 5.8 and Lemma 5.10 we have the following.

Corollary 5.11 Let [X,j,T,a = (a,w)], [/, ",y = (b,v)] € MM, H,J) be
pseudoholomorphic curves, and let V. = (b + c,v) be the curve resulting from
translating v in the R coordinate by c. Assume that no component of i or ¥ has image
contained in an orbit cylinder, and let v;" and ™ denote the asymptotic limits of i
atze T and vV at w € T as in Theorem 5.8. Then the algebraic intersection number
int(it, ¥.) is defined for all but a finite number of values of ¢ € R. Moreover, with A as

Geometry & Topology XX (20XX)



Intersection theory of punctured pseudoholomorphic curves 1085

defined in (5-6), we have that
(5-10)

. ~ ~ . A [ windeo (73 ind oo (it32
int (i1, ) < Z |my,| | int(y,, u) + Z lm.| A (wm‘mw('v W) w1n‘mz|(uz)>

WEFQ_ zel'y
Vz="Tw

. A [ windeo (it;z)  windoo (F3w)
+ Z \mzl int(y,,v) + Z \mw| A (WlnlmZIMZ 7 w1n‘mw|vw>

zel_ wel”_
Yw="7z
~ ~ () | o)
+ Y Imaldo( ) + Ime|do(; w) — |mym | [ T W}
(zw)el_ xT",
Yz="Yw

and strict inequality occurs for at most a finite set of values of ¢ € R for which int (i, ¥.)
is defined.

Proof This follows from subtracting

Z m (max { aiizz) a(i;W)} — max {windm(a;z) windoo (¥iw) })
oW [mz] 2 |l [z ’ [

(zw)el'xIV
Vz=Tw
mzi,, >0

from (5-5) and using Lemma 5.10. O

We can now prove Theorem 2.4, which gives necessary and sufficient conditions for
two projected curves to not intersect. We restate the result here for the convenience of
the reader.

Theorem 5.12 (Theorem 2.4) Let [X,j,T',ii = (a,u)] and [X',j, T,V = (b,v)] €
MM, H,J) be pseudoholomorphic curves, and assume that no component of it or
lies in in orbit cylinder, and that the projected curves u and v do not have identical
image on any component of their domains. Then the following are equivalent:

(1) The projected curves u and v do not intersect.

(2) All of the following hold:
(a) The map u does not intersect any of the positive asymptotic limits of v.
(b) The map v does not intersect any of the negative asymptotic limits of u.

(c) If ~y is a periodic orbit so that at z € I", &t is asymptotic to v and at
w e I, ¥ is asymptotic to 4™, then:
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(i) If m, and m,, have the same sign then

wind o (i;2) > wind o (V;w)
my — My, .

(i) If m, < 0 and m,, > 0O then dy(it; 7) = do(V; w) = 0 and v and ~"™
are both even orbits; or equivalently

windeo (#;27) _ winde (VW)
mg o my, :

(3) Al of the following hold:

(a) The map u does not intersect any of the asymptotic limits of v.

(b) The map v does not intersect any of the asymptotic limits of u.

(c) If v is a periodic orbit so that at z € I', &t is asymptotic to " and at
w € I, ¥ is asymptotic to v™ , then

windoo (#1;2) __ windeo (V;w)
my nmyy .

Proof The fact that (1) <= (2) follows from an argument similar to that in the proof
of Corollary 5.9 using now (5-10) instead of (5-5). Indeed, we have that the projected
curves u and v are disjoint if and only if & and ¥, are disjoint for all ¢ € R, which by
positivity of intersections is true precisely when int(it, .) = O for all ¢ € R. Again, by
positivity of intersections and Corollary 5.11 it is necessary and sufficient for the right
hand side of (5-10) to vanish. Since the right hand side of (5-10) decomposes into
nonnegative terms, we need to require each of these terms to vanish. We can argue as in
Corollary 5.9 that the vanishing of each of these terms corresponds to the conditions
listed in (2) above. Therefore (1) <= (2) as claimed.

The fact that (2) <= (3), like in Corollary 5.9, follows from the symmetry of the
intersection number and the asymmetry of statement (2). Indeed, if (2) holds for i and
v as stated, then (2) holds with the roles of & and ¥ reversed. Thus (2) holds precisely
when:

e int(v,,u) =0 forall we I,
e int(y,v)=0forallzeT,
e forevery (z,w) € I' x IV with ~, = 4, and m_m,, > 0

windeo (1;2) _ windeo (;w)
m; - My ’

and

e forevery (z,w) € I' x IV with v, = v, and m_m,, < 0

windeo (#1;z) _ windeo (V;w)

m; - My .
These conditions are equivalent to those in statement (3), and thus (2) < (3) as
claimed. O
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5.3.1 Positive asymptotic intersection indices and direction of approach to even
orbits

In this section we give a sufficient condition for positivity of the generalized intersection
number of two curves in terms of direction of approach to shared hyperbolic orbits.

Before stating and proving the result, we will need to establish some terminology. Let
~ be a periodic orbit of X3, and assume that either

e 7 is a simple even orbit, or

e = 4% where # is a simple, odd, hyperbolic orbit.

In either of these cases, let A~ = o,,,,.(7) € 0(A, ;) be the largest negative eigenvalue
of A%] .

