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The Weinstein conjecture for stable Hamiltonian structures

MICHAEL HUTCHINGS
CLIFFORD HENRY TAUBES

We use the equivalence between embedded contact homology and Seiberg—Witten
Floer homology to obtain the following improvements on the Weinstein conjecture.
Let Y be a closed oriented connected 3—manifold with a stable Hamiltonian structure,
and let R denote the associated Reeb vector field on Y. We prove that if Y is not a
T?-bundle over S, then R has a closed orbit. Along the way we prove that if Y is
a closed oriented connected 3—manifold with a contact form such that all Reeb orbits
are nondegenerate and elliptic, then Y is a lens space. Related arguments show that
if Y is a closed oriented 3—manifold with a contact form such that all Reeb orbits
are nondegenerate, and if Y is not a lens space, then there exist at least three distinct
embedded Reeb orbits.

57R17, 57R57, 53D40; 57R58

1 Introduction

Throughout this paper, Y denotes a closed, oriented, connected 3—manifold. Recall
that a contact form on Y is a 1-form A on Y such that A A dA > 0. A contact
form A determines a contact structure, namely the two-plane field & := Ker(A). It also
determines a vector field R, called the Reeb vector field, characterized by dA(R,-) =0
and A(R) = 1. A Reeb orbit is a closed orbit of R,ieamap y: R/TZ — Y for some
T > 0 such that y'(t) = R(y(¢)). Two Reeb orbits are considered equivalent if they
differ by precomposition with a translation of R/ T'Z.

The three-dimensional version of the Weinstein conjecture asserts that for every closed
oriented 3—manifold Y, and for every contact form A on Y, there exists a Reeb orbit.
There is a long history of work proving this conjecture in many cases, for example for
overtwisted contact structures by Hofer [8], for contact structures supported by planar
open books by Abbas, Cieliebak and Hofer [1] and for many additional types of open
books by Colin and Honda [5]. The Weinstein conjecture was recently proved by the
second author in all cases in [23].

In fact a stronger result is proved by the second author in [24], which asserts that a
version of the Seiberg—Witten Floer homology of —Y as defined by Kronheimer and
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Mrowka [19], namely the version HM (—Y), is isomorphic to the embedded contact
homology (ECH) of (Y, A). To see how this implies the Weinstein conjecture, recall
that the ECH of (Y, A) is the homology of a chain complex which is generated by
certain unions of Reeb orbits with multiplicities and whose differential counts certain
embedded holomorphic curves in R x Y. If Y has a contact form with no Reeb orbit,
then the ECH has just one generator, namely the empty set of Reeb orbits. However
Kronheimer and Mrowka have shown that HM of every closed oriented 3—manifold is
infinitely generated [19]. Together with the isomorphism between ECH and HM , this
gives a contradiction, and the Weinstein conjecture is proved.

The original proof of the Weinstein conjecture in [23] established and used only a first
step towards the isomorphism between ECH and HM , which entailed showing how
generators of HM give rise to generators of ECH. In the present paper, we exploit
the full strength of the isomorphism to obtain two improvements on the Weinstein
conjecture. First, we extend the class of vector fields for which a closed orbit is known
to exist. Second, in most cases we can increase the lower bound on the number of
(embedded) Reeb orbits from one to three.

To explain the first improvement: A contact form is a special case of a stable Hamilton-
ian structure, a notion which was identified by Bourgeois et al [3] and Cieliebak and
Mohnke [4] as a general setting in which one can obtain Gromov-type compactness for
moduli spaces of holomorphic curves in R x Y. If Y is an oriented three-manifold, a
stable Hamiltonian structure on Y is a pair (A, ®), where A is a 1-form on Y and w
is a 2—form on Y, such that
do =0,
AAw >0,
Ker(w) C Ker(dX).

Note that the second condition implies that  is nonvanishing, and consequently the
third condition is equivalent to

dir = fo
where f: Y — R is a smooth function.

A stable Hamiltonian structure determines a vector field R on Y, which we call the
Reeb vector field, characterized by

w(R,)=0, AMR)=1.
It follows from the definitions that the stable Hamiltonian structure is invariant under R:

(1-1) LA =0, Lrw =0, Lrf =0.
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Example A contact 1-form A determines a stable Hamiltonian structure in which
® =dA and R is the Reeb vector field in the usual sense. Here f = 1.

Example Let X be a closed oriented surface with a symplectic form w, and let ¢ be
a symplectomorphism of (X, w). Let ¥ be the mapping torus

¥ [0,1]x X
T (1L,x) ~(0,6(x)

This fibers over S! =R/Z. Let R denote the vector field on ¥ which increases the
[0, 1] coordinate in (1-2). Note that closed orbits of R correspond to periodic orbits
of ¢. Now Y has a stable Hamiltonian structure in which R is as described above, A
is the pullback of the volume form on .S I and w is the unique extension of the closed
2—form on the fibers of ¥ — S! to a 2—form on ¥ which annihilates R. Here f = 0.

(1-2)

Stable Hamiltonian structures are also carried by “stable hypersurfaces” in symplectic
manifolds; see Cieliebak and Mohnke [4, Section 2.3]. The Weinstein conjecture is
known to hold for compact stable hypersurfaces in R2”; see Hofer and Zehnder [12,
Section 4.3]. This suggests that in three dimensions it might be possible to generalize
the Weinstein conjecture from contact structures to stable Hamiltonian structures. The
main result of the present paper is that this is almost always true:

Theorem 1.1 Let Y be a closed oriented connected 3 —manifold with a stable Hamil-
tonian structure. If Y is not a T?—bundle over S!, then the associated Reeb vector
field has a closed orbit.

Note that there exist 72—bundles over S' with stable Hamiltonian structures having
no Reeb orbit. Examples with f = 0 are provided by the mapping tori of symplecto-
morphisms ¢: T2 — T'? with no periodic orbit. Here ¢ can be an irrational rotation,
or an appropriate composition of an irrational rotation with a Dehn twist. In addition,
the construction in Section 5 can be inverted to produce examples of 7'%>—bundles over
S with stable Hamiltonian structures in which f* changes sign and there is no Reeb
orbit.

The outline of the proof of Theorem 1.1 is as follows. Assume that R has no closed
orbit. By the Weinstein conjecture, f is sometimes zero; and if f is identically zero
then Y fibers over S! and a calculation using the Lefschetz fixed point theorem shows
that the fiber is 72. So assume that f is sometimes zero and sometimes nonzero.
Choose ¢ > 0 small such that both ¢ and —¢ are regular values of f. Since f is
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invariant under the nonvanishing vector field R, the level sets f~!(+e) are disjoint
unions of tori. We can now decompose Y along a union of tori as

Y = 1 (—o0, —€]U [ —¢,€]U £ e, 00).

It is enough to show that each piece in the decomposition is a disjoint union of copies
of T? x I.

To do this for the middle piece f~![—e, €], the idea is to use the fact that 1 is close to
zero to show that the middle piece fibers over S'!. We then use the assumption that
there are no Reeb orbits to show that the fibers are disjoint unions of annuli. This part
of the argument does not use any Floer homology.

The remaining pieces in the decomposition can be collapsed into closed contact mani-
folds with each boundary torus becoming an elliptic Reeb orbit. To conclude the proof
of Theorem 1.1, we then invoke the following theorem. To state it, recall that a Reeb
orbit y is called nondegenerate if its linearized return map, ie the symplectic linear
map from &,,(g) to itself given by the linearized Reeb flow along y, does not have 1
as an eigenvalue. We usually assume that all Reeb orbits (including multiple covers)
are nondegenerate. In this case one can then classify the Reeb orbits into three types
according to the eigenvalues A, A ™! of the linearized return map:

o elliptic: A, A~! on the unit circle.
e positive hyperbolic: ,, A7 > 0.
e negative hyperbolic: A, A1 <0.

Theorem 1.2 Let Y be a closed oriented connected 3 —manifold with a contact form A
such that all Reeb orbits are nondegenerate and elliptic. Then Y is a lens space, there
are exactly two embedded Reeb orbits, and they are the core circles in the solid tori of a
genus one Heegaard splitting of Y .

The proof of Theorem 1.2 extensively uses the isomorphism between ECH and HM .
The outline is as follows. If all Reeb orbits are elliptic, then the differential on the ECH
chain complex vanishes, because all generators have even grading. The isomorphism
with HM then implies that all Reeb orbits represent torsion homology classes. If the
number of embedded Reeb orbits is less than or greater than two, then the growth
rate of the number of nullhomologous ECH generators with grading < I as I goes to
infinity is either too slow or too fast to be consistent with known properties of HM.
Next, the equivalence of the U maps in the two theories guarantees the existence
of many holomorphic curves between the ECH generators. Finally, a probabilistic
argument shows that at least one of these holomorphic curves is in fact a cylinder whose
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projection to Y is an embedding. This gives rise to a foliation of ¥ by holomorphic
cylinders with boundary on the two Reeb orbits, and this foliation yields the desired
Heegaard splitting.

A corollary of Theorem 1.2 is that it is impossible for there to exist only one embedded
Reeb orbit and for that orbit to be nondegenerate and elliptic. Using ECH = HM a bit
more, one can upgrade this to show:

Theorem 1.3 Let Y be a closed oriented 3—manifold with a contact form such that
all Reeb orbits are nondegenerate. Then there are at least two distinct embedded Reeb
orbits; and if Y is not a lens space then there are at least three distinct embedded Reeb
orbits.

There is certainly room for improvement on the lower bound in Theorem 1.3, at least
if one knows more about the three-manifold Y and its contact structure. In fact, work
of Colin and Honda [5] using linearized contact homology shows that many three-
manifolds with contact structures have the property that for any contact form there
must be infinitely many distinct embedded Reeb orbits.

Update After posting the first version of this paper, we received a draft of the thesis
of Ana Rechtman [20], which contains constructions that are relevant to Theorem 1.1.

The rest of the paper In Section 2 we review the basics of ECH. In Section 3 we
discuss some more subtle aspects of ECH that we will need. In Section 4 we prove
Theorem 1.2 regarding contact manifolds with all Reeb orbits elliptic, and we also
prove the lower bound in Theorem 1.3. In Section 5 we prove the main Theorem 1.1.

