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A question analogous to the flux conjecture
concerning Lagrangian submanifolds

Kaoru Ono

ABSTRACT. We discuss a question analogous to the flux conjecture concerning the
space of Lagrangian submanifolds. Under suitable conditions, we prove C'-closedness
of orbits of the action of Hamiltonian diffeomorphism group on the space of Lagrangian
submanifolds.

1. Introduction

In this note, we discuss a question analogous to the flux conjecture for the quotient
space of Lagrangian submanifolds modulo the Hamiltonian diffeomorphism group of the
ambient symplectic manifold and related questions. We briefly recall the flux conjecture,
see section 2 for more details. Let (M,w) be a closed symplectic manifold and Ham (M, w)
the group of Hamiltonian diffeomorphisms of (M,w). It is obviously a subgroup in the
identity component Symp,(M,w) of the group of symplectomorphisms. The C!-flux
conjecture states that Ham (M, w) is closed Symp, (M, w) with respect to the C'-topology.
This conjecture is equivalent to that the so-called flux group T, is discrete in H!(M; R).
From now on, we simply call it the flux conjecture. We proved the flux conjecture in
[5] using Floer cohomology for symplectic isotopies (Floer-Novikov theory). Note that it
implies that the space Symp,(M,w)/Ham(M,w) = H'(M;R)/T,, is Hausdorff.

For a symplectomorphism ¢ of (M,w), its graph Gry C M x M is a Lagrangian
submanifold with respect to the symplectic form —njw + m3w. Hence the statement on
symplectomorphisms can be rephrased in terms of associated Lagrangian submanifolds,
namely their graphs. We can also consider a Lagrangian submanifold L in a general
symplectic manifold (P, ). This leads to the following question.

Let L be a closed embedded Lagrangian submanifold in a closed symplectic submanifold
(P, ). Denote by Lag(L) the space of all embedded Lagrangian submanifolds, which are
Lagrangian isotopic to L. The group Ham(P, Q) of Hamiltonian diffeomorphisms acts on
Lag(L) in a natural way.

Question 1.1. Is Lag(L)/Ham(P, Q) Hausdorff with respect to the C'-topology?
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In general, the answer is negative. Chekanov [1] studied a certain class of embedded
Lagrangian tori in symplectic vector spaces. The Hausdorffness property fails at monotone
Lagrangian tori in his examples. Although the question is known to be false in general,
we would still like to discuss the question under appropriate conditions on the Lagrangian
submanifold L. In this note, we mainly discuss the following weaker question.

uestion 1.2. Are Ham(P, Q)-orbits closed in Lag(L) with respect to the C'-topology?
g g

It is natural to expect the relation between the stability for Lagrangian submanifolds
and the above question, cf. [8], [9] as well as [3]. Our main result is the following:

Theorem 1.1. Let (P,Q) be a closed symplectic manifold and L C P a closed embedded
Lagrangian submanifold with vanishing Maslov class. If L is unobstructed in the sense of
[4], Ham(P, Q) - L is closed in Lag(L) with respect to the C*-topology.

Corollary 1.2. Let (P,Q) be a closed symplectic manifold and L C P a closed embedded
Lagrangian submanifold with vanishing Maslov class. If H*(L; Q) = 0, Ham(P, Q) - L is
closed in Lag(L) with respect to the C*-topology.

Under a restrictive condition, we also show the following:

Theorem 1.3. In addition, suppose that H'(P;R) — H(L;R) is surjective. Then
Lag(L)/Ham(P, Q) is Hausdorff.

The contents of this note are as follows. In section 2, we review some facts related to
the flux conjecture and formulate our question. In section 3, we collect necessary results
in [4]. We will prove our main theorem in section 4.

2. Preliminaries

From now on, we assume that Lagrangian submanifolds are closed and embedded. We
recall the flux homomorphism and summarize some facts on the flux conjecture. For
a one-parameter family H = {h;} of smooth functions on M, we have the Hamilton-
ian isotopy {¢}, which is obtained by integrating the one-parameter family {Xj,} of
Hamiltonian vector fields, i.e., i(Xp,)w = dh;. A diffeomorphism ¢ is called a Hamil-
tonian diffeomorphism, if ¢ is expressed as the time-one map ¢ for some H = {h;}.
Denote by Ham(M,w) the group of all Hamiltonian diffeomorphisms of (M,w), which
is a significant subgroup of the group Symp(M,w) of all symplectomorphisms of (M, w).
Clearly, Ham(M,w) is contained in the identity component Symp,(M,w).

We introduce some notation. Let 6 be a closed 1-form on M. Denote by Xy the
symplectic vector field such that i(Xp)w = 6. Let © = {6;} be a one-parameter family
of closed 1-forms. Denote by {1} the symplectic isotopy generated by {Xp,}. Any
symplectic isotopy {¢:} such that g = id is described in this way. When © is not
specified, we denote by {X;} the vector field generating {i}.

Let Symp, (M, w) be the universal covering group of Symp,(M,w). Set

F({w)) = / (X, )wldt € H'(M:R).
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Then it descends to a homomorphism
F : Sympy (M, w) — H'(M;R).
Denote by I',,, which is called the flux group, the image of the kernel of the covering pro-

jection Sympy(M,w) — Symp,(M,w), which is isomorphic to 71 (Sympy(M,w)), under
F. Then F induces the flux homomorphism

F : Symp,(M,w) — H'(M;R)/T,

which is continuous with respect to the C'-topology on the domain. It is known that
Ham(M,w) coincides with the kernel of the flux homomorphism F. The flux conjecture
stated in the introduction is equivalent to that T, is discrete in H'(M;R) in the usual
topology. In fact, this is the statement, which we proved in [5]. Hence, we have

Sympy(M,w)/Ham(M,w) = H* (M;R)/T,

is a Hausdorff space.

Consider the graph Gry of a symplectomorphism 1 as a Lagrangian submanifold in
(M x M, —priw + priw). The diagonal A C M x M is the graph of the identity. When
1 € Sympy(M,w), Gry is Lagrangian isotopic to A, ie., Gry € Lag(A). Thus we can
identify the space Sympg(M,w)/Ham(M,w) with Lag™(A)/ ({id} x Ham(M,w)), where
Lag™(A) is the subspace of Lag(A) consisting of L transverse to all fibers of the first and
second factor projections. We may ask whether Lag(A)/Ham(M x M, —priw + priw) is
Hausdorff. This is a special case of Question 1.1. We come back to this question in the
end of section 4.

Before proceeding further, we explain the C'-topology on Lag(L) for the sake of
reader’s convenience. For L' € Lag(L), we pick a tubular neighborhood U of L', which
is certainly diffeomorphic to L, such that U is symplectomorphic to a neighborhood V' of
the zero section Op/in T*L' (Weinstein neighborhood). Let f : U — V be a symplecto-
morphism such that f(L") = Or/. Denote by S, the cross section of T*L’ corresponding
to a 1-form on I’. Pick and fix a Riemannian metric on L’. Note that the C'-norm
of differential forms depends on the choice of Riemannian metrics and is not preserved
by self-diffeomorphisms. However, the C'-topology is certainly well-defined, when the
manifold is compact. For a sufficiently small € > 0, we set

U (L") = {f(Sy)In is a closed 1-form on L', || |lc1< €}

The family of such sets gives a basis of the C''-topology on Lag(L). As a warm-up to
Question 1.1, we discuss the case that the ambient symplectic manifold is exact, e.g., the
total space of the cotangent bundle equipped with the standard symplectic form. Firstly,
we have the following:

Proposition 2.1. Let (X,d)\) be an exact symplectic manifold and i : L — X a La-
grangian embedding. For any ¢ € Ham(X,d\), we have

[i*\] = [(# 04)*\] € H'(L; R).
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In particular, if i : L — X is an exact Lagrangian embedding, i.e., i* X is an exact 1-form,
then ¢ o1 is also an exact Lagrangian embedding.