Lemma 5.13 With vy, A\~ satisfying the assumptions above, mA~ is the largest
negative eigenvalue of A ; for any positive integer m. Moreover, the eigenspace

ker(Ayn j — mA™)

is one dimensional for all positive integers m, and if e~ € ker(A, ; — A7) is a basis,
then e,, := e~ (m-) is a basis for ker(Aym j —mA™).

Proof By the assumption that -y is an even orbit and the definition of parity (3-3),
there exists a A > 0 so that eigenvectors with eigenvalue A\~ and eigenvectors with
eigenvalue A* have the same winding number in any choice of trivialization of v*¢7.
Therefore, by Lemma 3.1, we know that

ker(Ayy — A7)

and
ker(A,; — A1)

are both 1-dimensional.

Let e* be a basis for ker(A j — AF). By the discussion following Lemma 3.1, we know
that e,,f defined by ei(r) = et (mr) are eigenvectors with eigenvalue mAE . Moreover,
e/l and e, will have the same winding in any trivialization, so it follows from Lemma 3.1
that eﬁ is a basis for ker(Am j — mA¥), and since winding is monotonic in eigenvalue,
we know that mA™ must be the largest negative eigenvalue of Ayn ;. a
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Now, with v as above, consider a pseudoholomorphic end [, j, z, it] which is asymptotic
to 4™ for some positive integer m. Let (U, ¢) be an asymptotic representation of u
near z, so that

(5-11) i(o(s, 1)) = (mrs, eXPym(r) U(s, 1)).

Then, it follows from a special case of Theorem 3.7 that there exists a (possibly zero)
e, € ker(A, ; — A7) satisfying

e " S [U(s, 1) — eu(mi)] = 0

as s — oo. Considering a second end [Y', ', 7, ¥] asymptotic to 4" with n > 0, we
find an asymptotic representative (V, 1)) and a vector e, € ker(A, ; — A7) so that we
can write

(5-12) TS, 1) = (075, €XP.y) V(5, )

with V satisfying
e 5[V (s, 1) — ey(nt)] — 0

as s — oo. If there exists a positive real number ¢ so that
e, = cey,

then we say that the ends [X,,z,i] and [X',), 7, V] approach coverings of ~y in the
same direction. Note that in the case that one of ¢, or e, is zero, this condition would
imply that both of e, and e, are zero.

For simplicity in this discussion, we have only considered ends with positive punctures,
but we can analogously define what it means for ends with negative punctures to
approach a covering of v in the same direction by describing the direction of approach
with elements of ker(A._ ; — A7) where v =~V is v traversed backwards, and
A~ is the largest negative eigenvalue of A,_ ; 2

Theorem 5.14 Let v be an even periodic orbit satistying the assumptions above, let
[3,/,z,i] and [X',j', 7, ] be distinct (nonintersecting) pseudoholomorphic ends in
R x M satisfying the assumptions above, and let e, e, € ker(A., ; — A™) be defined as
above. If e, = e,, then the asymptotic intersection index d.o([it; z], [V; w]) of the two
ends is positive.

° Alternatively, we could use the fact that if [%, j, z, (a, u)] is an end with a positive puncture
in R x M where M is equipped with the Hamiltonian structure (A, w)), then [X,], z, (—a, )] is
an end with a negative puncture in R x M where M is now equipped with the Hamiltonian
structure (—\, w). This approach is employed in some proofs in [14].
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Proof For simplicity we assume m and n are both positive, but the proof readily adapts
to the case where m and n are both negative.

Letting ¢, and e, be as above, we first assume that e, = e, = 0. Then, it follows that
the eigenvalue of the leading eigenvector in the formulas for # from Theorem 3.7 is
strictly less than mA~, and similarly the eigenvalue for the leading term in the formula
for ¥ is strictly less than nA~. Since 7 is an even orbit, Lemma 3.1 and (3-3) imply
that
(5-13) wind2 (it;2) < a®(y") = ma®(v)

wind® (7;w) < a®(y") = na®(y)
where we’ve used Lemma 5.13 to conclude that aq’(yk) = kozq’('y) for any positive
integer k. In the case that ~y is a simply covered even orbit, we consequently get from
(3-30) and (5-13) that

P r~. ~. wind® (ii;z) wind® (9;w)
(1 21, [7; w]) > —mn max { M, wind

> —mnofb(’y)

— s {1t st
m n

and so
Soo([i; 2], [7; W) = i ([@; 2], [ wl) —I—mnmax{%, @} >0
as claimed. If v = 4% with 4 a simple, odd, hyperbolic orbit, we have from (3-6) that

a(y) = a(3?) = 2a(9) + 1.
Consequently we find, again using (3—30) and (5-13), that

D 1~ . ind® (i#;z) wind® (¥;w)
2 (18 2, 73 w]) > —(2m)(2n) max { ) vind G )
> —2mn(a®(y))
= —2mn2a®(®¥) + 1)
o ( Zm) <I>( 2;1)
_ —(2m)(2n)max{a ol e }
where in the last line we’ve used
a®(3*) = k2a(¥) + 1)
from (3-6). Again we conclude that
Soo ([ 2], [ W) = i ([i; 2], [7; w]) + (2m)(2n) max{ (}(“’Zm), O‘q)z(zzn)} >0

as claimed.
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Next we assume that e, = e, # 0. With (U, ¢) and (V, %)) satisfying (5-11) and (5-12)
respectively, we can apply Theorem 3.6 to write

U(ns, nt) — V(ms, mr) = e"*[e(r) + r(s, 1)]

with ¢ < O an eigenvalue of A.m ;, e and eigenvector with eigenvalue p and r
converging exponentially to zero as s — co. The assumption that e, = e, then implies
that © < mnA~, which, since 7™ is an even orbit, implies that

wind @ 'e < wind d~ e, (mn) = mnwind <I>*leu = mnofb('y).
We can therefore conclude that
wind®,(n - [it; 2], m - [7; w]) < m*n?a®(y)
which by Lemma 3.20 implies that
iso([i; 2], [T w]) > —mna® (7).