Acknowledgements The first author was partially supported by NSF grant DMS-
0505884. The second author was partially supported by the National Science Founda-
tion.

2 Review of embedded contact homology

We now review the basic notions from embedded contact homology (ECH) that will
be needed in the present paper. References are Hutchings [13; 14] for the ECH index
theory, Hutchings and Sullivan [16] for additional structure on ECH and Hutchings and
Taubes [17] for the analysis. Below, fix a closed oriented connected 3-manifold Y as
usual, and fix a contact form A on Y such that all Reeb orbits are nondegenerate.
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906 Michael Hutchings and Clifford Henry Taubes

2.1 ECH generators

Definition 2.1 An ECH generator is a finite set of pairs o = {(«;, m;)} such that
the «;’s are distinct embedded Reeb orbits, the m2;’s are positive integers and m; = 1
whenever «; is hyperbolic. The homology class of « is defined to be

[o] := Zmi[ai] € H(Y).

For each I" € H{(Y), the embedded contact homology ECH, (Y, A, I') is the homology
of a chain complex C«(Y, A, I') which is freely generated over Z by the ECH generators
a with [o¢] =T.

Before defining the grading and the differential on this chain complex, we make two
remarks. First, the empty set o = ¢ is a legitimate ECH generator with [e] = 0. In fact
the ECH generator ¢ turns out to be a cycle in the ECH chain complex C«(Y, A, 0),
whose homology class in ECH conjecturally agrees with the contact invariant in HM .
Second, we sometimes write an ECH generator o = {(«;, m;)} using the multiplicative
notation [, oz;"" . However the grading and differential on the ECH chain complex do
not behave simply with respect to this sort of multiplication.

2.2 The ECH index

We now explain the grading on the chain complex.

Notation 2.2 If o = {(o;,m;)} and B = {(B;.n;)} are two ECH generators with
@] =[B] =T, define H,(Y,a, B) to be the set of equivalence classes of 2—chains Z

in Y with
0Z = Zmiai—anﬂj,
i J

where two such 2—chains are considered equivalent if they differ by the boundary of a
3—chain. Thus H, (Y, «, B) is an affine space over H,(Y).

Definition 2.3 If Z € H,(Y, «, B), define the ECH index

1@.8.2):=c(Z)+ Q(Z) + ) ) CZe(ef) =) ) CZe(Bf) € L.

i k=1 J k=1

Here 7 is a trivialization of the contact plane field £ over the «;’s and ;’s; ¢¢(Z)
denotes the relative first Chern class of £ over Z with respect to the boundary trivi-
alization t; Q;(Z) denotes the relative intersection pairing; yk denotes the k—fold
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iterate of y, ie the pullback of y: R/TZ — Y to R/kTZ; and CZ, denotes the
Conley—Zehnder index. For the detailed definitions of the integers ¢, (Z), Q;(Z) and
CZ(y*), see Hutchings [13; 14].

As explained in [13; 14], the ECH index I(«, 8, Z) does not depend on the choice of
trivialization 7, even though the individual terms in its definition do. It does depend
on Z:if Z'€ Hy(Y,«, B) is another relative homology class, then by [13, Equation (5)]
and [13, Lemma 2.5(a)] we have

-1 c(Z)=co(Z) = (c1(5), 2 - Z"),
(2-2) 0:(2)—Q(Z')=2I"-(Z-Z).
Therefore

I(a,B,2)—1(a,8,Z") = {c1(§) + 2PD(T"), Z — Z').
Consequently, if [@] = [B] = I'', then it makes sense to define
(2'3) I(a?ﬁ) = I(W»ﬁ’z)ez/dl‘,

where Z is any element of H,(Y,«, B), and dr denotes the divisibility of ¢ (§) +
2PD(T") in H*(Y;Z) mod torsion. Note that dr is an even integer.

It is also shown in [13, Proposition 1.6(b)] that I is additive in the following sense:
If y is another ECH generator with [y] =T and if W € Hy(Y,B,y),then Z + W ¢
Hy(Y,«, y) is defined and

o, vy, Z+W)=1Ia,B,Z2)+ 1(B,y, W).
It follows that (2-3) defines a relative Z /dp grading on the chain complex Cy«(Y,A,T).

It is further shown in [14] that the relative grading (2-3) can be refined to an absolute
grading which associates to each ECH generator a homotopy class of oriented 2—plane
fields on Y . In the present paper we will not need this absolute grading and can just
regard the grading on C«(Y, A, I") as taking values in some abstract affine space over
Z/dr . However we do need to know, from [13, Proposition 1.6(c)], that the mod 2
grading is given by

24 Ha, B) = Ih(«) = 12(P) € Z/2.

Here if o = {(«;, m;)} is an ECH generator, then I,(«) € Z/2 denotes the mod 2
count of orbits ¢; that are positive hyperbolic.

Geometry & Topology, Volume 13 (2009)



908 Michael Hutchings and Clifford Henry Taubes

2.3 The index inequality

To prepare to define the differential on the ECH chain complex, choose an almost
complex structure J on R x Y satisfying the following properties. Let s denote the R
coordinate on R x Y, and recall that R denotes the Reeb vector field. We require that
J(d/ds) = R, that J is invariant under the map (s, y) — (s 4+ ¢, y) for each ¢ € R,
and that J sends the contact plane field & to itself, rotating positively in the sense that
dAi(v, Jv) >0 forall v €.

We consider holomorphic curves u: (C, j) — (R x Y, J) such that the domain C is a
punctured compact Riemann surface, and u is not constant on any component of C.
The domain C is not required to be connected. We often abuse notation and denote
the holomorphic curve u simply by C.

If C is a holomorphic curve in R x Y, if y is an embedded Reeb orbit, and if k is a
positive integer, then a “positive end of C at y of multiplicity k” is an end of C which
is asymptotic to R cross the k—fold iterate of y as s — oo. This means that the end
can be parametrized by [0, c0) x S! with coordinates t, ¢, with the almost complex
structure j sending d; to d, such that if on this end we write u(z,t) = (s(z, 1), y(z,1))
with s(7,7) € R and y(z,?) € Y, then lim; o 5(7, ) = 00, and lim;— o y(7,-) is a
reparametrization of the k—fold iterate of y. A “negative end” is defined analogously
but with s — —o0.

If o = {(«j,m;)} and B = {(Bj.nj)} are two ECH generators, let M(«, B) denote
the moduli space of holomorphic curves in R x Y with positive ends at «; of total
multiplicity m;, negative ends at 8; of total multiplicity #;, and no other ends. If
C € M(«a, B), then the projection of C to Y has a well-defined relative homology
class [C]l € Hy(Y,a, B). We write I(C) := I(«, B,[C]).

The key nontrivial property of the ECH index is that if C € M(«, ) is not multiply
covered, then

2-5) ind(C) < I(C) — 28(C).

Here ind(C) denotes the Fredholm index of C; if J is generic, then M(«, B) is a
manifold near C of dimension ind(C); see Dragnev [6]. Also, §(C) is a nonnegative
integer which is zero if and only if C is embedded. The index inequality (2-5) was
proved in a simpler setting in [13, Theorem 1.7] and is proved in the present setting in
[14, Theorem 4.15] with the help of [22].

Another useful fact, which is a special case of [14, Theorem 5.1], is that if C and C’
are two holomorphic curves whose images in R x Y do not have a common irreducible
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component, then
(2-6) I(CUuCH=I1(C)+I(C"Y+2C-C'.

Here C - C’ denotes the algebraic intersection number of C and C’, a nonnegative
integer which is zero if and only if C and C’ are disjoint.

The above two inequalities imply the following classification of (possibly multiply
covered) holomorphic curves with low ECH index when the almost complex structure
J is generic.

Notation 2.4 Any holomorphic curve C € M(w, ) can be uniquely written as C =
Co U Cy, where Cy and C; are holomorphic curves such that the image of Cy is
a union of R-invariant cylinders in R x Y, while no component of C; maps to an
R —invariant cylinder.

Lemma 2.5 Suppose J is generic, let o and B be ECH generators, and let C be in
M(a, B). Write C = Cy U C; as above. Then:

(a) I(C) =0, with equality if and only if C = Cj.

(b) If I(C) € {1,2}, then Cy and C; are disjoint in R x Y ; Cy is embedded in
R x Y ;and ind(Cy) = I(Cy) = I(C).

Proof This follows from the inequalities (2-5) and (2-6), as explained eg in [17,
Proposition 7.15]. ad

2.4 The differential

The differential
0: Cx(Y,A,T)— Co1(Y,A,T)

is defined as follows. Fix a generic almost complex structure J. If o is an ECH
generator with [o] = T, define

dz=Y " Y &C)-p

B CeM(a,p)/R
1(C)=1
Here the first sum is over ECH generators 8 with [8] = I'. In the second sum, two
curves C = CoUC] and C' = CyUCy in M(a, B) are considered equivalent whenever
Cy = Cj. The R action on M(a, f) is given by translation of the R coordinate on
R x Y. Finally, ¢(C) € {£1} is a sign, which depends on some additional choices
described below. However making different choices to define the signs will result in
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isomorphic chain complexes. It is shown in [17, Lemma 7.19 and Theorem 7.20] that
d is well defined and 9% = 0.

To determine the signs ¢(C), one orients all moduli spaces of non—multiply covered
holomorphic curves (with the ends at positive hyperbolic orbits ordered and with no end
of even multiplicity at a negative hyperbolic orbit!) by choosing “coherent orientations”
of the relevant deformation operators with the conventions in [18, Section 9]. The
quotients of such moduli spaces by the R action are then oriented using the “R—
direction first” convention. One also fixes an ordering of the set of all positive hyperbolic
embedded Reeb orbits. Finally, given a curve C = Cy U C; with I(C) = 1, writing
Ci € M(d’, B’), we define ¢(C) to be the orientation of the point C; € M(o/, B’)/R.
This orientation is well defined thanks to our assumption that no hyperbolic orbit
appears in an ECH generator with multiplicity greater than one.