Proof. Let {¢'} be a Hamiltonian isotopy generated by H = {h;}. Then we have

d Nk v Ao
%(stlol))\ - Yoy £

= i*og¢"Lx, A
d (i o ¢ (i(Xn )X + he)) -

Thus i*A and (¢ 04)*\ are cohomologous.
If i*\ is an exact 1-form, (¢ 0i)* ) is also exact. Namely, ¢ oi is an exact Lagrangian
embedding. (I

Remark 2.1. If a symplectic manifold (P, ) satisfies [2] € Im (H?(P;Z) — H?*(P;R)),
there exists a so-called prequantum line bundle L — P. A Lagrangian submanifold L C P
is called exact (a Bohr-Sommerfeld orbit), if L can be lifted to a Legendrian submanifold
in the unit circle bundle S(L). The above argument is easily extended to show that
Hamiltonian deformations of exact Lagrangian submanifolds are exact.

Let 4, : L — X be a one-parameter family of exact Lagrangian embeddings. Then we
can find a Hamiltonian isotopy {#} of the ambient exact symplectic manifold such that
iy = ¢ oi. In general, a one-parameter family of Lagrangian embeddings may not extend
to a symplectic isotopy of the ambient symplectic manifold. We have the following:

Lemma 2.2. Let (P,Q)) be a symplectic manifold and L an embedded closed connected
Lagrangian submanifold. If the embedding i : L — P induces a surjective homomorphism
i* : HY(P;R) — HY(L;R), then any one-parameter deformation of Lagrangian embedding
i extends to an ambient symplectic isotopy of (P,QY) starting from id. In other words, the
action of Sympg (P, Q) on Lag(L) is transitive.

In the case of the zero section Ox in the cotangent bundle T*X equipped with the
standard symplectic form d\, we have the following:

Proposition 2.3. There is a canonical continuous bijection
Lag(Ox)/Ham(T*X,d)\) = H'(L; R),
hence Lag(Ox)/Ham(T* X, d)) is Hausdorff.

Proof. Firstly, we define G : Lag(Ox) — H!(L;R) as follows. Let L € Lag(Ox). For a
loop «y in Ox, we pick a loop 4" in L such that v and 7’ are homologous in T*X. Pick a
2-chain C such that 9C = v — ~. Then we set

GI).h) = /C dx

L/A—AA.
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Let 6 be a closed 1-form and {¢/{} the corresponding symplectic isotopy, i.e., the addition
of tf fiberwisely. Then G (v{(Ox)) = [6], so G is surjective.

Let L', L” € Lag(Ox) such that G(L") = G(L"). Choose ©" = {6;},0" = {0/} such
that L' = ® (Ox) and L” = ¢®" (Ox). Note that

QL) = /0 dt amd G(L) — /0 "o,

which are equal to each other. Consider O(s) = {(1 — s)8; + s6;}. Then the time-
one maps w?(s) are Hamiltonian isotopic. Therefore L’ and L” are Hamiltonian iso-

topic. Hence G induces a bijection G : Lag(Ox) — H'(L;R). Since G is continuous,
Lag(Ox)/Ham(T*X,dX) is Hausdorft. O

3. Floer theory for Lagrangian submanifolds

We summarize some results from [4], which are necessary for our later argument. In
this section, a Lagrangian submanifold L, resp. a pair (L(O),L(l)) of closed embedded
Lagrangian submanifolds, is equipped with a relative spin structure (see §44 in [4]). For
such an L, we constructed a filtered A.,-algebra associated to L, which satisfies the
gapped condition. Although it depends on various auxiliary choices, its homotopy type is
uniquely determined (Theorems 10.11 and 14.1 in [4]). By the canonical model theorem
(Theorem 23.2 in [4]), we can reduce the filtered Aoo-structure to the m;-cohomology,
namely we have the following:

Theorem 3.1 (see Theorem A in [4]). To each relatively spin Lagrangian submanifold
L we can associate a structure of filtered As-algebra {my} on H*(L; Ao nov), which is
well-defined up to isomorphism. A symplectomorphism ¢ : (P,L) — (P', L") induces an
isomorphism of filtered A, -algebras, whose homotopy class depends only on 1.

Here A nov is a graded ring called the universal Novikov ring (see Definition 6.2 in
[4]). We introduce two generators e and T such that dege = 0 and degT = 0.

MApow = {Z ai e T | a; €Q, i €Z, N\ €R, \j — +o0(i — +00)}
AO,nov - {Z aiemT)\i € Anov | )\z Z 0}
AEJi_,nov = {ZaiemTAi € Anov | )\z > 0}

We will also use the subring consisting of elements of degree zero:

deg=0 __ TG
Anov = { E a; T’
i

a; €Q, \; € R, A\; — 4o00(i = +00)}.

Let (L, L(M) be a relative spin pair of Lagrangian submanifolds, which is of clean
intersection. We constructed a filtered A,.-bimodule over the filtered A,,-algebras asso-
ciated to L") and L(®) (see Theorem F in [4]). However, in general, the Floer complex of
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the pair (L(O), L(l)) may not be constructed, since the bubbling-off of pseudo-holomorphic
discs can happen as codimension one phenomena. We developed obstruction theory in
order to define the Floer complex for a pair of Lagrangian submanifolds.

Theorem 3.2 (see Theorems B and G in [4]). To each relatively spin Lagrangian sub-
manifold L C P, we can associate a set Myeak det (L), which may be empty, and maps

Tamb  * Mweak,def(L) - HQ(P; AO,nov)
ngD . Mweak,def(L) - A+

0,n0v
with the following properties.
(1) A symplectomorphism 1 : (P,L) — (P', L") induces a map
w* : Mweak,def(L) i Mweak,def(L/)
such that Tamp © Vs = (V™1)* 0 Tamp, and PO o 1, = PO.
(2) For (by,bg) € Mweak,def(L(l)) X rtpm PO Mweak,def(L(O)), we can associate the Floer
cohomology HF* ((L(l),bl)7 (L(O),bo);Aomm)). After extending the coefficient ring from
Ao nov t0 Aoy, we have HF* (LW by), (L, bo); Anoy ).
(3) Let {¢F} be a Hamiltonian isotopy generated by H and

(b1, by) € Myeakdet (LM) X 30 Muearc det (L).