Since -y is assumed to be either a simple even orbit, or a double covered odd hyperbolic
orbit, it follows as in the previous paragraph that

doc(lit; 2], [P w]) > 0

in either case. O

We now prove the main result of this section.

Theorem 5.15 (Theorem 2.5) Let v be a periodic orbit satistfying the above assump-
tions, and let [X,j, T, it = (a,u)] and [¥/, ], T,V = (b,v)] € M(M,H,J) be connected
pseudoholomorphic curves. If there are punctures z € I' and w € T so that the ends
[i; z] and [V; w] approach a cover of y in the same direction, and so that [it; z] is distinct
from the the R-shifted end [(b + ¢, v); w] for all c € R then

[&] * [V] > 0.

Proof For simplicity we assume both punctures z and w are positive, but the argument
readily adapts to the case where they are both negative.

Let (U, ¢) and (V, ¢) satisty (5-11) and (5-12) and let ¢, and e, be as defined above.
We first consider the case that ¢, = ¢, = 0. In this case, the lemma above shows
that the asymptotic intersection index d..([#; z], [; w]) is positive, and thus the total
asymptotic intersection index .. (it, ¥) is positive. Thus, Theorem 4.4 gives us

[i] * [¥] = int(it, ¥) + doo (i, ¥) > Goo (i, ) > 0
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as claimed.

In the case that e, = ce, # 0 for some positive real number ¢, we apply the observation
from the proof of Lemma 5.10 that R-shifting a curve has the effect of scaling the
eigenvector describing the approach. Indeed, if we let ¥ denote the map

Ve = (b+ C,, v)
and let (V./, ) denote an asymptotic representative of ¥/, we can choose a ¢’ so that
ey, , chosen to satisfy
e (Vo (s, 1) — ey, (n1)) — 0 as s — oo,
is equal to ¢,. The previous lemma then applies to show that d..([#; z], [V, w]) > 0,
and hence, by the homotopy invariance of the generalized intersection number, that
[@] * [V] = [@] * [Ver] > doo(li; 2], [Per, W) > O

as claimed. O

5.4 Generalized self-intersection numbers and embeddedness of the pro-
jection

In this section we investigate conditions under which a curve in a cylindrical cobordism
has generalized self-intersection number equal to zero, and we investigate controls on
the embeddedness of the projection of a pseudoholomorphic curve in R x M into the
three manifold M. The key observation for this latter question, originally made by
Hofer, Wysocki, and Zehnder in [8], is that the projected curve is injective if and only if
the nonprojected curve doesn’t intersect any of its R-translates.

We first state Theorem 5.8 in the special case that &t = ¥.
Corollary 5.16 Let (X,j,1', &t = (a,u)) € C*°(M,H) be an asymptotically cylindrical

map with ends that wind, and assume that at z € T, &t is asymptotic to ~.", with
7. € PY(M,H) a simple periodic orbit and m, a nonzero integer. Then

[fl] * [ﬁ] = Z |m2’ int(’YZa M) _I' Z |mW] K (a(,}é’h) M) + dO(ljl,W)

]2 T
zel wel
Tw="7z
mzn,, >0
mz My
+ Z |my,|do(it; 2) + |me|do(it; w) — |mym,,| [aﬁz‘) + %}
(zw)el'y xT'—
V="

with A as defined in (5-6).
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As a corollary to this and Corollary 5.1 we prove the following result which gives a set
of equivalent conditions to [i] * [i1] = O for a simple curve.

Corollary 5.17 Let [X,j,I',&t = (a,u)] € M(M,H,J) be a simple pseudoholomor-
phic curve, and assume that no component of i lies in an orbit cylinder. Then the
following are equivalent:

(1) The generalized self-intersection number of i vanishes, i.e. [it] * [i] = 0

(2) All of the following hold:

(a) The projected map u does not intersect any of its asymptotic limits.

(b) Forallz €T, dy(it;2) =0.

(c) If~y isaperiodic orbit so that at z € I', @ is asymptotic to v and atw € I,
it is asymptotic to v, then

(3) Al of the following hold:
(@) ind(@t) — x(3) + #Leven = 0
(b) G(i;z)=1ftorallzeT.
(c) sing(z) = O or equivalently, @i is embedded and has total asymptotic
self-intersection index, d.(it), equal to zero.
(4) All of the following hold:
(a) The map u is an immersion that is everywhere transverse to Xy, .
(b) dy(ii;z) =0 forall z € T'.
(¢) a(i;z)=1forallzeT.
(d) sing(it) = O or equivalently, ii is embedded and has total asymptotic
self-intersection index, 6 (it), equal to zero.

Proof The fact that (1) <= (2) follows from Corollary 5.16 and an argument very
similar to that in Corollary 5.9. We omit the details.

The fact that (1) <= (4) follows from rewriting (5-2) as
[@] * [i2] = 2 sing(it) + wind, (i) + do(@t) + 5 (&) — #I
= 2sing(it) + windx (@) + » _ (doit: ) + [5(it:7) — 1])

zel
and noting that each term on the right hand side of this is nonnegative.