We denote the homology of this chain complex by ECH.(Y,A,T'). Although the
differential d depends on J, it turns out that the homology of the chain complex
does not. This follows from the comparison with Seiberg—Witten Floer homology
below. We also expect that one could prove this directly with holomorphic curves by a
generalization of the proof in [17; 18] that 9> = 0.

2.5 The U map

There is also a degree —2 chain map
U: Cxk(Y, A, T)— Con(Y,A,T).
The definition of U was sketched in [16, Section 12], and we give more details here.

To define U, fix a generic almost complex structure J and make the choices described
above that are needed to define the signs in the differential d. Also fix a point y € Y
which is not on any Reeb orbit. If « and B are ECH generators, define M, («, B) to
be the moduli space of pairs (u,z) where u: (C, j) —> (R x Y, J) is an element of
M(a, B), and z € C is a marked point with u(z) = (0, y). Finally, if o is an ECH

generator, define
Ua = Z Z e(C)-B.

B CeMy(a.p)
1(C)=2

Here the sign ¢(C) is defined as follows. Write C = Cy U Cy as usual, and write
Ci1 € M(o/, B’). Recall from Lemma 2.5(b) that C; is embedded in R x Y, and

TFor holomorphic curves with even multiplicity ends at negative hyperbolic orbits, one needs to further
choose “asymptotic markings” of such ends in order to orient the moduli spaces.
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M(a’, B’) is a 2—dimensional manifold near C;. Let (v, v2) be a positively oriented
basis for T¢, M (e, B’). The tangent vectors vy, v, determine elements w;, w, of the
normal bundle to C; at (0, y). A standard transversality argument shows that if J is
generic, then wq, w, are necessarily linearly independent. We then define ¢(C) to be
+1if (wy, wy) is a positively oriented basis for N, ,)Ci, and —1 otherwise.

Lemma 2.6 Suppose J is generic. Then:

(a) U is well defined.

(b) Suppose C € M(«, B) contributes to U, and write C = Cy U C; as usual. Then
C, is embedded and connected and ind(C;) = I(Cy) = 2.

Proof Note that if J is generic, then:

(i) The elements of My (e, B) with I =2 are isolated points in M, (e, B).

(ii) (0, ) is not in the image of any holomorphic curve with I = 1.

Condition (i) follows from the transversality that was discussed in the previous para-
graph. Condition (ii) for generic J follows from Lemma 2.5(b) together with our
assumption that y is not on any Reeb orbit. Assume that J is generic so that (i) and
(ii) hold.

(a) We need to show that if o and B are ECH generators, then the set of holomorphic
curves C € My (a, B) with I(C) = 2 is finite. Suppose to the contrary that C ) is
an infinite sequence of distinct such curves for n =1, 2,.... By [17, Lemma 7.23], we
can replace the sequence C ™) with a subsequence that converges in the sense of [3] to
either a curve in M, («, B), or a “broken” curve in which two of the levels have I =1
and the remaining levels have I = 0. These cases are impossible by conditions (i) and
(i1) above, respectively.

(b) All except the connectedness follows from Lemma 2.5(b). If C; is disconnected,
then it follows from Lemma 2.5 and the inequality (2-6) that C; has two components
and each component has I = 1. This contradicts condition (ii) above. a

One can then show that U is a chain map:
oU =Uo.

The idea of the proof is to count the ends of moduli spaces of / =3 curves with marked
points mapping to (0, ). The details are a straightforward modification of the proof
that 92 = 0 in [17; 18], because in the analysis, curves with a marked point constraint
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behave essentially the same way as curves with index one less and no marked point
constraint.

Moreover, up to chain homotopy, U does not depend on the choice of y € Y. To
prove this, let ' € Y be another point not on any Reeb orbit, and let U’ denote the
corresponding degree —2 chain map. Choose a path 7 in Y from y to y’ (here we are
using the assumption that Y is connected). Then counting / = 1 curves with marked
points mapping to the path {0} x 1 in R x Y, using the same signs as in the definition
of d, defines a degree —1 map K such that

0K+ Kdo=U-U".

To prove this last equation, one counts ends and boundary points of the moduli space
of I =2 curves with marked points mapping to {0} x 1, using the exact same gluing
analysis as in the proof that 3> = 0.

In conclusion, we obtain a well-defined map on homology
2-7) U: ECH.(Y,A,T') — ECH,_,»(Y,A,T).

Again, the comparison with Seiberg—Witten theory shows that this does not depend
on J, and we expect that this can also be shown directly using holomorphic curves.

2.6 Relation with Seiberg—Witten Floer homology

It is shown in [24] that embedded contact homology is isomorphic to a version of
Seiberg—Witten Floer homology as defined by Kronheimer and Mrowka [19]. The
precise statement is that for each I' € H{(Y), there is an isomorphism

(2-8) ECH. (Y, A,T) ~ HM «(-Y, s(¢) + PD(T"))

of relatively Z/d(c;(£) + 2PD(I"))—graded abelian groups®. Here s(£) denotes the
spin-c structure associated to the oriented 2—plane field & as in [19, Section 28].

It is further shown in [25] that, at least up to signs, the isomorphism (2-8) interchanges
the map U in (2-7) with the map

Us : HM (=Y, 5(€) + PD(I")) —> HM 4—5(=Y.5(§) + PD(I))
defined in [19].

The above equivalence, together with known properties of HM, implies the following
facts about ECH which we will need.

2The right hand side of (2-8) is replaced by the canonically isomorphic group HM (Y,s(§)+PD(I))
in [24].

Geometry & Topology, Volume 13 (2009)



The Weinstein conjecture for stable Hamiltonian structures 913

Proposition 2.7 (Finiteness) (a) Foreach I' € H{(Y) and for each grading *, the
group ECH« (Y, A, I) is finitely generated.

(b) There are only finitely many I € Hy(Y) such that ECH.(Y, A, I") is nonzero.

Proof The corresponding facts about HM, are proved in [19, Lemma 22.3.3 and
Proposition 3.1.1]. O

Proposition 2.8 (Torsion spin-c structures) Let I' € H{(Y') and suppose that ¢y (§)+
2PD(T") € H?(Y; Z) is torsion, so that ECH, (Y, A, ") is relatively Z —graded. Then:

(a) ECHx«(Y, A, T') is zero if the grading * is sufficiently small.
(b) ECH.(Y, A, T') is nonzero for an infinite set of gradings *.
(c) Ifthe grading * is sufficiently large then the U map (2-7) is an isomorphism.

Proof The corresponding properties of HM are proved as follows. Part (a) follows
from the definition of HM in [19]. Part (b) is proved in [19, Cor. 35.1.4]. Part (c) is a
consequence of [19, Lemma 33.3.9]. O

3 More about the holomorphic curves in ECH

We now give some more detailed information which we will need concerning the
structure of the holomorphic curves that contribute to the U map in ECH. (Similar
results hold for the curves that contribute to the ECH differential d, but will not be
needed here.) Throughout this section fix (¥, 1) as in Section 2, and also fix a generic
almost complex structure J on R x Y as needed to define ECH.

3.1 Possible multiplicities of the ends

We begin by recalling some restrictions on the multiplicities of the ends of holomorphic
curves that contribute to U .

If y is an embedded elliptic Reeb orbit, and if 7 is a trivialization of £|, , then 7 is
homotopic to a trivialization with respect to which the linearized Reeb flow on the
contact planes along y is rotation by angle e’ 9 for some real number 6, which we
call the monodromy angle of y with respect to 7. Our standing assumption that all
Reeb orbits are nondegenerate implies that 6 is irrational. Changing the trivialization
7 shifts 6 by an integer.

If 0 is an irrational number, define Sy to be the set of positive integers ¢ such that
[¢'0]/q" > [q0] /q forall ¢’ €{1,...,q—1}. Thatis, g € Sy if and only if 6 is better
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approximated from above by a rational number with denominator ¢ than by a rational
number with any smaller denominator. The set Sg depends only on the equivalence
class of 8 in R/Z.

Lemma 3.1 Let C be a holomorphic curve that contributes to U, and write C =
Co U Cq asusual. Let y be an embedded elliptic Reeb orbit with monodromy angle 6
with respect to some trivialization. Then:

e If Cy has a positive end at y of multiplicity m, then m € S_g.
e [If C1 has a negative end at y of multiplicity m, then m € Sy .

Proof By Lemma 2.6(b), the curve C; is not multiply covered and has ind(C;) =
I1(C7). The conclusions of the lemma are then part of the necessary conditions for
equality in the index inequality (2-5); see [13, Theorem 1.7] or [14, Theorem 4.15]. O

We now show that the allowable multiplicities have “density zero”.
Notation 3.2 If A is a subset of the positive integers, define the density of A to be

’

1
d(4):= 1 —(An{l,...,N
0= Jim A0

if this limit exists.
Lemma 3.3 Let 0 be an irrational number. Then Sy has density zero.

Proof Write the elements of Sy in increasing order as ¢1, ¢, .... It is enough to
show that as i — oo, the differences ¢;4+; —¢; are nondecreasing and tend to infinity.
In fact these differences are some of the elements of S_g, in increasing order, each
repeated some finite number of times. One can prove this by noting that the fractions
[q0] /q for g € Sy and |g0 ]| /q for g € S_g are the semiconvergents in the continued
fraction expansion of €, and using some basic facts about continued fractions. O

3.2 Embeddedness in the 3—manifold

The non—R —invariant components of the holomorphic curves counted by the U map are
embedded in R x Y. Using arguments going back to Hofer, Wysocki and Zehnder [10;
11] and developed further by Siefring [21] and Wendl [26], one can show that under
certain circumstances the projections of these curves to Y are also embeddings, and
the corresponding moduli spaces of holomorphic curves locally give a foliation of Y .
In particular, we will need the following proposition. Some more general criteria for
3—dimensional embeddedness and foliations are discussed in [21; 26].
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Proposition 3.4 Assume that J is generic. Let C be a holomorphic curve that
contributes to U, and decompose C = Cy U Cy as usual. Suppose that C; has genus
zero, all ends of C; are at elliptic Reeb orbits, and Cy does not have two positive ends
or two negative ends at the same Reeb orbit. Then:
(a) The projection of Cy to the three-manifold Y is an embedding. Moreover the
projections to Y of the holomorphic curves in the same moduli space component
as Cy give a foliation of some subset of Y .