Then {¢F} induces an isomorphism
({6} id). : HE* (L0, b1), (L, bo)i Aoy ) — HE* (617 (LD), 612b1), (L@, bo)s Ao )

Definition 3.1. A relatively spin Lagrangian submanifold L is said to be unobstructed
after infinitesimal deformation, or bulk/boundary deformation, if Myeak def(L) # 0. The
element b € Myeak det(L) is called a solution of the Maurer-Cartan equation in the
filtered Aoc-algebra associated to L. If there is b € Myeak def (L) such that mamn(b) = 0
and PO(b) = 0, then we simply call L unobstructed.

Remark 3.1. In the case that the Maslov class vanishes on mo(P, L), the potential
function PO is automatically zero.

We have not yet found satisfactory sufficient condition for unobstructedness (after
infinitesimal deformation), but have the following:

Theorem 3.3 (Theorem C in [4]). There exist a series of positive integers my, and classes

H2m""(L'Q)

2™ (L weak, def :

o (L weak, 4D € 1o G (Prg) — 7 (L Q)

k = 1,2,..., (obstruction classes) such that if [0y"™* (L;weak,def)] are all zero, then

Mieak,det (L) is non-empty. The number 2 — 2my, is a sum of the Maslov indices of a
finite collection of homotopy classes in wo(P, L) realized by pseudo-holomorphic discs with
respect to a compatible almost complex structure on P.

In particular, we find the following;:
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Corollary 3.4. Ifi* : H*™(P;Q) — H?>™*(L; Q) is surjective, Myeak det(L) # 0.

Corollary 3.5. If the Maslov class ur, : mo(P,L) — Z is zero, all obstruction classes
(02 (L; weak, def)] lie in H?(L; Q).

We have the following non-vanishing result.

Theorem 3.6 (sece Theorem E, Theorem 24.12 in [4]). Suppose that b € Mieak det(L)
and the Maslov indices of all pseudo-holomorphic discs bounding L are non-positive. Then
the Poincare dual PDIpt] of the point class gives non-trivial element in the Bott-Morse
Floer cohomology HF* ((L,b)(L,b); Apoy). The Poincare dual PDI[L] of the fundamental
class of L can be deformed to a non-trivial element PD[L]" of HF* ((L,b), (L, b); Apov)
such that PD[L)" = PD[L] mod A

0,nov "

If the Maslov class uy, vanishes on mo(P, L), we can equip L with a grading struc-
ture (a graded Lagrangian submanifold) in the sense of Kontsevich and Seidel [7]. We
denote a graded Lagrangian submanifold by (L,c). Changing the grading structure
shifts the degree by a constant. For a relatively spin pair (L(O),L(l)) of graded La-
grangian submanifolds with b; € Mweakvdef(L(i)), we can construct the Floer cohomology

HF* ((L(l),bl, o1), (L), by, 00);Adeg:0) over Ad8=0 We also have the Floer cohomol-

nov nov
ogy over Ag,efozvo = Ag.now N AJE=0 A Lagrangian isotopy {L;} induces the one-to-one

correspondence between grading structures on L = Lg to those on L' = Lq. All results
above hold for these Floer cohomologies for graded Lagrangian submanifolds. Then the
degree of PD|pt], resp. PD[L], is n, resp. 0. Here n = dim L.

4. Proof of Theorem 1.1

Let L C P be a relatively spin Lagrangian submanifold and L, € Lag(L). It is obvious
that L, is diffeomorphic to L. Pick a tubular neighborhood U of L., which is symplecto-
morphic to a tubular neighborhood V' of the zero section O, of T*L,, i.e., there exists a
symplectomorphism f : (U, L,) — (V, 0L, ). Then a Lagrangian submanifold L', which is
sufficiently close to L, in the C'-topology, is described by a closed 1-form on L. If two
Lagrangian submanifolds L, L, are sufficiently close to L, in the C'*-topology and corre-
spond to cohomologous closed 1-forms, Lo can be realized by a Hamiltonian deformation
of Li. Hence small Lagrangian deformations of L’ up to Hamiltonian deformations are
parametrized by a small neighborhood W C HY(L;R) of the origin. We announced the
following statement in the case that L. = L in [6].

Proposition 4.1. Let L C P be a relatively spin Lagrangian submanifold such that the
Maslov class py, vanishes on mo(P,L) and L, € Lag(L). Suppose that L is unobstructed
after infinitesimal deformation, i.e., there exists b € Myeak.det(L). Let {1} be a Hamil-
tonian isotopy generated by H. Suppose that L and ¢ (L) are sufficiently close to L. in
the C*-topology, hence f(L) and f o ¥ (L) are the graphs of closed 1-forms n and 1’ on
L. Then 1/ is cohomologous to 1.
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Before giving the proof, we prepare some notation. Let 6 be a closed 1-form on L,. By
abuse of notation, we denote by 6 the closed 1-form f*opr*(#) on the tubular neighborhood
U of L,, where pr is the projection of the cotangent bundle of L,. Then denote by X the
vector field on U such that i(X?)Q = 6 and by {1¢} the symplectic local flow generated
by X%. Once a Riemannian metric is chosen on L, we have a one-to-one correspondence
between vector fields and 1-forms. We denote by 6% the vector field such that

(0%, ) = 0().

Proof. Firstly, we note that L' = ¢/(L) is also unobstructed after infinitesimal defor-
mation, i.e., b’ = ¢ (b) € Myeak.det(L'). We also have mamp(b) = Tams(b’) and
PO(b) = PO(b’). (Under the assumption that the Maslov class vanishes on w2 (P, L),
the latter is zero.)

Since py, vanishes on (P, L), there is a grading structure o on L. A Lagrangian
deformation {L;} such that L' = L; induces the grading structure o{*} on L’. In
particular, the Hamiltonian isotopy {¢f} induces the grading structure o/ = olel (D)},

If L and L’ are sufficiently C'-close to L., we can regard L, resp. L', as the graph of

a closed 1-form 7, resp. 7' in T*L,. Clearly L' = wi’/_n(L). The Lagrangian deformation

{zb?lfn(L)} induces the grading structure o7 = gt¥ D} on I/. Two grading struc-
tures o and o' may not coincide, hence the degrees in Floer theory may be shifted by
a constant. Namely, there is an integer ¢ such that HF* ((L’,b’,0*"), (L, b, 0); A%8=0) is

isomorphic to HF**¢ ((L’, b, 077’"/), (L,b,o); Adeg:o) as graded A9ee=0_modules.

/1_
]

nov nov

Now we explain, more precisely, the condition how close L and L’ are to L, in the
Cl-topology. Namely, || 1 |lc1, || 7’ |lc1< € for some e > 0, which we will specify later.
Pick and fix a Riemannian metric on L,. We may assume that V' C T*L, is the ¢-
neighborhood of the zero section Op, with respect to the induced metric. Denote by V'
the 26 /3-neighborhood of O, and set U’ = f~1(V’). Pick an almost complex structure
J compatible with 2. By the monotonicity lemma for J-holomorphic curves, there exists
a constant e > 0 such that |, 5 {2 > e for any non-constant compact J-holomorphic curve
in P\ U’ with S C 9U’. We will choose § > 0 sufficiently small later. Note that the
constant e > 0 does not depend on the choice of §, whenver U’ is of contact type. (By
the maximal principle, such a J-holomorphic curve is not contained in any Weinstein
neighborhood of L,.)