Finally, the fact that (4) <= (3) follows directly from (5-1). Note that (5-1) implies
that the quantity ind(it) — x(X) + #L .. 1s nonnegative for curves in a cylindrical
cobordism provided it has no components with image contained in an orbit cylinder. O
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We observe that for a connected curve [Y,j, I, ii] satisfying the hypotheses of the
previous result, if [#] * [#Z] = O then the projected curve u is an embedding in the three-
manifold. Indeed, the result shows that # must be an immersion which doesn’t intersect
any of its asymptotic limits. Moreover, since for the R-translates i, = (a + ¢, u), we
have

0 < int(@, ite) < [i] * [itc] = [u] * [a] = 0,

it follows from positivity of intersections that & doesn’t intersect any of its R-translates,
and hence that the projection u is injective. As observed in [8], the asymptotic behavior
of u then allows us to conclude that u is an embedding. As with the discussion of
intersections of curves with distinct projections to the three-manifold, the converse
is not true: it could well be the case that u is an embedding and [i#] * [&] # O since
we could have that the total asymptotic intersection index d(it, it.) positive for all
¢ € R\ {0} for which it is defined. Again, in this case, since R-shifting the curve
changes the asymptotic intersection numbers in a predictable way, we can modify
the above argument to find necessary and sufficient conditions for a curve to have an
embedded projection.

Towards this end, we state the following special case of Corollary 5.11 when ¥ = ii.
Corollary 5.18 Let [>,j, ', = (a,u)] € M(M,H,J) be a connected pseudoholo-

morphic curve and assume that the image of i is not contained in an orbit cylinder.
Then, with A as defined in (5-6), we have for any ¢ € R\ {0} that

int(ii, fic) < Y [my| | intye,w) + Y ImzlK(Wi“jl,;jff“w%Wi“ﬁ‘,;’;fi‘“))

wel zel
V=M
mzm,, >0
wind oo (i1;2) wind o (i;w)
BN o] (e o v
(zw)el - xI'y
V="

with strict inequality occurring for at most a finite number of values of ¢ € R\ {0}.

Along similar lines, keeping track of how the asymptotic intersection numbers change
with R-shifts allows the following adjustment to Corollary 5.1

Lemma 5.19 Let [%,), 1 &t = (a,u)] € MM, H,J) be a connected, simple pseudo-
holomorphic curve and assume the image of i1 is not contained in an orbit cylinder.
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Then, for any ¢ € R\ {0} we have that

int(it, i) < wind(it) + 20(5) + Y _[cov(e (@i z:)) — 1 + Aa(it; 2)]

ziel
: ~. ~. indoo (i152
(5-14) + Z loo([; zi], [@; 2j]) + mzm;; flgﬁllx{‘w%ﬁm}
2,z €D -
Zi#zj
’YZi:'YZj
mzl-mzj>0

where e1(it; z;) is as defined in (3—15), d(u) is as defined in (4-10), and A, (it; z;) is as
defined in (3-22). Moreover equality occurs in (5—14) for all but a finite number of
values of c € R\ {0}.

Proof By a special case of Corollary 5.11 we have that

int(@, iic) < [a] = [a]
- Z m,.m.. max{a(ﬁ;u)} — max {7Wind(ﬁ;zf)}
S l=ij |mze| I=ij ‘ng|
zi,zj€l

Vzi =z
mz;inz; >0

= I(@t)

with equality occurring for all but a finite number of values of ¢ # 0. Applying the
adjunction formula (5-2) we have that the right hand side of this inequality is equal to

I(it) = wind,(it) 4 do(it) + [o(it) — #I'] + 2 sing(it)

— mym,. | max { @0 L max § windGiz)
R —ij |mz ‘ —i.j ‘mz | ’
or {=ij ¢ =i, 0

2053
Vzi = %

mz; iz >0

We rewrite the final sum in this by grouping the the terms with z; = z;, and using the
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definition (3—18) of dy(it; z) and (3—19) to get

a(it;ze) wind(it;zp)
E mz; My, max{ Iz, | } - max{ [m, | }
= 2 =i 4

(=i
zi,z €l J
Vai ="z
mz;my >0

= Iy |do(@t; z;)

zel
+ Z mgm,, [ max { i, Z")} — max {7”“‘1(5“1’-’)}
Joer 4T l=ij Imegl l=i,j |ng‘
1<)
%7y
VZiZWZj
mz,-mzj>0
= do(i) + > Ay(ft; 21) + 5(0; 20) — cov(en (7i; 21))
zel
i3z ind(it;z¢)
+ Z m;m;, max{w} —max{L}
T i Ll t=iy L Ime]
15%]
iFZ
’YZi:'YZj
mz,-mzj>0
= do(@i) + 6(it) — #T + Y Ay(it: ;) + 1 — cov(en(it; 2,))
ziel
afiizze) | wind(it;zp)
2 mam (‘EE"; {sm) pry {e }> !
zi,zj €l
Zi?éZj
Vai ="z
mz;mz; >0

and we therefore have

I(it) = windx(it) + 2 sing(it) + Y _[cov(e(7i; 2)) — 1 — A (it )]

ziel
g mzm; | max altz) L pax § WindG@z)
iy me, —i i mz, | )
=i & =i, 0
ZHZJGF
ZiFzj
’y&l_’YA.]
mzimz; >0