(b) C; does not have both a positive end and a negative end at the same Reeb orbit.

Proof The proof has seven steps.

Step 1 Let C be a non—R—invariant connected holomorphic curve. We begin by
recalling the asymptotic behavior of an end of C at an embedded Reeb orbit y;
for details, see Hofer, Wysocki and Zehnder [9], Siefring [22] and Hutchings and
Taubes [18].

By rescaling we may assume that y is parametrized by S! = R/Z. The asymptotic
operator associated to y is the operator

Ly: CZ(y™6) — C=(y™§)
defined by
L,:=JVE,
where ¢ denotes the S! coordinate and VX denotes the connection on y*§& given

by the linearized Reeb flow. More explicitly, choose a complex linear, symplectic
trivialization 7 of y*§; then in this trivialization,

d
Ly =V=T—+50)

where S(¢) is a symmetric 2 x 2 matrix. If k is a positive integer, let Y% denote the
k—fold iterate of y, ie the pullback of y to R/kZ. Then the asymptotic operator
associated to y* is given in the above trivialization by

(3-1) Lk = J—T%+ S (7)),

where 7 denotes the R/kZ coordinate and 7: R/kZ — R/Z denotes the projection.

Now identify a tubular neighborhood of y with S! x D, where D is a disk in C, such
that the derivative of this identification agrees with t. A positive end of C at y of
multiplicity k is then described by a map

[R,00)xR/kZ — Rx S!x D,
(5,7) —> (s, (1), ¢(s,1)).
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Moreover the function ¢ satisfies

(3-2) o(s,1) = e (@) + p(s. 7)),

where v: S — C is a nonzero eigenfunction of the asymptotic operator L, with
eigenvalue A > 0, while p(s,7) and all of its derivatives decay exponentially as s — 00.
A negative end of C at y is similarly described by

(3-3) 9(s,7) = e (D) + p(5,7))

for s € (—oo, R], where v is a nonzero eigenfunction of L« with eigenvalue A <0,
and the function p(s,7) and all of its derivatives decay exponentially as s — —00.

Note that the eigenfunction v in (3-2) or (3-3) can never vanish, by Equation (3-1) and
the uniqueness of solutions to ODE’s. Furthermore, as shown in [10], if y is elliptic
with monodromy 6 with respect to t, then for a positive end v has winding number at
most

(3-4) wind(v) < | k6],
while for a negative end v has winding number at least
(3-5) wind(v) > [k67] .

Step 2 We now deduce an important inequality. Suppose that the holomorphic curve
C is connected, immersed and non—R—invariant. Let ¢ denote the section of the
normal bundle to C given by the projection of d/ds, where s denotes the R coordinate
on R x Y. A calculation using the above asymptotic formulas and winding bounds
along with similar winding bounds for the hyperbolic ends (cf [10]) shows that the
algebraic count of zeroes of  is finite and satisfies

(3-6) 2#971(0) <2¢(C)—2 +ind(C) + h4 (C),

where /14 (C) denotes the number of ends of C at positive hyperbolic orbits (or at
negative hyperbolic orbits with even multiplicity).

Step 3 Now write C := C;. Lemma 2.6 implies that C is connected, embedded in
R x Y and has Fredholm index ind(C) = 2. Thanks to our hypotheses and the fact
that ind(C) = 2, the right hand side of (3-6) equals zero. On the other hand, because
Y satisfies a linear PDE with the same symbol as a Cauchy—Riemann equation, all
zeroes of ¥ have positive multiplicity. Consequently ¥ has no zeroes, and it follows
that the projection of C to Y is at least an immersion.
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Step 4 Let v denote the asymptotic eigenfunction associated to an end of C at y
with multiplicity k. We claim that there does not exist a solution to the equation

v@® =rvG@+1), r>0 TeR/kZ, 1€{l,... .k—1}.

If a solution to the above equation exists, then it follows from (3-1) and the uniqueness
of solutions to ODE’s that » = 1 and v is the pullback of an eigenfunction of L’
where k’ < k is a divisor of k. But this cannot happen because the winding number
wind(v) is relatively prime to k. To prove this last fact, one notes that the winding
bounds (3-4) and (3-5) are sharp here, eg because equality holds in (3-6), and then
applies Lemma 3.1.

Step 5 For o > 0, let C(0) denote the holomorphic curve in R x Y obtained from
C by translation in the R direction by distance o.

Claim There exists R > 0 such that if o > 0 is sufficiently small, then any intersection
of C with C(o) has |s| < R.

Proof There is an obvious bijection between the ends of C and those of C (o). Two
noncorresponding ends of C and C(0) cannot intersect where o is small and |s| is
large by the last of our hypotheses. To show that an end of C cannot intersect the
corresponding end of C(o) where o is small and |s| is large, one uses the asymptotic
formulas (3-2) and (3-3) together with Step 4, as follows. For say a positive end, it is
enough to show that the function ¢ in (3-2) cannot admit a solution to the equation

(3-7) @(s.7) =o(s +0.1)

where s is large and 0 > 0 and 7(7) = (f). We consider Equation (3-7) in polar
coordinates. By Step 4, if s is large then the two sides of (3-7) cannot have the same
angular coordinate except when 7 = 7’. But then the two sides of (3-7) cannot have the
same radial coordinate, because when s is large the derivative of the radial coordinate
of ¢(s,7) with respect to s is negative by (3-2). a

It follows from the above claim that C is disjoint from C (o) when o > 0 is sufficiently
small. Otherwise we could take a sequence of intersections {x,} of C with C(oy)
where 0, — 0, and by the claim we could pass to a convergent subsequence. The limit
of this subsequence would then be a zero of {, contradicting Step 3.

Step 6 We now complete the proof of part (a). To prove that the projection of C to
Y is an embedding, it is enough to show that C is disjoint from C(c) for all o > 0.
More generally, to prove all of part (a) it is enough to show that if C’ # C is any
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holomorphic curve in the same moduli space component as C, then C and C’ are
disjoint.
It follows from the detailed asymptotics in [22] that C and C’ have only finitely many
intersections. By [13, Lemma 8.5], the algebraic count of intersections of C and C’ is
given by

C-C'=0.(C)+L,(C,C.
Here t is a trivialization of £ over all the Reeb orbits at which C has ends, and

£:(C, C’) denotes the “asymptotic linking number” of C and C’ with respect to T,
defined in [13, Section 8.2] or [14, Section 2.7].

The asymptotic linking number is bounded from above by

(3-8) 6(C.CNY< Y k|kb)— > k[ko].

yePy yeP_

Here the first sum is over the Reeb orbits ¢ at which C has a positive end, the second
sum is over the Reeb orbits y at which C has a negative end, and in each summand, 6
denotes the monodromy angle of y with respect to t and &k denotes the multiplicity
of the corresponding end of C. The inequality (3-8) is a special case of a linking
bound which is proved in a simpler situation in [13, Lem. 6.9] and which follows in
the present case by the asymptotic analysis in [22]. Thus we obtain an upper bound on
the algebraic intersection number:

(3-9) C-C'<Q:(C)+ Y klkb]— > k[ko].

yeEP yeP_

The right hand side of (3-9) is a topological invariant of C which does not depend on
C’.If C' = C(0) where o > 0 is small, then it follows from the asymptotics discussed
above that the inequality (3-8), and hence the inequality (3-9), is sharp. On the other
hand we know from Step 5 that C - C’ = 0 in this case. Thus (3-9) says that C-C’ <0
for all C’. It follows by intersection positivity that C and C’ are disjoint for all C’.

Step 7 We now prove part (b). Suppose y is an embedded elliptic Reeb orbit at which
C has both a positive and a negative end. Let T denote the boundary of a small tubular
neighborhood of y. Let 7 be a trivialization of & over y and identify 7 ~ S! x S
compatibly with this trivialization, where the first S! factor is identified with y. Let
6 denote the monodromy angle of y with respect to 7.

It follows from the above asymptotic formulas and winding bounds that the projection
of the positive end of C to Y intersects 7  transversely in a circle representing a
homology class (g, p+) € Hy(T?), such that g4 is the multiplicity of the end and
p+/q+ < 0. Likewise, the projection of the negative end of C to Y intersects T
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transversely in a circle with homology class (¢—, p—) satisfying p_/q— > 6. Since
P+/q9+ # p—/q—, the positive and negative circles in 7" must intersect, contradicting
part (a). O

3.3 Euler characteristic

We next recall from [14, Section 6] a variant of the ECH index, denoted by Jy, which
bounds the negative Euler characteristic of holomorphic curves, similarly to the way
that the ECH index I bounds the Fredholm index in (2-5).

If « = {(oj,m;)} and B = {(Bj,nj)} are ECH generators with [o] = [], and if
Z € Hy(Y,«, B), one defines

m;—1 nj—1
(3-10) Jo(a. . Z):= —cr(Z2)+ Q(Z2)+ Y D CZe(af) =) " CZ(B)).
i k=1 J k=1

Here t is a trivialization of & over the Reeb orbits «; and B;; one can check that Jy,
like I, does not depend on t, even though the individual terms in its definition do.
Also, like the ECH index, Jj is additive in the sense that

(3-11) Jo(a, B, Z) + Jo(B.v. W) = Jo(a,y, Z + W).
If C € M(a, B) is a holomorphic curve, we write Jo(C) := Jo(c, B,[C]).
We now have the following bound on topological complexity in terms of Jy.

Lemma 3.5 Let C € M(«, B) be a holomorphic curve that contributes to U . Write
C = CyUCy as usual. Then

(3-12) Jo(C) 2 2g(C) =2+ > @nf +1;7 = 1)+ "@nj +1;7 —1).
i J
Here g(C;) denotes the genus of Cy ; n:r denotes the number of positive ends of C; at

o; and n; denotes the number of negative ends of C; at ,Bj_,' tl.+ is 1 if the image of

Cy contains R x «; and 0 otherwise; and tj_ is 1 if the image of Cy contains R x B;

and 0 otherwise>.