Choose a Morse function h on L, such that |dh| < §/3. We may assume, without loss
of generality, that h has a unique maximum and a unique minimum. We also assume that
maxh — minh < e/4. Next we pick contractible neighborhoods W’ @ W of the set of
critial points of A and a smooth cut off function p such that the diameter of W is bounded
by 1/¢ and

p=1lon W' p=0on L, \W, |dp| < 2C,

where K is a positive number.
The first condition for € > 0 is
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1
— min |dhl. 1
€< Too 2, ldh| (1)

In particular, this condition implies that € < §/300.

Suppose that the closed 1-forms 7 and n’ satisfy that || 7 ||co, || 7’ ||co< €. Since W
is contractible, we find that (' — n)|w = dg for some smooth function g on W. We may
assume that |g| < 2¢/¢, since |dg| < 2¢ and the diameter of W is at most 1/£. We regard
p - g as a smooth function on L.. Then n” = dh + 1’ — d(p - g) is also a closed 1-form
cohomologous to 7.

It is easy to see that

[n"| < |dh] + 0’| + |d(p - g)| < |dh| + Te,

which is smaller than 2§/3. Thus S, is contained in V’. It guarantees a Hamiltonian
isotopy {¢F }, which maps f~1(S,/) to f~*(S,), such that the support of K is contained
in U’ 2 V'. Note also that

|dh — (0" —n)| < 6e.
By the construction, we find that S, and S, intersect transversally and their intersection

points are identified with the critical points of h.
Since (1) holds on L, \ W' and n” —n = dh on W,

1
|dh — (0" —n)| < Eldhl, (2)
we find that
dh ((n" —n)*) > l%dh ((dh)#) .

Hence the function h increases along integral curves of (n” —n)#, i.e., h is a Liapunov
function.

Now we give the second condition for e through §. Note that || n ||c1, || 7" ||c1< 26/3.

Pick § > 0 sufficiently small, there is a diffeomorphism ¥ supported in V' such that
V(Or,) =S, and ¥(Sgn) = Sy~ with the following property.
o Let {J}} be the t-dependent family of almost complex structures on V. C T*L,
associated to h, which Floer introduced in [2]. ¥ is C'-close enough to the identity such
that the family J = {U,J'} of almost complex structures is tamed by the canonical
symplectic structure on T L.

We arrange the almost complex structure J on P, which may depend on ¢ € [0, 1], so
that J coincides with J on U’. Then all Floer connecting trajectories, i.e., J-holomorphic
strip u bounded by L = f~1(S,) and L” = f~1(S,~), contained in U correspond to the
bounded solution of

A(r) = (" =¥ (4(7)) -

Then the energy E(u) of the Floer connecting trajectory u satisfies
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Eu) = / U Wean
Rx[0,1]

+o0
— / ’V* (77// _ 77)7

— o0

where weay is the standard symplectic form on T*L,. By (2), we have

O =) (G = m)*) = " = m# P < Jan ("~ m)*)

Thus we find that

9 _ e
E(u) < 3 (h(p™) = h(p7)) < 3
Here p* = lim, 1. y(7), which are critical points of h. Thus all Floer connecting

trajectories for (L, L") contained in U have symplectic area less than e/2. Note also that
0U is a boundary of contact type.

We fix € > 0 satisfying the above conditions. Note that, if a Floer connecting trajectory
is not contained in U, its symplectic area must be more than e.

Denote by H# K the time-dependent Hamiltonian, which generates the concatenation
of {¢p} and {pX}. Write (L, b",0") = (¢#5(L), o #5 b, pK 07"). Now we consider
the Floer complex CF* ((L”,b",5”),(L,b,0); Ad%="). The Floer coboundary operator

nov
" .
6P P decomposes into

b”’,b _ sb’.b b”,b
J =0z, +05..
b”.b . . . .. .
Here 62, counts Floer connecting trajectories of relative index 1 and with energy less
<e Yy
. . . . b’ b . . . "
than e, i.e, those contained in U, while 43" is other contributions to 5P P,

The operator 52,6,"” can be identified with the coboundary operator of the Novikov
complex for the closed 1-form 7" — 7.

Denote by pyin and ppmaes: the unique minimum and maximum of A, hence, the unique
zero of i — n of index 0, n, respectively. If " — 75, hence ' — 7, is not exact, the
Novikov cohomology HN*(n" — n) vanishes in degrees x = 0,n. Let D,,;ns Dmax De lifts
of Prmin, Pmaz t0 the abelian covering space of L, associated to the de Rham cohomology

"

class [ —n] = [/ —n]. Hence 622’bﬁmm # 0, and there are g; of index n such that
526713 (Zz G‘Zqz) = Pmaz-

Since ppmin is the unique zero of " —n with index 0 and the Floer coboundary operator
6P is linear over the field Adee=0" there does not exist a non-trivial Floer cocycle of
degree 0.

Note also that p,,qs is the unique zero of ny’/ —n with index n. Using the energy filtration,
we can find that any Floer cocycle of degree n is a Floer coboundary. Therefore we find
that

HF" ((L",b",0"), (L, b, 0); A5 ™) =0

nov

10
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for * = 0,n. Because the Maslov class py vanishes on mo(P, L), the degree of L N L”
is determined by the index of zeros of n”/ — 1. Hence the degrees are between 0 and n.
Combining these, we find that if

HF” ((LH, b//a O—//)a (La ba 0); Adeg:O) 7& 0

nov

for « = k, £, then |k —¢| <n — 1.

By the hypothesis that pj vanishes on mo(P, L), the Maslov indices of all pseudo-
holomorphic discs are zero. Thus Theorem 3.6 guarantees existence of non-trivial classes
PDIpt] and PDI[L]" in HF* ((L,b,0), (L, b,0); A=) with x = n,0, respectively.

nov

By the graded Lagrangian version of Theorem 3.2 (3), we find that
HF* ((27,b", "%, (L, b, 0); ALE=") = HF” (L, b,0), (L, b, 0); AL5E") -

nov nov
Therefore there are £ and ¢ such that
HE* ((L”, b”,a’H#K), (L7b,0'); Adeg:(]) 7£ 0

nov
for x =k,f and k — £ = n.

Although the grading structures c?#% and ¢” may be different, the Floer connecting
trajectories do not depend on the choice of a grading structure and the resulting coho-
mology groups as graded modules are isomorphic up to a degree shift. Namely, there is
an integer ¢ such that

HE" ((L",b",0 ##5), (L, b, 0); AE™") = HF ™ ((L",b",0"), (L, b,0); Aj557°) .

nov nov

Hence we obtain a contradiction. O
Now we are ready to finish

Proof of Theorem 1.1. Recall that f:U — V is a Weinstein neighborhood of L. Set
U. = {f1(Sp) | 0 is a closed 1-form on L., | 0 ||c1< €},
which is a neighborhood of L, in Lag(L). Then Proposition 4.1 implies that
Ham(P, ) - LN U,

consists of f~1(Sy) such that || 1 |[c1< € and 6 belongs to a unique cohomology class
a € HY(L;R).