iz
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Further, rewriting
2 sing(it) = 20(it) + 2000 (i)
= 20() + Y | 2000l 2) + Y Soolit; 21, [t 211)

z€l 7,5 €L
Zi#zj

=20+ ) Ai(@z) + Dolii; 2)

z€el

+ Y sl zil, [ 37]) + mgmy; max { Oél(u;zT)}
' f=ij U Mz
zi,zj €l
ZiFzj
'Yli:’YZj

mz;mzf>0

=26 + > At 27) + Dolit; 21)
ziel

Y el a5 5)) + mgmg max { i |
I e=ij Iz, |
7,5 €L

LFL
Yzi :’YZj
mz;inz; >0

+ § : m.m, max{oc(u;ze)} — max {wmdoo(u;zz)}
7\ o=y L Imel =i Imz, |
7,z €l
iFEL
’Yzi:’YZj
mzl-mzj>0

allows us to write

I(it) = windr(i1) + 20(i) + Y _[cov(e) (it: z;)) — 1 + An(it: 2))]

z€el’
. ~ ~ ind. it
+ E loo([it; 2], [&; 7]) + mg;mz; max {mnlr;o(blt ze)} )
=i, &4

zi,zi €l

ZiFzj

’YZi:’YZj
m;imzj>0

We therefore conclude that

int(it, i) < wind(@1) + 20(@) + Z[cov(el(ﬁ; 7)) — 1+ Ao(it; z))]

zel
i ([ il indoo (32
3 ool 2l [ 71) + gy max { et |
=i z
zi,zj€l J
i
’YZi:'YZj
mZImz].>0
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with equality occurring for all but a finite number of values of ¢ € R\ {0}. O

We now prove Theorem 2.6 which gives necessary and sufficient conditions for the
projection of a curve to the 3-manifold to be embedded.

Theorem 5.20 (Theorem 2.6) Let [, ', it = (a,u)] € M(M,H,J) be a connected,
simple pseudoholomorphic curve, and assume that &t does not have image contained in
an orbit cylinder. Then the following are equivalent:

(1) The projected map u : ¥\ I' — M is an embedding.

(2) The intersection number int(it, ii.) between it and an R -translate it. = (a + ¢, u)
is zero for all c € R\ {0}.

(3) Al of the following hold:
(a) u does not intersect any of its asymptotic limits.

(b) If ~y is a periodic orbit so that u is asymptotic at z € I" to v and u is
asymptotic at w € I" to ™, then

windeo (i1;7) _ windeo (it;w)
m; - My .

(4) All of the following hold:
(a) The map @i is an embedding.
(b) The projected map u is an immersion which is everywhere transverse to
Xy (equivalently wind(u) = 0).
(c) Foreach z € T", we have

ged(mg, windoo (it; m;)) = 1

(equivalently cov(ei(it;z)) = 1).

(d) If~y is a periodic orbit so that u is asymptotic at z to ™ and u is asymptotic
at w # z to y™ with m,m,, > 0, then the asymptotic intersection number
of the ends [ii; z] and [@1; w] achieves the bound from (3-30), i.e.

D o~ -~ wind® (i1;7) windZ (i;w)
ioo(Lit; 2, [it; w]) = —mm,, max { T .

Proof We first address (2) <= (3). This follows from Corollary 5.18 and positivity
of intersections by an argument analogous to that in Corollary 5.17. We omit the details.

Next we prove (2) <= (4). This is also similar to a part of Corollary 5.17. It
follows from positivity of intersections and Lemma 5.19, particularly the nonnegativity
of the each of the terms on the right hand side of (5-14) . Indeed, from positivity of
intersections and (5-14) we can conclude that int(i, it.) = 0 for all ¢ € R \ {0} if and
only if:
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e wind,(it) =0,

e J(it) = 0 (i.e. it is an embedding),
e cov(ei(it;z)) =1forall zeT,

o As(ii;z) =0forall ze ', and

o the asymptotic intersection numbers satisfies

wind® (i1;7) wind® (i;w) }

D e e
i ([ 2], [it; w]) = —mm,, max{ T

for each pair of distinct punctures (z, w) € I' x I' at which u is asymptotic to
coverings of a the same underlying orbit with the same sign.

Recalling from Lemma 3.14 that cov(e;(it; z)) = 1 implies that A,(ii; z) = 0, and from
Lemma 3.2 and (3-16) that

cov(e1(ii; 2)) = ged(wind(® ™' e1(@:2)), m:) = ged(windZ (i; 2), m:)
we see that these conditions are equivalent to those listed in (4) above.

Next we observe that (1) = (2). This has been previously observed by Hofer, Wysocki,
and Zehnder in [8], but we include the argument here for completeness, since it is
short and illustrative. Indeed if there exists a ¢ € R \ {0} so that & = (a, u) intersects
ii. = (a + c,u), then there is a pair of points distinct points z, w € ¥ \ I so that
iil(z) = i(w) which in turn implies that u(z) = u(w). Thus (2) failing to hold implies
that the projected map has a double point and hence can’t be an embedding.