Proof Since C; is embedded by Lemma 2.6(b), one can apply [14, Proposition 6.9]
to obtain

(3-13) Jo(C1) = 2g(Cy) =2+ Z Q2nf—1)+ Z 2n7 —1).

i:n;">0 jing>0

3In fact equality holds in (3-12) here. One can show this by the arguments in [14], or by a more direct
calculation using the necessary conditions for equality in (2-5). However we will not need this.
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Also [14, Proposition 6.14] implies that
(3-14) Jo(C) = Jo(Co)+ Jo(C+ Y 6H+ D 1.
in>0 Jjing>0
Finally, it follows from the definition of J that
(3-15) Jo(Co) =0.
Combining (3-13), (3-14) and (3-15) proves the lemma. a
It follows immediately from the inequality (3-12) that
(3-16) Jo(C) = —1,

since all of the summands in the sums over i and j are nonnegative and C; has at
least one end. We also deduce the following criterion for recognizing holomorphic
cylinders in a certain situation which will arise later.

Lemma 3.6 Let y; and y, be distinct embedded elliptic Reeb orbits and let o« =
y{ys?? and of = yl’”/lyzmlz with my,my,m',m’, # 0. Suppose C € M(a, ')
contributes to U, and write C = Cy U C; as usual. Assume that C; has ends at both
y1 and y, . Then:

(@) Jo(C)=2.
(b) If Jo(C) =2, then C; is a cylinder.

Proof (a) In this situation the inequality (3-12) can be rewritten as

2
1 -
(3-17) SJ0(C) 2 g(C) =3+ (nf +ny +T5),
i=1
where T; is defined to be 1 if the image of Cy contains R x y; and 0 otherwise. Since
C; has ends at both y; and y,, we have nl.+ +n; = 1. Also, since m,-,m;. #0, it
follows that

(3-18) T;,=0 = nf,n;>1
So in all cases we have

(3-19) nf +ny +T;>2.
Putting (3-19) into (3-17) gives Jo(C) > 2.

(b) By the above, if Jo(C) =2 then g(C;) =0 and n; +n; +7T; =2 fori =1,2.
If Ty = T, =1, then it follows immediately that C; is a cylinder so we are done. If
some 7; = 0, then nl.Jr =n; =1 by (3-18). But this contradicts Proposition 3.4(b). O
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4 Contact 3—-manifolds with all Reeb orbits elliptic

We now prove Theorem 1.2. The proof occupies Sections 4.1-4.7 below. We then
prove Theorem 1.3 in Section 4.8.

4.1 Initial input from Seiberg—Witten theory

Throughout the proof of Theorem 1.2, fix a closed oriented connected 3—manifold ¥
with a contact form A such that all Reeb orbits are nondegenerate and elliptic. Also
fix a generic almost complex structure on R x Y in order to define the ECH chain
complex.

We begin by using Propositions 2.7 and 2.8 from Seiberg—Witten theory to make some
basic observations which will be used repeatedly below.

Lemma 4.1 Under our assumption that all Reeb orbits are nondegenerate and elliptic:

(a) All differentials in the ECH chain complex vanish.
(b) If y is a Reeb orbit then [y] is torsion in H{(Y).
(c) c1(&) is torsion in H*(Y; 7).

Proof (a) Equation (2-4) and our assumption that all Reeb orbits are elliptic imply
that the relative index 7(«, B) is always even, so the differential vanishes.

(b) If y is an embedded Reeb orbit, then for each nonnegative integer m, the ECH
generator y"" represents a nonzero class in ECH« (Y, A, m[y]). If [y] is not torsion, then
the homology classes {m[y]}m=o.1.... give infinitely many I" for which ECH4 (Y, A, T")
is nonzero, contradicting Proposition 2.7(b).

(c) Since cq(£) is divisible by 2 in H*(Y;Z), there exists I' € H;(Y) such that
c1(§) + 2PD(I") = 0. By Proposition 2.8(b), there exists an admissible orbit set
o = {(oj, m;)} with [a] =), m;i[e;] = T'. It then follows from part (b) that ¢; (£) is
torsion. O

This lemma simplifies the computation of the ECH index as follows. Let « and B be
two ECH generators with [a] = [8] € H1(Y), let T be a trivialization of & over the
Reeb orbits in « and B, and let Z € H, (Y, «, B). Then by Equation (2-1), the relative
first Chern class ¢;(Z) depends only on «, 8 and 7, so we can denote it by c;(«, B).
Likewise, by Equation (2-2), the relative intersection pairing Q.(Z) depends only on
a, B and 7, so we can denote it by O («, B).
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4.2 Computing the ECH index

We now compute the ECH index of all of the ECH generators. For simplicity, let
us temporarily assume that all Reeb orbits are nullhomologous; we will remove this
assumption in Section 4.7.

Let y1, ..., yn denote the distinct embedded Reeb orbits. (At this point in the argument
there could be infinitely many of them, in which case n should be replaced by co
in the summations below.) The ECH generators have the form ! oo yat where
mi, ..., my are nonnegative integers. This product notation is shorthand for the orbit
set {(y;,m;)|i=1,...,n; m; #0}.

Since ¢y (&) is torsion and all of the Reeb orbits are nullhomologous, the relative index
on ECH has a unique refinement to an absolute index which assigns to each generator «
an integer /(o) such that I(«, 8) = I(@) — I(B) and I(@) = 0. To describe this
integer, fix a trivialization t of the contact structure £ over the y;’s. The index of an
ECH generator o = y{"! -y is then given by

I(@) = cr(@) + Qe(@) + Y Y CZe(yf).

i=1k=1
Here ¢; (@) is shorthand for ¢;(«, @), and Q(«) is shorthand for Q;(«, @).

To make this more explicit, define ¢; := ¢;(y;, @) and Q; := Q.(y;, D). Also, for
i # j define Q;j := Q(Z;, Zj) where Z; € Hy(Y,y;, D) and Z; € Hy(Y,y;, QD).
In fact it follows from the definition of Q in [13; 14] that Q;; does not depend on
Zi, Zj,or t and is just the linking number of y; and y;. Finally, let §; denote the
monodromy angle of y; with respect to t; see Section 3.1. Since c; is linear in the
relative homology class, we have

cr() = Zm,—ci.

i=1

Also Q¢ is quadratic in the sense that

@-1) Q@) =) miQi+ Yy mim;Qi

i=1 i#j

(see [13, Equation (68)] or [14, Equation (3.11)]). Finally, the Conley—Zehnder terms
are given explicitly by
CZ.(yk) =2 |k6;] +1.
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To simplify the resulting expression for the ECH index, define

ni=(i—Qi+1)/2, ¢i = Qi + 0.

We then obtain

(42) @ =Y mim+ Y mim; 0+ 32 Y Lkl

i=1 i<j i=1k=1

We remark that the quantities n; and ¢; are natural to consider because they do not
depend on t (even though ¢;, Q; and 6; do). In fact Q; —¢; agrees with a familiar
quantity from contact topology, namely the self-linking number of the transverse knot y;
(see eg Geiges [7, Section 3.5.2]); while ¢; is some irrational number.

Example 4.2 Suppose Y is an ellipsoid

2 2
z z
aq [75)

{(21,22)

where a;/a, is irrational, with the standard contact form. Here there are exactly two
Reeb orbits, both elliptic, given by the circles z; = 0 and z, = 0. One can calculate
that n; = ny = Q12 = ¢1¢o = 1. It is an exercise to deduce from Equation (4-2) that
there is exactly one generator of each nonnegative even index*, as there should be since
Y ~ S and the Seiberg—Witten Floer homology HM of S? is known to have one
generator in each nonnegative even degree. It is interesting to compare this example
with the characterization of ellipsoids in terms of linearized contact homology in [2].

4.3 Proof that there are exactly two embedded orbits

We now prove that n = 2. The idea is to use Proposition 2.8 and argue that if n =1
then there are not enough generators in a given index range, and if n > 3 then there
are too many.

By estimating k¢; — 1 < |k¢; | < k¢; in Equation (4-2), we find that the ECH index
is approximated by

(4-3) (@)= Q(my,...,mp)+ O(my + -+ +my),

4The solution to the exercise is to consider the line L in the plane with slope —¢; passing through the
point (my,my). The right side of (4-2) is then the number of lattice points in the triangle consisting of the
line L and the coordinate axes (including lattice points on the boundary), minus 1. As one moves the
line L up and to the right, keeping its slope fixed, one hits all of the lattice points in the positive quadrant
in succession, and each lattice point has index 2 greater than the previous one.
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where Q denotes the quadratic form

n
Q(ml, e M) = Zmlz(f)l + Zmimj 0ij.
i=1 i#j
Also recall that the numbers ¢; are irrational. It follows that n > 2, because if n < 2,
then the number of ECH generators with index < k is bounded from above by a linear
function of vk plus a constant, so there are not enough generators of large index to
satisfy Proposition 2.8(b),(c).

On the other hand, it follows from (4-3) that there is a constant ¢ such that
(@) <c(md+---+m2:+1).

Hence the number of ECH generators with index < k is bounded from below by a
constant times (k — c)”/ 2. But by Propositions 2.7(a) and 2.8(a),(c), the number of
generators of index <k is bounded from above by a linear function of k plus a constant.
Thus n < 2.

4.4 A lower bound on the ECH index

With n = 2 proved, we now establish an additional estimate on the ECH index which
will be needed later:

Lemma 4.3 There are constants ¢y, ¢y > 0 such that if « = )/1’”1 )/5”2 with my,my >0,
then
2 2
I(a) = ¢y (m] +m3) —cs.

Proof By the estimate (4-3), if « = y{"!y3"2 with m,m; > 0 then

(4-4) I(@) = O(my,m3) — L(my,my),

4-5) (@) < Q(my,mz) + L(my.ms),

where L is a linear function. By the lower bound in (4-4), it is enough to show that
Q(my,my) > 0 whenever m; and m, are nonnegative agd not both zero. It follows
from Proposition 2.8(a) and the upper bound in (4-5) that Q is nonnegative on all lines
of rational slope in the quadrant {(m1,m3) [ my,my = 0}. Therefore Q is nonnegative
on the whole quadrant. Moreover Q is positive on the coordinate axes (minus the

origin), because ¢; and ¢, are irrational. So we just need to rule out the case where
Q is degenerate and its null space has positive slope.