If L and L, belong to different Ham(P, Q)-orbits, then the class a is non-zero. Then
there exists a constant d > 0 such that || 6 ||co> d, hence || 0 |[c1> d, for any 6
representing the class a. If € < d, then

Ham(P,L)- LNU, = 0.
Therefore Ham(P, L) - L is closed in Lag(L) with respect to the C*-topology. O

Remark 4.1. The above proof is similar to the proof of Theorem 4.3 in [9].
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By Corollary 3.5, if a relatively spin Lagrangian submanifold L satisfies that
H*(L;Q) =0
and the Maslov class vanishes on m(P, L), L is unobstructed. Hence Corollary 1.2 follows
from Theorem 1.1.
Restrict ourselves to unobstructed Lagrangian submanifolds and denote by Lag""°"(L)

the subspace of unobstructed Lagrangian submanifolds in Lag(L). Note that this space
may no longer connected. It may be more natural to ask the following:

uestion 4.1. Is Lag am( £, ausdortr !
Question 4.1. Is Lag""°"(L)/Ham(P, ?) Hausdorff?

Proof of Theorem 1.3. Let L1, Lo € Lag(L) such that ¢(L;) # Ly for any ¢ € Ham(P, Q).
We will find neighborhoods U; of L; in the C*-topology such that Ham(P, ) -U;, i = 1,2,
are disjoint, which is equivalent to that

Z/{l n Ham(P, Q) . Z/{Q = @ (3)

Let f; : U(L;) — V(Op,) be Weinstein’s standard form around the Lagrangian subman-

ifold L;. We assume that f;, : = 1,2, extend to slightly larger Weinstein neighborhoods.

(This condition makes the smooth extension of 6; to ; exist in a later argument.) Pick
and fix a Riemannian metric on L;. We set

Vie = {50 | 0 is a closed 1-form on L;, | 0 ||c1(o1(z,)< €}

Pick € > 0 such that V(Oy,) contains the €;-neighborhood of Oy, with respect to the

induced metric. By Theorem 1.1, there is small ¢; > 0 such that 2¢; < €; and
Ham(P,Q) - Loy N Uy = 0,
where N
Uy ={f7HS) | S € Vi, }-
Since L1 and Lo are the images of isotopic embeddings, we find that
ker (H'(P;R) — H'(Ly;R)) = ker (H'(P;R) — H'(Ly; R)) .

We denote by K this submodule of H!(P;R). Although there are no canonical choice of
parametrizing L;, i = 1,2, we can identify H!(L;;R) and H!(Lo;R) through H'(P;R)/K.

Choose a neighborhood W < H!(P;R)/K, which we identify with H*(L;,R), i = 1,2,
of the origin such that any cohomology class in W is represented by some 6 on L; with
| 0 lcr@1(r,))< €1. Since the de Rham cohomology class is determined by the integration
on cycles generating the first homology group, we can also find a sufficiently small €5 > 0
such that e; < € and [f] € W for any closed 1-form 6 on Lo with || 0 |[c1(q1(r,))< €2-

Write

U ={f1(9) | S € Vi)

and prove (3). Suppose that there exist L' € Uy, L” € Uz and ¢ € Ham(P, Q) such that
L’ = ¢(L"). Let 6; be closed 1-form on L; such that f1(L') = Sy, and fo(L") = Se,,
in particular || 0; ||c1(1(z,)< €. We extend 6; to the tubular neighborhoods U(L;)

12
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by f¥ o wf(6;), where m; is the projection of the cotangent bundle of L;. Using the
hypothesis that H1(~P; R) — H(L;; R) is surjective, we extend them to closed 1-forms 0;
on P. Note that wfz (L2) = L”. By the choice of €g, the cohomology class [f2] belongs
to W. Since ¢ is isotopic to the identity, [¢*(62)] mod K belongs to W. Pick a closed
1-form 65 on Ly in this class such that || 85 ||c1(q1(r,))< €1. Then extend it to 6, on P
such that [0}] = [f2] € H(P;R) and 6} coincides with fi o 7} (6}) on U(Ly). Note that

| 01 — 0% [|eraqry ) < 2. Since ¢ € Ham(P, Q) and 03] = [0], f1 (S, —0;) = D% (L)

is Hamiltonian isotopic to Lo. It implies that there is a Hamiltonian isotopy {¢f} such
that ¢ (Ly) € Uy, which is a contradiction. O

Under the hypothesis that H*(P;R) — H*(L;R) is surjective, all L’ € Lag(L) are
unobstructed, i.e., Lag(L) = Lag““Ob(L). Namely, for any L' € Lag(L), Lemma 2.2
states that ¢ € Symp,(P, ) such that L' = ¢(L). Let b € Mdef,weak(L). Then ¢.b €
Met,weak (L), i.e., L' is unbostructed. Combining the argument in [5], we obtain the
following:

Theorem 4.2. Let i : L C P be a relatively spin Lagrangian submanifold such that
i* : H*(P;R) — H*(L; R) is surjective. Then Lag(L)/Ham(P, Q) is Hausdorff with respect
to the C'-topology.

Remark 4.2. In the case that H?(P;Z/27) — H?(L;Z/27) is surjective, L is a relatively
spin submanifold. In particular, the diagonal set A C M x M satisfies the assumption in
Theorem 4.1. Hence Lag(A)/Ham(M*2,&) is Hausdorff.

Sketch of the proof. We will show that the Ham(P, 2)-orbits are closed in the C*-topology.
Then the Hausdorff property follows as in the proof of Theorem 1.2.

Firstly, we note that L is unobstructed after infinitesimal deformation by Corollary
3.4. Pick b € Mgef weax(L). Suppose that there exists ¢ € Ham(P, Q) such that L and
L' = ¢(L) are sufficiently close to L, € Lag(L). Let U be as in the proof of Theorem
1.1. Then L, resp. L', correspond to a closed 1-form 7, resp., n' on L, such that
| 71l |7 ller@rr.y) < €. For a closed 1-form 6 on L. denote by Hy — L a flat
line bundle corresponding to [6] : m1 (L) — R.

Theorem 3.2 also holds in the case of twisted by flat bundles on L(®). We use the flat
line bundle H(,/_,) on L and the trivial bundle R on L’. (We identify L and L, by the
projection L C U — L, and regard 7, ' as closed 1-forms on L.) Thus we have

HF* ((L/7 b/aK)a (L7 b7 He(n/fn)); Anov) = HF* ((L7 baE)> (L7 ba He(n’fn)); Ano’u) .

While the right hand side is described by ordinary cohomology of L with coefficients
the left hand side is described by Novikov cohomology with coefficients in

i Hegy ),
H.(y—y), cf. Theorem H, Theorem 24.5 in [4]. Then we can derive a contradiction in a
similar way as in [5]. O
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Hamiltonian handleslides
for Heegaard Floer homology

Timothy Perutz

ABSTRACT. A g-tuple of disjoint, linearly independent circles in a Riemann surface ¥
of genus g determines a ‘Heegaard torus’ in its g-fold symmetric product. Changing
the circles by a handleslide produces a new torus. It is proved that, for symplectic
forms with certain properties, these two tori are Hamiltonian-isotopic Lagrangian
submanifolds. This provides an alternative route to the handleslide-invariance of
Ozsvath—Szabd’s Heegaard Floer homology.