Finally we show that (2), (3), (4) = (1). Indeed if (2), (3) and (4) are all true, then the
projected curve u is an injective (by (2) and the argument of the previous paragraph)
immersion (by (3)), which doesn’t intersect any of its asymptotic limits (by (4)).
As observed in [12], this with the asymptotic behavior implies that the map u is an
embedding. a

5.5 Holomorphic open book decompositions

In this section we examine an application of results from the previous sections to
properties of holomorphic curves in manifolds admitting a holomorphic open book
decomposition. Recall from the introduction (M, H,J) is said to admit a stable,
holomorphic open book decomposition if there is a link L C M made up of elliptic
periodic orbits of X3, and a fibration 7w : M \ L — S! so that for any 6 € ', 771(0) is
an embedded surface bounded by L, for which we can write

7 10) = u(s* \ 1)
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for some punctured j—holomorphic sphere [S%,i,T, (a,u)] € M(M,H,J) with Fred-
holm index ind(it) = 2 having only positive punctures asymptotic to simply covered
orbits.

Theorem 5.21 (Theorem 2.7) Assume that (M, H,J) admits a stable, holomorphic
open book decomposition. Let [%,j, ', = (a,u)] € M(M,H,J) be a connected
pseudoholomorphic curve, and assume that the image of u is not a page of the open
book decomposition, and that &t does not have image contained in an orbit cylinder.
Then at least one of the following is true:

(1) At least one of the positive punctures of it limits to an orbit that is not a binding
of the open book decomposition.

(2) At least one of the positive punctures of i limits to a multiple cover of a binding
orbit of the open book.

Proof Let # = (b,v) : S?\ IV — R x M be any simple pseudoholomorphic curve
which projects to a page (S \ I') of the open book decomposition. We apply (5-5)
with the roles of i and ¥ reversed to find that

[l (7] = 3 me | intz )+ Y [max {282 ag) } - atn)] + dotiw)
el wel’
="z

where we’ve used the assumption that ¥ only has positive, simply-covered punctures.
Moreover, by the assumption that ind(¥) = 2, we have from (5-1) that

0 < wind,(v) + do(¥) < ind(®) — x(52) + #pen(® =2 -2+ 0 =0

so we conclude that dy(¥) = 0 (and that wind(v) = 0, but this already follows from
Theorem 5.20 since v parametrizes a page of the open book decomposition and is thus
an embedding). Consequently, our formula for the generalized intersection number of
it and v simplifies to

(5-15) (@l 7= > m it + Y [max {492 agn) | - at)]

el wel”
="z

Now, the assumption that u does not have image lying in a page of the open book
decomposition, implies that u intersects some page of the open book decomposition,
which in turn, by Theorem 4.4, implies that & has positive generalized intersection
number with a pseudoholomorphic curve which projects to that page of the open book
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decomposition. Moreover, by homotopy invariance of the generalized intersection
number, i has positive generalized intersection number with every page of the open book
decomposition. Using this observation with the the formula (5-15) for the generalized
intersection number of & with a page of the open book, we see that [iz] * [¥] > 0 implies
that either:

(1) there exists a z € I" so that int(vy,,v) > 0, or
(2) thereexistsa z € I' and w € I so that v, = ~,, and

max { 292, a ()} — a(y,) > 0.
which in turn implies that m,; > 1.

These two conditions are equivalent to the two listed in the statement of the theorem, so
this completes the proof. O

Remark 5.22 We remark that in the event that the first alternative of the preceding
theorem does not hold, i.e. when all the positive punctures of the curve # limit to
coverings of binding orbits of the open book decomposition, the proof can be refined
to give a bound on the covering numbers of the punctures guaranteed by the second
alternative in terms of the iteration formula for the Conley—Zehnder index of the orbit
in question. Indeed, given an elliptic periodic orbit v € P(M,H) and a trivialization ¢
of ¢M |y, Lemma 3.3 guarantees that there is an irrational 6 so that

a®(y*) = [kf].

While the number 6 here depends on the choice of trivialization, the change of
trivialization formula from Lemma 3.4 allows us to conclude that the fractional part

(0} :=6—16) € 0,1

of 6 is independent of the choice of trivialization. We will refer to the number {6} as
the rotation index of v and denote it by rot (7).

Now, assume that [S2,i, T, = (b, v)] is a page of the open book decomposition, and
[X,7, T, @] is a pseudoholomorphic curve with every positive puncture limiting to a
covering of a binding orbit of the open book decomposition. Then the terms of the
form int(~,, v) in formula (5-15) all vanish. Writing the remaining terms of the formula
using rotation indices we find that

@« = > |mrot(y)]

(z,w)el 4 xT
V=

which the reasoning of the proof allows us to conclude must be positive. We can thus
conclude that for at least one z € I", m, > 1/ rot(v,).
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5.6 Generalized holomorphic curves

In this section we prove the that the generalized intersection number of two generalized
pseudoholomorphic curves with no common components in nonnegative.

Recall from the introduction that a generalized pseudoholomorphic map in R x M is a
quintuple (3, ,1', (a, u), ) satisfying

Ten oduoj=Jomen odu
u'hoj=da+v
dv=d(voj) =0,

and a generalized pseudoholomorphic curve [¥,}, T', (a, u), ] is an equivalence class
of generalized pseudoholomorphic maps, where two maps are considered equivalent if
they differ by holomorphic reparametrization of the domain.

A key observation from [7] is that if [>,j, I, (a, u), ] is a generalized pseudoholo-
morphic curve, then on any simply connected subset U of >, the M-part u of the
map has a pseudoholomorphic lift. Indeed, if 4 : U — R satisfies dh = v|y then
(a+hu): U —RxMis 7—holomorphic. A consequence of this is the following,
again first observed in [7], which states that for generalized pseudoholomorphic curves,
one still obtains the first term of the asymptotic formula from Theorem 3.7.