In the case to be ruled out,

O(my,my) = ¢1(my —kmy)?
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where ¢, A > 0. We can then complete the square in the upper bound (4-5) to obtain
(4-6) I(e) < ¢1(my —Amy +ay)? +aymy +as

where a;, a,, az are constants. But this contradicts the linear growth in the number
of ECH generators with index < k as k — oo. To see this, note that if a, < 0, then
by taking lattice points near the line m; = Am, we can find infinitely many ECH
generators with index bounded from above. And if a, > 0, then calculation using (4-6)
shows that the number of ECH generators with index < k grows as at least /2. o

We remark that in Example 4.2, the quadratic form Q is degenerate, and its null space
has negative slope.

4.5 Existence of a holomorphic cylinder

We now put everything together to prove:

Lemma 4.4 Let y; and y, denote the distinct embedded Reeb orbits as above. Then
there exist positive integers my, my and an I = 2 cylinder C in M(y{"',y;"?) or
My p(") or M(y" vy, @),

Proof By Proposition 2.8, if kg is a sufficiently large integer, then there exist ECH
generators of index 2k, and the U map is an isomorphism in all degrees higher than
2kg. Let «(0) be a generator with I(«(0)) = 2ky. By induction on k& we can find a
sequence of ECH generators

o) =y @20}
indexed by k > 0 such that for each k > 1, there exists
Ck) e M(a(k),a(k—1))
which contributes to U . In particular,
4-7) I(o(k)) =2(ko + k).

Now we consider positive integers k such that the curves C(k) have certain desirable
properties. Let

Ay =4k >0 |m;(k),mj(k—1)#0fori =1,2},

Ay =1k >0|m;(k) € S_g, and m;(k — 1) & Sy, fori = 1,2},

Az :=1{k > 0| C(k); has ends at both y; and y,, or Jo(C(k)) > 3},
Ag =1k > 0] Jo(C(k)) =2}.
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Here in the definition of A3 we are decomposing C(k) = C(k)o U C(k); as usual.
It is enough to show that 4; N A3 N A4 is nonempty, because if k € A1 N A3 N Ay
then Lemma 3.6(b) is applicable to the curve C(k), and C(k); is the cylinder we
are seeking. To prove that 4; N A3 N A4 is nonempty, we will show that for each
J =1,2,3,4 the set A; has density 1. (The fact that A, has density 1 will be used
in the proofs that A3 and A4 do.)

To show that A; has density 1, note that since I(a(k)) grows linearly with k; see
Equation (4-7), it follows from Lemma 4.3 that

() There is a constant ¢ such that for each positive integer N, the N + 1 points
(m1(0),m>(0)),...,(m1(N),my(N)) are all contained in a ball of radius
c(~/ N + 1) centered at the origin.

Consequently |{1,..., N}\ Ay| grows as at most ~/ /N, so A; has density 1. Likewise,
(*) and Lemma 3.3 imply that 4, has density 1.

We now show that A3 has density 1. Since A; and A, have density 1, it is enough
to show that (41 N A,) \ A3 has density 0. Suppose k € (4; N A;) \ A3 and let
C :=C(k). Since k ¢ A3, without loss of generality C; has ends only at y;, and
Jo(C) < 2. These two conditions, together with the assumption k € A4; and Lemma
3.5, imply that

g(C)+nf +n] +T; <3.

Here n;r denotes the number of positive ends of C; at y;; n] denotes the number
of negative ends of C; at y;; and T is defined to be 1 if the image of Cy contains
R x y; and zero otherwise. Note also that ni" > 1 since any holomorphic curve of the
type we are considering must have at least one positive end. We then deduce from the
above inequality that at least one of the following cases holds:

(i) (7 has no negative end.

(i) The image of Cy does not contain R x y;, and C; has exactly one positive end
or exactly one negative end.

@iii)) Cj is a cylinder with both positive and negative ends.

Now case (ii) is impossible by our assumption that k € 4, and Lemma 3.1. And
case (iii) is impossible by Proposition 3.4(b). So to complete the proof that 43 has
density 1, it is enough to show that case (i) only happens for k in a set of density zero.

If case (i) holds, let C 1 denote the union of C; with the part of Cy that maps to R x y; .
By the superadditivity of the ECH index in Equation (2-6) and Lemma 2.6(b), we have
2=1(C)=1(Cy) = I(Cy) =2, s0

I(Cy) = I(Cy) =2.
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That is, writing m := m (k) and m’ := m(k — 1), we have

Iy =10 =1y ™) =2.
By Equation (4-2), this is equivalent to

m—m’

DTl + gy =D lkgy] =1—ni(m—m').
k=1

k=1

Recall that ¢; > 0. Now the left equality requires that m’ < [1/¢;], because otherwise
each term in the left sum would be greater than the corresponding term in the right
sum. And the right equality can only hold for finitely many values of m —m’, because
the left side is approximated by a quadratic function of m —m’ while the right side
is a linear function of m —m’. We conclude that case (i) can only hold for finitely
many pairs (my(k),my(k —1)), and by () again this can only happen for k in a set
of density zero.

To show that A4 has density 1, we first show that Jg is “close” to /. In the present
situation, the relative index Jy, just like 7, can be uniquely refined to an absolute index
which associates to each ECH generator an integer, such that Jo(«, 8) = Jo () —Jo(B)
and Jo(<) = 0. Similarly to (4-2), we find that if « = y{"!y7"2, then

2 2 mi—1
o) =3 mil =) mima Q1o+ Y 3 LK) — 34l | mi 03
i=1 i=1 k=1

Subtracting this from Equation (4-2), we obtain

2 2
Ie) = Jo@) = D mi(4ni =2) +2 ) [migi] +#{i | m; # 0.

This equation implies that there is a constant ¢ such that
|Jo(e) — ()| = c(my +my).

It follows using () that for any ¢ > 0, if N is sufficiently large then
| Jo(a(N)) —I(a(N))| =&N.

Then by Equation (4-7), for any ¢ > 0, if N is sufficiently large then

(4-8) Jo(@(N)) = Jo(@(0)) = (2+¢)N.
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On the other hand, by the additivity of Jy, we have

N
(4-9) Jo(a(N)) = Jo(@(0)) = Y Jo(C(k)).
k=1
Now it follows from Lemma 3.6(a) that Jo(C(k)) = 2 for all £ in the set A1 N A3,
which has density 1. Also recall from (3-10) and (3-16) that Jo(C(k)) is always an
integer and always at least —1. Combining this with (4-8) and (4-9), we conclude that
Jo(C(k)) =2 for k in a set of density 1. ad

4.6 Existence of a genus one Heegaard splitting

To complete the proof of Theorem 1.2 (modulo our temporary simplifying assumption
that all Reeb orbits are nullhomologous), we now show that Y has a genus 1 Heegaard
splitting such that the Reeb orbits y; and y, are the core circles of the corresponding
solid tori.

By Lemma 4.4, without loss of generality there exists a cylinder C € M(y{"!, y"?),
for some my,m, # 0, with ECH index I(C) = 2. (It makes no difference in the
argument below if both ends of C are positive.) Let M denote the component of
M(y{", y3"?) containing C. Let 7: RxY — Y denote the projection. By Proposition
3.4(a), n(C) is embedded in Y, and the projections to Y of the cylinders in M¢
comprise a foliation of some subset of Y . Since all ECH generators have even index,
it follows from the compactness theorem in [13, Theorem 1.8] or [17, Lemma 7.23]
that the moduli space M¢ /R is compact. Therefore the projections of the cylinders
in M¢ foliate all of Y \ (y; Uy), and M¢c/R ~ S!.

Foreachi = 1,2 let T; C Y denote a torus given by the boundary of a small closed
tubular neighborhood N; of y;. It follows from the asymptotics for holomorphic curves
reviewed in Section 3.2 that the end at y; of each holomorphic curve in M, when
projected to Y, intersects the torus 7; transversely in a single circle. These circles
then foliate the torus 7;.

It follows that if C’ € M¢, then 7(C’) intersects N; only in a single half-closed
cylinder corresponding to the end of C’ at ;. Thus 7(C’) intersects Y \ int(N U N;)
in a closed cylinder. For each element of M /R, we can choose a diffeomorphism of
this closed cylinder with S! x[1, 2], sending the corresponding circle in 7} to S!x{i}.
There is no obstruction to choosing these diffeomorphisms to be smooth functions on
Mc/R ~ S, so that they combine to give a diffeomorphism

0 STx ST x[1,2]— ¥ \int(N; U N»)
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identifying S! x ST x {i} with T;. Now
NiUp(ST xSt x[1,3/2)
and N, Up(S! xS x[3/2,2))

are solid tori in ¥ which give the desired Heegaard splitting.

4.7 Removing the simplifying assumption

We now prove Theorem 1.2 without assuming that all Reeb orbits are nullhomologous.

As in Section 4.2, let yy, ..., ¥ denote the distinct embedded Reeb orbits. We know
from Lemma 4.1(b) that these represent torsion homology classes, so for each i =
1,...,n let [; denote the smallest positive integer such that )/l.li is nullhomologous.
If mq,...,my, are nonnegative integers such that /; divides m; for each i, then
IZ4RREE ¥n'™ is a nullhomologous orbit set. As such it has a well-defined absolute ECH
index. To compute this, similarly to Section 4.2, let t be a trivialization of £ over the
yi’s, let ¢; = c,(yili,qb)/li, let Q; := Qt(yilf,qﬁ)/liz, for i # j let Q; ; denote the
linking number of yl.li and yjlf divided by /;/;, and let 6; denote the monodromy angle
of y; with respect to 7. Then just as in (4-2),

(4-10) I(y{™ - ymmy = "(cimi+Qim})+ Y mim; Qij+Y > (2 [k6;|+1).

i=1 itj i=1k=1

In fact, the linear property of ¢; and the quadratic property of Q. imply that the index
formula (4-10) is valid for any nullhomologous ECH generator y{"! --- Yo', not just
one in which each m; is a multiple of /;.