1. Introduction
1.1. Handlebodies and handleslides

Let ¥ be a surface of genus g > 1. We can express % as the boundary OU of a 3-
dimensional handlebody U by choosing ¢ disjoint, embedded circles, (71, .. .,7,), linearly
independent in homology: each of these is filled so as to bound a disc in U. Conversely,
the handlebody U determines the equivalence class of the g-tuple of attaching circles
(715 --+,7) under the equivalence relation generated by isotopies, permutations and han-
dleslides (see, for instance, [5]).

Handleslides are not possible when g = 1 (the attaching circle for a genus 1 handlebody
is unique up to isotopy), so from now on we shall assume that g > 2. A handleside is a
replacement

(15725 -5 79) ~ (V0,725 - -5 Yg):
where g is disjoint from v, U --- U ~, and isotopic to another circle 7, disjoint from
7 U 72, such that v) U1 U2 bounds an embedded pair of pants in ¥; see Figure 1.
This condition implies that the circles (yo,72,...,7,) are again linearly independent in
homology, and hence determine a handlebody U’. There is a diffeomorphism U — U’
acting as the identity on OU = ¥ = 9U’, since, once the g — 1 curves (72,...,7,) have
been collapsed, vy becomes isotopic to ;.

1.2. Heegaard tori

Fix, once and for all, a complex structure 7 on ¥. The g-fold symmetric product
Sym?(X) is then a complex manifold and hence also a differentiable manifold. In working

Received by the editors December 19, 2007.
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FIGURE 1. A handleslide in a punctured genus 2 surface. In the upper
diagram, the three curves 7, 71 and 72 bound an embedded pair of
pants. In the lower diagram, =y intersects 1 in two points; this pattern
of intersection is the one we shall use in the proof of our theorem.

with Sym?(X) one should be aware that its differentiable structure depends on j but
its diffeomorphism type does not. The g-tuple of disjoint attaching circles (vy1,...,7y)
determines an embedded torus in Sym? (%),

Ty =7(y1 X y2 X -+ X 7g),

its Heegaard torus. Here m: ¥*9 — Sym9(X) is the quotient map; it restricts to an
embedding on 7; X 72 X -+ X 74 since the circles «; are disjoint. Likewise, the g-tuple
(70:72, - - -, 7g) determines a torus

To =7m(y0 X Y2 X -+ X ¥g).

These tori are totally real, that is, their tangent spaces contain no complex lines; indeed,
if we choose an area form « on ¥ then the complement of the diagonal in Sym?(X) has
an induced symplectic form 7, («™9), and this form makes the two tori Lagrangian. Note,
however, that the push-forward of a 2-form by a finite holomorphic map is not globally
a smooth 2-form but rather a current, with singularities along the branch locus—in this
case, the diagonal.
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We now recall that for n > 1, one has H?(Sym"(X); Z) = H°(3;R)®@A2H!(3; Z) by an
isomorphism equivariant under the actions of the mapping class group on the two sides.
Write 7 for the class corresponding to 1 € H%(3;Z), or for its image in H?(Sym"(X); R)
(this leaves a sign ambiguity which can be fixed by giving an alternative description: n
is Poincaré dual to the divisor Sym? (%), embedded by D — p + D for some fixed p).
When ¢g > 0, write 6 for (the image in real cohomology of) the generator of the cyclic
group of classes in the summand A2H'(¥;Z) invariant under the mapping class group.
This time the sign ambiguity can be fixed by saying that 6 is the pullback by the Abel-
Jacobi map of an ample class (the theta-divisor) on the Jacobian. Suitable references
include [1,2].

Our first, preliminary result is as follows.

Proposition 1.1. Suppose (Yo,72,--.,7g) i a g-tuple of disjoint, linearly independent
attaching circles, and (y1,7%2,...,7y) another g-tuple differing from the first by a han-
dleslide. For real numbers A with sufficiently small absolute value, and arbitrary positive
area forms « on 3, there exist symplectic forms wy on Sym?(X), taming the complex
structure Sym?(j), such that

(1) wx agrees with the product form m.(a™9) in neighbourhoods of the Heegaard tori
To and Ty ; and
(2) wy represents the class n+ \.

One can in fact take wy to be Kéahler. A short proof can be given using smoothing
theory for currents, as in the author’s earlier unpublished note [10] which has now been
incorporated as the last section (7) of this paper. An immediate consequence of this
smoothing theory (Corollary 7.2) is that there are forms satisfying the proposition in the
class . From this it is easy to deduce the result: one can perturb such a form by adding
a small multiple of a closed (1, 1)-form supported near the diagonal ¢ and Poincaré dual
to 0. Since PDI[§] = n — 0,' these perturbed forms do the job.

This paper actually contains a second proof of the proposition, independent from that
given in Section 7. The second proof is, however, valid only when A > 0, and the forms it
produces are not necessarily Kahler. It can be found in Section 4, subsumed in the proof
of our main theorem, which we now proceed to state.

1.3. The main theorem

For a form w) as in Proposition 1.1, the tori T and T; are Lagrangian. One may
ask whether they are isotopic through Lagrangians, or indeed Hamiltonian-isotopic. To
make these into well-posed questions, we suppose that vy and 7; intersect transversely
in precisely two points, as in Figure 1. We also fix a. The answers to the questions are
then independent of the particular form wy and depend only on the parameter A. Indeed,
it follows from Moser’s lemma and the convexity of the set of symplectic forms taming

IThe tangent bundle to Sym”(X) can be described algebro-geometrically as Os(8). Hence PD[d] =
cl(TSym™ (X)) = (n+1—g)n—0 [1].
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Sym?(j) that, when such forms are cohomologous, they are related by symplectomor-
phisms supported away from Ty U T7.

We answer these questions when A > 0. The answers depend on the areas f p @ and
/ 4 @ of the half-disc D enclosed by arcs in 7o and 7, and the the annular region A enclosed
by 72 and the remaining portions of vy and v, (see Figure 1).

Theorem 1.2. Suppose (Yo,72,---,7g) S a g-tuple of disjoint, linearly independent at-
taching circles, and (v1,72,...,7y) another g-tuple differing from the first by a han-
dleslide. Assume that vo Ny is a transverse intersection consisting of precisely two
points. Fix a positive area form o on %, and let wy be a Kdhler form satisfying the
conclusions of the last proposition. Suppose that X\ is strictly positive. Then

(1) Ty is Lagrangian-isotopic to T;.

(2) Tp is Hamiltonian-isotopic to T1 if and only if [ = (1+X) [, — 2.

(3) A Lagrangian isotopy (or indeed a Hamiltonian one, when the area constraint is
satisfied) may be constructed as the product of the constant isotopy on the common
factor vz x --- X v4 of the two tori and an isotopy in Symz(H), where II C X is
an (arbitrary) embedded pair of pants containing vo U y1 U~ya in its interior.

The proof of Lagrangian isotopy is constructive. The idea is to exploit the fact that
~vo and 1 become isotopic in X', the surface obtained by surgering out 7. The genus
2 case contains the heart of the matter. When ¥ has genus 2, the surgery is mimicked
symplectically by associating with 7, a hypersurface V' C Sym?(X) which is the total
space of an S!'-bundle p: V — ¥’. The pullback by p of an area form on ¥’ agrees with
the symplectic form on Sym2(2) restricted to V. The preimage under p of a Lagrangian
isotopy between the images of 7o and 4, in ¥’ is then a Lagrangian isotopy in Sym?().
One needs to be able to exert enough control over V' to arrange that the isotopy begins
at 7o X 72 and ends at y; X 7s.