Lemma 5.23 Let (3,j,1', it = (a,u), ) be a generalized pseudoholomorphic map in
R x M with no component having image contained in an orbit cylinder, and assume at
z € ', u is asymptotic to v™. Then there is an embedding

Y1 [R,00) x S' — 2\ {z}
satistying lim_, oo Y(s, ) = z so that
(s, 1) = <st, eXPgy € Le(t) + r(s, z)])
where A\ < 0 is an eigenvalue of A j, e is an eigenvector of A.» j with eigenvalue \,

and r(s,t) — 0 exponentially as s — 0.

As a consequence of this Lemma, we observe that the quantities wind® and dy =
windg’O —a®, defined in (3-16) and (3-18) respectively are well-defined for ends of
generalized pseudoholomorphic curves, provided the images of the maps are not orbit
cylinders.

We can now prove Theorem 2.9 which we restate here.
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Theorem 5.24 (Global positivity of intersections for generalized holomorphic curves)
Let [X,), T, i = (a,u),v], [X,;/, T,y = (b,v),V'] € MAM,H,J) be generalized
pseudoholomorphic curves, and assume that no component of it or v is contained in an
orbit cylinder. Then

[a] + [v] > O.

Proof As a consequence of Lemma 5.23, we know that ## and ¥ have ends that wind,
so Theorem 5.8 tells us that the generalized intersection number of i and v is given by

3= 3 ol f G+ 37 el & () + ot

wel, zely
Y=Iw

+ Z lm;| | int(7,,v) + Z Im,,| A (af;z‘~)’ am:»‘t ) + do(Fiw)

zel_ wel’_
Tw="7z
- = () | o
D maldoGEs2) + el w) — ] [ SR 4 20ED ]
(z,w)el“_xl“’Jr
’YZ:'VW

with A as defined in (5-6). The theorem would follow immediately if we knew that each
term appearing in this formula were nonnegative. The nonnegativity of the dy terms is an
immediate consequence of the asymptotic description from Lemma 5.23 and reasoning
identical to that in Lemma 3.13. Every other term has previously been shown to be
nonnegative in the proof of Corollary 5.9 except for the terms int(+,,, #) and int(v,, v)
since in Corollary 5.9 we were assuming that it and ¥ were pseudoholomorphic, while
here we only assume generalized pseudoholomorphic. It remains true in this case that
intersections of a projected generalized pseudoholomorphic curves with a periodic orbit
of X4 always occur with positive local intersection index. Indeed, assume at z, € 3 that
u(z+«) = () where -y is a periodic orbit or X3,. Thenlet it = (a+h,u) : U — R x M be
a local pseudoholomorphic lift of u on a neighborhood U of z.. Then #(z,) intersects
the orbit cylinder 4. By the assumption that &t does not have any components with
image contained in an orbit cylinder, it follows that the intersection of & with 7 is
isolated and has positive local index, and it follows as in (5—4) that the intersection of ~y
with u is isolated and has positive local index. |
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A Zeroes of m¢n o du

Here we will prove that for a connected pseudoholomorphic curve [X,j, T, (a, u)] €
M(M,H,J), the projection of the derivative of u onto the hyperplane distribution ¢
either vanishes identically or has a finite number of isolated zeroes of finite positive
order. This is proved in [8] in the case that the Hamiltonian structure comes from a
contact form, and the proof here is an adaptation of the argument given there.

We start with a local coordinate lemma which is a straightforward modification of the
well known version of Darboux’s theorem for presymplectic manifolds. Because it
may be of independent interest, we prove the result for stable Hamiltonian structures on
manifolds of arbitrary odd dimension. In the definition of stable Hamiltonian structure
for a 2n + 1-dimensional manifold M, the condition (H1) needs to be changed to

ANAW >0

but otherwise remains the same. The definitions of X3, and ¢™ are identical, and it
remains true that A and w are preserved by the flow of X3;. For more details see
e.g. [2, 22]. For the following we equip R*"*! with the coordinates {(z,x,y)} =
{(z,xi,y)} € R x R" x R".

Lemma A.1 (Darboux’s theorem for stable Hamiltonian structures) Let (M, H) be
a closed, 2n + 1-dimensional manifold equipped with a stable Hamiltonian structure
(\,w). For any pg € M, there exists an € > 0 and an embedding

¢:(—,0)" =M
with ¢(0) = po and

"N =dz— Y (gix,y)dx; + hi(x,y)dy;)
i=1

n
P'w=wy = dei A dy;
i=1

where the g;, h; : (—¢,)*" — R are smooth real-valued functions satisfying g;(0) =
hi(0) = 0.

Proof Let ¢y : R x M — M denote the flow of X3, i.e. 1y(p) = Xy o ¢ (p) for all
(t,p) € R x M. Let {e;,f;} be a symplectic basis for (E;'(f, w), that is, assume that

w(ei, ¢)) = w(fi.fj) =0
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for any i,j, and that
wlei.fj) = dij.
Define a map ¢g : R*'*! — M by

n
B0z, %1, y1) = V(exp,, (O xiei + yifi)
i=1
where exp is the exponential map of any Riemannian metric on M. It follows from the
definition that ¢ satisfies:

o doo(z,x,)0. = Xy forall (z,x,y) € R+,

o doo(0)0y, = e; and dpo(0)0,, = f;, and thus

e ¢ is an embedding on some neighborhood of the origin,
o ¢y(0)w = wp, and P50\ = dz.