We can approximate the index formula (4-10) by
I - y) = Q(my, ... .my) + O(my + -+ my),
where the quadratic form Q is defined by
n
O(my,...,my):= Z(Qi + 0;)ymi + Zmimj Qij-
i=1 i#]j

The same argument as in Section 4.3 then shows that n = 2. Also the same argument
as in Section 4.4 shows that Lemma 4.3 still holds for nullhomologous ECH generators.

One just needs to divide each estimate on the number of nullhomologous ECH generators
by the density of the lattice

{(my,my) € Z* | mi[y1] + may2] = 0 € Hi(Y)}.
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Lemma 4.4 then holds by the same argument, using a sequence of nullhomologous ECH
generators provided by Proposition 2.8. Finally, the argument in Section 4.6 produces
a genus 1 Heegaard splitting just as before. Note that ¥ 2 ST x S2 because [y;] and
[y2] are torsion. So Y is a lens space, and the proof of Theorem 1.2 is complete.

4.8 The theorem on three Reeb orbits

Proof of Theorem 1.3 Let Y be a closed oriented connected 3—manifold with a
contact form A such that all Reeb orbits are nondegenerate, and fix a generic almost
complex structure on R x ¥ to define ECH.

First note that if all Reeb orbits are hyperbolic, then there must be infinitely many
distinct embedded Reeb orbits. Otherwise by definition the ECH chain complex would
have only finitely many generators, contradicting Proposition 2.8.

So by Theorem 1.2, it is enough to rule out the case where there are exactly two
embedded Reeb orbits, one elliptic and one hyperbolic. Suppose that this holds and
denote these orbits by e and /4 respectively. The ECH generators are now e¢™h" where
m >0 and n € {0, 1}.

By Proposition 2.8(b), there exists I' € H;(Y') such that there are infinitely many ECH
generators o with [o] = I". Tt follows that the homology class [e] € H{(Y) is torsion.

The homology class [/] is also torsion. Proof: If [/] is not torsion then the ECH
differential vanishes identically as in Lemma 4.1(a). Since [e] is torsion, it follows that
ECH. (Y, A, I') is infinitely generated for both I' = 0 and I" = [A]. Since [/] is not
torsion, at least one of these classes I' must have the property that ¢;(£) +2PD(I") €
H?(Y;Z) is not torsion. For such a class I there are only finitely many possible values
of the grading on ECH« (Y, A, I"), and now Proposition 2.7(a) gives a contradiction.

Since all Reeb orbits represent torsion homology classes, the cohomology class ¢1(§) €
H?(Y;Z) is then also torsion, as in Lemma 4.1(c).

If [1] # 0, then the same argument as in Section 4.3 gives a contradiction, by showing
that ECH (Y, A, 0) does not have enough generators in a given index range in order to
be consistent with Proposition 2.8. If [#] = 0 then this argument also works, because
1(e™h) differs from 7(e™) by a linear function of m. O

5 The Weinstein conjecture for stable Hamiltonian structures

This section is devoted to the proof of the main theorem, Theorem 1.1.
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5.1 Warmup cases

We first prove the theorem in the special cases when f vanishes either nowhere or
everywhere.

If f is nowhere vanishing, then Y is a contact manifold (with the opposite orientation
if f <0), so the theorem in this case is just the Weinstein conjecture which we already
know (even if Y is a 72—bundle over S1).

Now suppose f = 0, so that the 1-form A is closed. Since A A @ > 0, it follows that
[A] — [@]# 0 in H3(Y;R), so A represents a nonzero cohomology class in H!(Y;R).
We can then add a small closed 1-form so as to replace A by a closed 1-form A’
which represents a real multiple of an integral cohomology class and still satisfies
A Aw > 0 everywhere. Since [A'] is a multiple of an integral class, there is a fiber
bundle 7: ¥ — S such that A’ is a multiple of the pullback of the volume form on
S1. Since A Aw > 0, it follows that @ restricts to a symplectic form on each fiber
of . Since R is in the kernel of w, we deduce that R is transverse to the fibers.
If F is a fiber, then the return map of the flow R defines an orientation-preserving
diffeomorphism ¢: FF — F, and closed orbits of R are equivalent to periodic orbits
of ¢. By replacing ¢ with an iterate if necessary, we may assume without loss of
generality that F is connected. The theorem in this case now follows from part (a) of
the following lemma. Part (b) will be needed later.

Lemma 5.1 Let F be a closed oriented connected surface and let ¢: F — F be
an orientation-preserving diffeomorphism. Suppose that ¢ has only finitely many
irreducible periodic orbits and that all periodic orbits are nondegenerate and elliptic’ .
Then:

(a) If ¢ has no periodic orbits, then F is a torus.

(b) Otherwise F is a sphere, ¢ has exactly two fixed points, and these are the only
irreducible periodic orbits.

Proof Let A denote the induced map ¢«: Hy(F) — H;(F). Since all periodic orbits
are elliptic, every periodic point of ¢ of period p counts with weight 41 in the
Lefschetz fixed point formula for ¢#. We then have the identity

det(1 —14) _ H (1 _tp(y))—l

(1—1)? )

SHere “nondegenerate and elliptic” means that the eigenvalues of the linearized return map are not on
the real line.
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of formal power series in Z[[¢]], where the product is over irreducible periodic orbits y,
and p(y) denotes the period of y . This formula is a special case of the product formula
for the Lefschetz zeta function (see eg [15]), and it is proved by taking the logarithmic
derivative of both sides and then using the Lefschetz fixed point formula for ¢ and its
iterates. Now we can rewrite the product formula here as

det(1 —1A4) 1_[ — 1P = (1-1)%

Since by hypothesis there are only finitely many factors on the left hand side, each a
polynomial, it follows that the sum of the degrees of these factors must equal 2, ie

22(F)+ > ply)=2.
Y

The lemma follows immediately. a

To prove Theorem 1.1 in the remaining cases, assume that R has no closed orbit and
that the function f is sometimes zero and sometimes nonzero. We must show that Y
is a T2—bundle over S!.

5.2 The region where f is large

Lemma 5.2 Suppose ¢ > 0 is a regular value of f. Then

Yoe:={yeY|[f(y)z¢

is diffeomorphic to a disjoint union of copies of T? x I .

Proof The idea is to collapse each boundary component of Y=, to a circle, so as
to obtain a closed contact manifold with one embedded elliptic Reeb orbit for each
boundary component, and then invoke Theorem 1.2. We proceed in three steps.

Step 1 We begin by choosing coordinates near the boundary of Y>. in which the
stable Hamiltonian structure has a nice form.

Fix § > 0 sufficiently small so that every number in the interval [e, € 4 §] is a regular
value of f. Fix a component Z of f~![s, &+ §]. For s € [0,6], let I denote the
component of f~1(e+s) in Z. Each Z; is a torus, because the Reeb vector field R
is nonvanishing and tangent to .

There is a unique vector field W on Z such that A(W) =0 and w(W,-) = df . The
vector field W is tangent to each ¥ and commutes with R by (1-1); and the vectors
R and W are linearly independent at each point.
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Claim We can find smooth real-valued functions «(s), B(s), y (s),a(s) such that for
each s, the vector fields a(s) R+ B(s)W and y (s) R+o(s)W are linearly independent
on X and have all orbits closed with period 1.

Proof Fix s €[0,8]. For t € R let CDtR: Yy — X and d>’W: Y — X denote the
time ¢ flows of R and W respectively on X;. Fix a point p € ¥; and define a map
¢: R? - X by

¢ (@. B) := PP} (p).
Since R and W are linearly independent and commute, it follows that ¢ is a covering
map and ¢! (p) is a lattice in R2. Choose (c(s), B(s)) and (y(s),o(s)) to be a basis
for this lattice. Then «(s), B(s), ¥ (s), o (s) have the required properties for our fixed s.

These can be uniquely extended to smooth functions of s € [0, §] which satisfy the
required properties for all s. a

It follows from the claim that we can find coordinates s € [0, §] and x{,x, € R/Z on
Z in which

f(s,x1,x2) = e+,
0 0
R=ai(s)— +ax(s)—.
8)61 8X2

Since R is assumed to have no closed orbits, the ratio a(s)/a,(s) is an irrational
number which does not depend on s. In fact a;(s) and a,(s) do not depend on s
either. To see this, note that since LgrA = 0, we have

R (A (9/0s)) = (LrA) (0/0s) + A(LR(3/s))
= —A(Ly/as R)

P 9
= —)\(al(s)ﬁ +02(S)%).

Since the right hand side depends only on s, and since the function A(d/ds) is bounded
on X, it follows that the right hand side is zero. Therefore

i) 0
/ /
ay(s) oxy +as,(s) 9xs
is a multiple of W, and this multiple must be zero because a(s)/a,(s) is constant.

Since w(R,-) =0, we can write

w =c(s)ds A (ardx; —aidx;).
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Note that the function ¢ depends only on s, because Lrw = 0 implies R(c) = 0, and
R has dense orbits on each 3. Also ¢ is nowhere vanishing, and we can choose our
coordinates so that ¢ is always positive. Likewise, since A(R) = 1, we can write

A =0b(s)(ardx1 —aidx,) +o(s)ds + (af + a%)_l(aldxl + ardxy),
where b and o depend only on s because LgrA = 0. Since dA = fw, we have
(5-D b'(s) = (e +s)c(s).

Also, changing A by adding the differential of some function of s does not change its
salient properties, so we may assume that o (s) = 0.

Step 2 We now collapse the boundary component X to a circle.

To prepare for this, define a function p: [0, 5] — R by
p(s)? :=2(b(s) — b(0)).

Since £ > 0 and c(s) is always positive, it follows from Equation (5-1) that p is strictly
increasing and smooth on (0, §]. In terms of this function we can write

1
A= E,oz(azdxl —aidx;) +ardxy + ardx;
where «; and o, are constants satisfying ajoq + arop = 1.

We next modify A on Y>,, without changing its salient properties, to arrange that oy /o
is rational. Suppose that o /a5 is irrational. The restriction map H'(Y>4;Z) —
H 1(20; 7) is nonzero, and so there exists a closed 1-form A; on Y=, such that
AMlz = Bi1dxy + Badx, for some relatively prime integers f; and B,. Now consider
replacing A by A + tA; where t is a small constant. If T > 0 is sufficiently small then
we still have (A + tA;) Aw > 0. And since o1/, is irrational and B/, is rational,
it follows that (c; + t81)/(as 4+ t85) is rational for a dense set of 7. Replacing A by
A + tA; multiplies the Reeb vector field by a positive function; in particular there are
still no Reeb orbits.