Note that the forms used in the proof are not the perturbed, smoothed currents men-
tioned above, but rather, symplectic structures arising from presentations of symmetric
products as symplectic sums. However, as already noted, the existence of Lagrangian or
Hamiltonian isotopies is a function of & and A and not of the particular form wy.

Remark 1.1. It is an open question whether one can find a form making T, and T} into
Hamiltonian-isotopic Lagrangians when A\ = 0 and | pQ= / 4@ It is conceivable that
we have here an instance of symplectic fragility, the phenomenon whereby non-isotopic
Lagrangians become isotopic as soon as a perturbation parameter is switched on [14],
though this seems rather unlikely since we shall find that the Floer-theoretic properties
of (Ty,T1) do not change as A decreases to 0. In the gauge-theoretic interpretation of
symmetric products as moduli spaces of vortices, the natural symplectic form represents
(up to scale) a class 7 + A0 where A decreases to 0 as the ‘stability parameter’ tends to
infinity [12].
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We shall use Theorem 1.2 to re-prove the handleslide-invariance of Ozsvath—Szabd’s
Heegaard Floer homology [9, Section 9] (the argument still draws on finiteness lemmas
from [9]). The precise statement uses notions from [9] which we do not recapitulate here.

Corollary 1.3. Let (3,a,3,2) be a pointed Heegaard diagram, weakly admissible for
a Spin®-structure s, and suppose that o' differs from a by a handleslide. Suppose that
the circle that is being replaced intersects its replacement non-trivially in the pattern
of Theorem 1.2. Assume that z lies outside the handlesliding region. Then there is
a canomnical isomorphism HF'(a,B3,5) — HFT(a’,3,s) between the Heegaard Floer

homology groups for the Spin®-structure s, and similarly for HF*>®, HF~ and HF.

Referring to Figure 1, the ‘handlesliding region’ means the union of the region bounded
by 72 and arcs in 79 and v; and that bounded by arcs in 79 and ~;.

Organisation of this paper is as follows. In Section 2, we review the relationship between
degenerations of symplectic manifolds and the symplectic sum operation; this is then
applied to symmetric products (Section 3), and employed to construct the Lagrangian
and Hamiltonian isotopies of the theorem (Section 4). Section 5 proves the Hamiltonian
non-isotopy clause, and Section 6 covers the application to Heegaard Floer homology. The
symplectic forms used up to that point tame the natural complex structure on Sym?(3)
but are not actually Kahler. It has already been mentioned that in Section 7 we give a
different construction, by smoothing currents, which does produce Kahler forms and has
some independent interest.
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2. Degeneration and symplectic sums

In this section we review the notion of symplectic sum and its relation to degenerations
of symplectic manifolds [4,6]. So as to simplify the definitions (slightly) we restrict the
discussion to complex manifolds.

Definition 2.1. If M is a complex n-manifold, a nodal degeneration of M is a pair (E, )
where E is a complex (n + 1) manifold and 7: E — C a holomorphic map which is a
topological fibre bundle over C*, with fibre E; = M (we write E; for 7=1(t)). Thus the
critical locus C' = crit(m) is contained in the zero-fibre Ey. We suppose that this locus is
smooth and (n — 1)-dimensional, and that the (complex) Hessian on N¢ g is everywhere
non-degenerate.

As a complex space, Fy has a normal crossing along C" locally near a point of C, E
is equivalent to a neighbourhood of the origin in C"~! x {2129 = 0} € C"~! x C2. Let
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n: EO — Fy be the normalisation of Fy. The normalisation is an intrinsic construction
but, put simply, it is the complex manifold obtained by replacing each patch C*~! x
{z129 = 0} by C"~! x (CIIC). The preimage n~'(C) C Ej is the disjoint union of two
divisors Z; and Zs which are identified with one another via n. Their normal bundles are
dually paired with one another by means of the Hessian D?m on Ng /E- Choose closed
tubular neighbourhoods U; and Us in E, for Z, and Zs respectively, and put V; = 0U;,
so that Vj is an S'-bundle over Z;. There is an orientation-reversing diffeomorphism
o: Vi — Vs, which arises because because we can think of V; as the equator in the CP!-
bundle P(N; @ O) — Z; = C, and V; as the equator in P(O @ NJ) — Z3 = C; but using
the Hessian we have

B(N, @ 0) = B(N, ® N3) & N3) = P(O @ N3).

This discussion makes sense symplectically. If we are given a symplectic form 2 on E,
taming the complex structure, the manifold Ej inherits a symplectic form w for which
Ny (W|z,) = nu(w|z,). We are thus in a position to form Gompt’s symplectic sum

#2,~2,Eo

as in [4], the symplectic manifold obtained from Ep \ (int U; U int Uy) by gluing V; to Vs
via o.

Proposition 2.1. The fibre M = Ey of a nodal degeneration (E, ), when equipped with
the restriction of a Kdhler form Q on E, is symplectomorphic to the symplectic sum
H#z,~2,E0.

Sketch of proof. We refer to [6] for a complete treatment; here we aim mainly to draw
attention to an important aspect of the geometry of degenerations, their vanishing cycles.

The vanishing cycle V' C M is the set of points x such that symplectic parallel transport
M = Ey — E; over the ray [t,1] C C lands in the critical set C' in the limit ¢ — 0. The
limiting parallel transport defines an S'-bundle p: V — C, and the crucial point for us
will be that

Qv = p"(Qc).

Correspondingly, in the symplectic sum #z, ZQEO, let V' denote the common image of
V1 and V5. Since it arises as the boundary of a tubular neighbourhood of C, it comes
equipped with an S'-bundle p': V' — C.

Notice that (#2,~z,Eo)\ V' is naturally identified symplectically with Ep\ C. On the
other hand, symplectic parallel transport into Ey defines a symplectomorphism M\ V —
Eo\C'. Combining these observations we find a symplectomorphism M\V 2 (#2,~z,Eo)\
V', But both V and V' are coisotropic submanifolds in symplectic manifolds (in fact,
they are S!'-bundles over a common symplectic manifold). There is a diffeomorphism
V — V' covering the identity map on C, and by the coisotropic neighbourhood theorem,
this extends to a symplectomorphism between neighbourhoods of V' and V’. It remains to
see that these can be made compatible with the identification M\ V 2 (# 2, ~z, Eo) \ V".
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This requires closer inspection of the local model for the symplectic sum, and we shall
not give the details here (see [6]; also compare [11, Section 2]). O

3. Symmetric products as symplectic sums

Let v C ¥ be a simple closed curve, and let 3, be the surface obtained by excising a
tubular neighbourhood of v and gluing in a pair of discs. Let p and ¢ be points in the
respective interiors of those discs. Fix complex structures on ¥ and X, and an integer
n>1.