Since the flow of X7; preserves A and w, we can conclude that ¢\ and ¢jw are
independent of the z-variable. Since ¢gA(9;) = M(X3) = 1, we thus have

n
GoA = dz— > (&ilx, y)dx; + hi(x, y)dy;)
i=1
Gow = wo + Ty
where g;, h; are smooth, real-values functions on some neighborhood of the origin
in R?" satisfying g;(0) = h;(0) = 0, and where T(x,) 1s a two-form on R?" satisfying
r©0,0) = 0. The result then follows from applying a Moser trick in the x and y variables
(see e.g Theorem 1, in Section 1.3 of [13]). O

Next we show that for [3,,T', (a,u)] € M(M,H,J), men o du can only have isolated
zeroes of positive order. It suffices to prove this in “Darboux coordinates” provided
by the preceding lemma. In the following D, will denote the disk of radius ¢ in
C = {s + it}. We observe this argument readily generalizes to higher dimensions, but
is of most use in dimension 3 in which case the algebraic count of zeroes of T o du
is topologically controlled.

Lemma A.2 Let g, h: R? — R be smooth functions, and let J € J(R>?, Ho) where
Ho = (Mo, wop) is the Hamiltonian structure defined by
Ao = dz — g(x,y)dx — h(x,y) dy
wo = dx A dy.

Moreover, let m : RX3y, ® £Mo — ¢Mo be the projection onto £M0 = ker \o along X34,
Ifii = (a,u): (D, i) > R xR3 J) is a pseudoholomorphic map, then 7 o du either
vanishes identically, or has isolated zeroes of finite positive order.
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Proof We will show that in an appropriate basis for £*0 the section (7 o du)(9;)
satisfies a perturbed Cauchy—Riemann equation. The result will then follow from the
similarity principle (see e.g. Appendix A.6 in [13]).

We first note that the vector fields e = 0, + g 0, and f = 9, + h 9, form a basis for £*0
and that X, = 9,. Moreover, for any vector field v = v* 9, +1” 9, +v* 0, on R® we
have that

TV =V — A(V) X3,
=V o +V 0+ (g +Vh)o,
=Vve +Vf

so the coordinates of 7v in the basis {e,f} are given by the x and y components of v
in the standard basis for R3.

Now, writing u = (u*, u*, ) € R3 and v = (u¥, ), the equation Troduoi =Jomodu
applied to J; and expressed in the basis {e,f} becomes

vs + J(s, H)v; = 0.

Here J(s, 1) is J(u(s, 1)) represented in the basis {e,f}, and hence satisfies 72 =—1.
Letting w = v, and differentiating the above equation with respect to s leads to

ws + J(s,Hw; + A(s,Hw = 0

with
A(s, 1) = Jy(s,0)J (s, ).

As explained in the first paragraph, the result is now an easy consequence of the
similarity principle. a

Corollary A3 Let [%,j, i = (a,u)] € MM, H,J) be a connected pseudo-
holomorphic curve for some cylindrical J associated to a J € J (M, H), and let
men  TM = RXy © M — ¢M be the projection onto ¢™ along X3;. Then Ten o du
either vanishes identically or has a finite number of isolated zeroes each of finite positive
order.

Proof Assume that m¢# o du does not vanish identically. By the previous two lemmas,
the zeroes of mex o du must be isolated and of finite positive order. Moreover, according
to Corollary 3.12, 7eu o du is nonvanishing in some neighborhood of each puncture
since we assume it doesn’t vanish identically on 3\ I'. We conclude that 7¢# o du has
a finite number of isolates zeroes of finite positive order. a
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B Localintersections of generalized pseudoholomorphic curves

In this appendix, we construct local examples of generalized pseudoholomorphic curves
exhibiting intersection behavior that can’t occur for (genuine) pseudoholomorphic
curves. The author first learned that such examples should exist from C. Abbas.

We consider R®* = {(z,x,y)} equipped with the stable Hamiltonian structure H =
(\,w) = (dz,dx A dy). Then X3 = 0, and £’ = span {0,, Oy}. Define J on £ by
JOx = y. The projection en : TR3 = RXy @ &M — €™ is given by

(2, x,y) = (x,).

Letting D denote the unit disk in C = {s + ir}, the generalized holomorphic curve
equations (2-8) for amap it = (a,uj,up) : D — R X R x R? reduce to

dlduyoi—da)=0
(B-1) d(duy +daoi)=0
85M2 + Ja,uz =0.

Consider maps it, ¥ : D — R x R? defined by
(s, 1) = (0,0,s,1)

and

(s, 1) = (cs,1,5,1)

where ¢ € R is constant. Then it is straightforward to check that # and ¥ satisfy
(B-1), and we moreover observe that i is genuinely holomorphic. If ¢ = 0 then i
and ¥ intersect along the line (s, 0) = ¥(s,0) = (0,0, s,0), which can’t happen for
two genuinely pseudoholomorphic maps. If ¢ = —1, then & and ¥ have an isolated
transverse intersection at (0, 0) = (0, 0) = (0,0, 0, 0), and the sign of the intersection
is given by

00 -1 0

) i ) N _ 00 0 1 _

det [&u Ot O &v] (0,0) = det Lo 1 o= 1
01 0 1

so the local intersection number is —1.
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