With oy /a, arranged to be rational, by an SL,7Z coordinate change we can further
assume that o; = 0. Now let Y, be obtained from Y>, by declaring two points in
3o to be equivalent whenever they have the same x; coordinate. The subset Z of
Y>, gets collapsed to a subset Z’ of Y., which is a disk cross S I'. Define the smooth
structure on Z’ so that (p, x;) are polar coordinates on the disk and x, is the S!
coordinate. Then A is a smooth contact form on Z’, because in the above coordinates,

1
A= E,oz(azdxl —aidxy) + ardx;
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is smooth, and
AANdL=pdpdx; dx;

is nonvanishing. The boundary torus X gets collapsed to a new Reeb orbit Xj, in Y.
This Reeb orbit is elliptic with irrational monodromy angle, because R has irrational
slope on the tori where p is constant. The Reeb vector field on Y2, \ Xj = Y>.\ X
is unaffected.

Step 3 We now complete the proof of Lemma 5.2.

Repeating the above process finitely many times, we collapse all boundary components
of Y>. to circles, to obtain a closed contact manifold with one embedded elliptic Reeb
orbit for each boundary component, all of whose iterates are nondegenerate, and no
other embedded Reeb orbits. Let X be a component of Y>,. It then follows from
Theorem 1.2 that there are exactly two such orbits which comprise the core circles of
a genus 1 Heegaard splitting of the collapsed X . Uncollapsing these circles back to
boundary tori, we conclude that X is diffeomorphic to T?x1. O

The same argument with some different signs shows that if ¢ < 0 is a regular value
of f, then

Y<e:={yeY|[f(y)=¢}
is likewise diffeomorphic to a disjoint union of copies of T2 x I. In particular, if 0
is a regular value of f, then it follows that Y is a union of copies of 72 x I glued
together along their boundaries, so Theorem 1.1 is proved in this case.

5.3 The region where f is small

We now begin the proof of Theorem 1.1 when 0 is not necessarily a regular value of f .
Choose a small ¢ > 0 such that both ¢ and —e¢ are regular values of f. Define

Ye:={yeY[|f(W| =g}

To prove Theorem 1.1, we will show that if ¢ as above is sufficiently small, then Y is
a disjoint union of copies of T2 x I. The strategy for doing so is to perturb Aly, toa
closed form which still has positive wedge product with w, deduce that Y, fibers over
S such that the Reeb vector field is transverse to the fibers, and then apply Lemma
5.1(b) to show that the fibers are disjoint unions of annuli.

To start, fix a metric on Y. Also fix a smooth function yx: [0, 1] — [0, 1] such that
x(#)=1fort<1/3 and x(t) =0 for t > 2/3.

Fix ¢ as above. Choose § € (0, ) sufficiently small so that all numbers in the intervals
[e, &+ 8] and [—e — &, —¢] are regular values of f. Define a 1-form Ay on Y .4 as
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follows. On Y, define A4 := A. We now define A on f~![e, &+ §]. The construction
on f~![—&—§,—¢] is analogous and will be omitted.

Fix a component Z of f~1[e, & + §]. Recall from Section 5.2 that we can choose
coordinates s € [0,8] and x{,x, € R/Z on Z, and modify A without changing its

salient properties, so that in these coordinates
aydxy + axdx
)= b(s)(azdxy —aydxy) + ——————>
aj +a;
w = c(s)ds A (ardx1 —aydxy),
where c(s) > 0. We now define A« on Z by
_ aydx, + axdx
ho i= (b(0) + x(8™'5)(b(s) — b(0)) (ardx) —aydxs) + #
1 2

On Y,;s we then have
diy = gw

where g is a smooth function which agrees with f on Y, and extends by zero to a
smooth function defined on all of Y.

5.4 An upper bound on g

We now show that there is an e—independent constant c¢o such that if § is chosen
sufficiently small in the above construction then

(5-2) lg| < coe.

We just need to check this on a region Z as above. It follows from the above equations
that on Z we have

(5-3) g(s) =c() (87 X o) (b(s) = b(0)) + x (8™ )b (5)).
Since b'(s) = (¢ + s)c(s) and we have chosen § < &, it follows that
c(s) I x (7 s)b (s) = x(87 s) (e + 5) < 2e.

If we further choose § sufficiently small so that ¢(¢) < 2c¢(s) for all s, ¢ € [0, §], then
we can estimate

b(s) — b(0) = /Os(s +1)e(t)dt

<2¢(s)(es + 5%/2)
< 3c¢(s)ed.

Putting the above two inequalities into (5-3) proves (5-2).
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5.5 The cohomology class of gw

We now study the cohomology class of the closed 2—form gw on Y.

Let U C Y denote the open set where f # 0. Consider the relative homology long
exact sequence:

Here and below all homology and cohomology is with real coefficients. Fix embedded
oriented curves y1, ..., ¥» C U thatrepresent a basis for the kernel of the map Hy(Y) —
H;(Y,U). Since the curves y; all have positive distance from the compact set where
f =0, there exists d > 0 such that if ¢ is sufficiently small then no point in Yz is
within distance d of any point in any of the curves y;. For each i = 1,...,n, fix
an e—independent closed 2—form w; which represents the Poincaré dual of y; and is
supported within distance d/2 of y;.

Claim There exists an e—independent constant co such that if ¢ is chosen sufficiently

small in the construction in Section 5.3, then there are unique real numbers ¢4, ..., qn
such that

n
(5-4) [gw] = qilwil € H*(Y),

i=1

and these satisty
(5-5) |gi] = coe.

Note that cq here is different than in (5-2).

Proof Choose ¢ sufficiently small so that Y, does not intersect the support of the
forms p;. Then the Poincaré duality isomorphism H;(Y)—=> H?(Y) restricts to an
injection

(5-6) Ker(H;(Y) — H;(Y,U)) — Ker(H*(Y) — H?(Yy)).

Since gw restricts to an exact form on Y., to prove that the numbers ¢; exist and are
unique it is enough to show that the map (5-6) is surjective. To prove this surjectivity,
note that any element of Ker(H?(Y) — H?(Y,)) can be represented by a closed
2—form 71 with support on Y \ Y,. Here we are assuming as usual that ¢ and —¢ are
regular values of . Now the Poincare dual of [] € H2(Y \ Y¢) is a homology class
a€ Hi(Y\Y;) witha-S = [¢nforall S € Hy(Y \ Y, 0Yy). Letting 1: Y\ Y, > Y
denote the inclusion, we then have 1.0-S = fS n forall S € Hy(Y). So 1xa € H{(Y)
is the Poincaré dual of [n] € H2(Y), and 14« maps to 0 in H;(Y,U) since Y \Y, CU.
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To prove that |¢;| < coe, foreach i = 1,...,n we can fix an e—independent closed
oriented embedded surface X; in ¥ which has intersection number §;; with y;. Then

observe that
n
qi=/ Z%’Mj:/ gw
Zi i1 Z;

and use (5-2). m|

5.6 The region where f is small fibers over S'!

We now show that if ¢ is sufficiently small then Y; fibers over S! so that the Reeb
vector field R is transverse to the fibers.

Let € > 0 be small enough so that ¥, does not intersect the support of the forms ;.
Let g; be the numbers satisfying (5-4). Since the 2—form

n
go—Y qipi

i=1

is exact on Y, there exists a unique 1—form v such that

n
dv=_gow—Y g
i=1
and d*v =0 and v is L?—orthogonal to the space of harmonic 1—-forms on Y. It then
follows from estimates on the Green’s function for d + d*, namely the fact that the
singularity of the Green’s function behaves as dist(y;, y,)~2 for any points y; # y,
in Y, that there is an e—independent constant ¢y such that

n

20— qifti

i=1

[v| < cosup
Y

With (5-2) and (5-5), this implies that there is an ¢—independent constant c¢q such that
(5-7) V] < cpe.

Now the 1-form A — v restricts to a closed 1-form on Y. By the estimate (5-7), if
¢ is sufficiently small then (A —v) A @ > 0 everywhere. We can perturb A —v to a
closed 1-form A" on Y, which represents a real multiple of an integral cohomology
class in H'(Y,;Z) and still satisfies A’ A w > 0. It follows as in Section 5.1 that Y
fibers over S! with the Reeb vector field R transverse to the fibers.
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5.7 The fibers are disjoint unions of annuli

To complete the proof of Theorem 1.1, we now show that Y, is diffeomorphic to a
disjoint union of copies of 72 x I.

Let X be a component of Y,. Let F be a fiber of the fibration X — S constructed in
Section 5.6, and let ¢: F'— F denote the return map of the flow R. Closed orbits of R
in X are equivalent to periodic orbits of ¢, so by assumption ¢ has no periodic orbits.
By replacing ¢ by an iterate if necessary, we may assume without loss of generality
that F is connected.

Assume as usual that ¢ and —e are regular values of f', so that the boundary of X is a
disjoint union of tori. Each boundary circle of F lies in a boundary torus of X . Recall
from Section 5.2 that on each boundary torus of X, in suitable coordinates the Reeb
vector field R is a constant vector field with irrational slope which does not change if
we perturb .

Let F’ be the closed surface obtained from F by identifying two points whenever they
are in the same boundary circle. Then ¢ descends to a diffeomorphism ¢’: F' — F’
with one irreducible periodic orbit y for each boundary torus of X, and no other
irreducible periodic orbits. The period of ¥ equals the number of boundary circles of
F’ on the corresponding boundary torus of X . It follows from the above description
of R near the boundary of X that the orbit y and all of its iterates are nondegenerate
and elliptic.

We now invoke Lemma 5.1(b) to conclude F’ is a sphere and ¢’ has two fixed points
and no other irreducible periodic orbits. It follows immediately that F is an annulus,
so X is diffeomorphic to 72 x I as desired. This completes the proof of Theorem 1.1.
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