Construction 3.1. Define two maps
ipyig: Sym™ (X)) — Sym™ (%)

by i,(D) = p+ D, i4(D) = g+ D. Denote by S,,(X,) the complex blow-up of Sym" (%)
along the locus p 4+ ¢ + Sym"_2(Ew). Let

Ip,lg: Sym"_l(Zv) — S, (%,)

be the natural lifts of 4, and i;. The images Z, = im?, and Z, = im?i, are disjoint.
Let 7 =17,0 iq_l: Zg — Zp. There is a natural isomorphism 7*Nz /5, (s,) = N}q/sn(zv)
(see [11, Section 3]). Thus 7 identifies the divisors Z, and Z,, and under this identification,
their normal bundles are dual. We may therefore form the symplectic sum #z,~z, S, (%)
(as a smooth manifold; we will say more about symplectic forms presently).

Proposition 3.1. There is a diffeomorphism
¢: #2,~2,59.(3,) = Sym" (%),
canonical up to isotopy.

Proof. The diffeomorphism-type of a symmetric product of a Riemann surface does not
depend on its complex structure. Moreover, because the space of complex structures is
simply connected, there are canonical diffeomorphisms between them (up to isotopy).
Thus we can choose complex structures on X and ¥, as we wish.

To prove the proposition, we invoke Proposition 2.1. What we are asserting is that
there is a nodal degeneration of Sym"(X) to a complex space whose normalisation is
Sn(X4), in which Z, and Z, are the two preimages of the normal crossing divisor, and
that the pairing of normal bundles is induced by the Hessian along the critical locus of
the degeneration.

Let E — C be a nodal degeneration of X, i.e. a holomorphic Lefschetz fibration such
that F; = ¥, with a single critical point lying over 0. We arrange that the vanishing
cycle, taken along the vanishing path [0, 1], is (the isotopy class of) . One can then
form an associated family, Hilb"(7w) — C, the relative Hilbert scheme of n points, as in
Donaldson—Smith [3]. Their crucial observation (later re-proved by Ran [13]) is that this
space is globally smooth; indeed, it is a nodal degeneration of its smooth fibre. There
is a natural morphism Hilb™(7) — Sym"(7) to the relative symmetric product, whose
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restriction to C* is biholomorphic onto the restriction of Sym™(7) to C*; hence Hilb" ()
is a nodal degeneration of Sym"(X).

The structure of the relative Hilbert scheme was described in elementary terms in
[11]; in particular, it was explained that the normalisation of the zero-fibre Hilb"(Ey) is
precisely S, (EO) where EO — Ej is the normalisation of the zero-fibre of E — C. The
two distinguished divisors inside it are the divisors Z,, and Z, described in the discussion
above (with p and ¢ the points of Eq lying over the node of Ey), so Hilb™(Ep) is obtained
by identifying Z, with Z; via 7. Thus our result follows from the general theory of Section
2. O

A case to keep in mind is the symmetric square, Sym?(X). In this case, Sa(%,) is the
blow-up of Sme(Ev) at the point p + ¢g. The two divisors Z, and Z, are disjoint copies
of ¥.,. If v is a separating curve, so that X, is a disjoint union X; I 35, the assertion is
that Sym?(X) is the fibre sum

Sym?(S1)#s, (T1 X o) #s, Sym? ().

Here 37 x ¥ is the blow-up of X1 x X3 at (p, q); the proper transforms of the factors in
the product give embeddings of 31 and X5 into the blow-up, each of self-intersection —1.
On the other hand, Sym? (31) contains a copy of ¥ of self-intersection +1, embedded by
the map = — p + x. Likewise, Sym2(22) contains a copy of ¥s of self-intersection +1,
embedded by the map = — ¢ + x. The fibre sums #sx5, and #5, are taken along these
two pairs of surfaces. (Note: The manifold appearing here is written as a sum of three
different manifolds along two pairs of surfaces, whereas the proposition expresses it as a
self-fibre sum of a disconnected manifold along a disconnected surface.)

Remark 3.1. This remark is due to R. Fintushel.2 When %5 has genus 1, the description
can be simplified because the second fibre sum has no topological effect. Thus, if we write
¥ = Y'#T? (connected sum) we have

Sym? (%) & Sym?(X)#sr (T x T2).

Indeed, we know that Sym?(¥) = Sym?(X')#s (X' x T2)# Sym?(T?). The summand
Sym?(T?) is the total space of a non-trivial S2-bundle over T2 (the bundle projection is
the Abel-Jacobi map). To perform the second fibre sum, we remove the tubular neigh-

bourhood of a square —1 torus in Sym?(X)'# (%’ x T2) (the proper transform of 7% x {pt.}
in the second summand). We glue in the complement of a tubular neighbourhood of a
square +1 section so of Sym?(72) — T2. This complement is a tubular neighbourhood
of another section s, which must have square —1 (since the fact that [seo] - [so] = O
forces [so0] = [s0] — [fibre]). Thus we glue into Sym?(X)'#(%/ x T?2) the same piece that
we removed, without changing the gluing.

2The conclusion was also known to I. Baykur. Any mistakes in the argument are the author’s
responsibility.
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We now describe how the symplectic sum description affects the relevant cohomology
classes, adding subscripts to the notation to track which surface we are considering.

Lemma 3.2. Assume ¥, is connected. Let cx € H?*(S,(%,);R) be the pullback of
nw., + Ms, from Sym"(%,) to its blow-up, minus A times the class Poincaré dual to
the exceptional divisor. Under the diffeomorphism ¢ of the previous proposition, cy pulls
back to ny + M.

Closely related results were obtained in [11], notably Proposition 3.14.
The relevance of ¢y is that it will be the class of our symplectic form. See [7,17] for
accounts of blowing up symplectic or Kéahler manifolds.

Proof. We shall give a direct proof in a ‘prototypical’ case, then explain how to obtain
the general result from this. N

Consider Symz(Tz)7 thought of as #p1. p1P? (symplectic sum along two square-zero
2-spheres). One has Hy (]f”z; 7) = 72, the generators being the classes e of the exceptional
divisor and s of the proper transform of a (generic) line in P2. The fibre sum description
corresponds to a nodal degeneration Hilb(%(E) — C; the homology cycles in P2 project
to cycles in the central fibre of Hilbz(E), and (by thinking of the symplectic sum con-
struction) one can see explicitly that these projected cycles are homologous in HilbZ(E)
to cycles in Sym?(7T?).

Indeed, e intersects each of the two square-zero P!s in a point, and so deleting a
neighbourhood of P! IT P! has the effect of removing two discs from e; in the symplectic
sum, the two boundary circles of this 2-holed sphere are identified to form a torus € in
#p1,p1 P2 = Sym?(T?), of square —1, homologous in Hilb2(E) to the projection of e.
Starting from s, one similarly gets a square +1 torus in SymZ(TQ). Note that both € and
§ can be thought of as sections of the Abel-Jacobi fibration Sym? (T?) — T2, [x,y] — x+y
(z + y means the sum under the group law of an elliptic curve). One now sees that € is
dual to 0y, 5 to ny. Thus in this case, the symplectic class (772W + 927) + Ae does indeed
correspond to 75 4+ Afs (but here s = 0).

To obtain the general formula, it suffices to do so when n = 2. Indeed, the construc-
tion of the degeneration of X, and hence of its relative Hilbert scheme, is natural under
diffeomorphisms of ¥ which act trivially near . Thus ¢*cy has to be invariant under the
corresponding subgroup of the mapping class group. It must also restrict to the n = 2
version of 174+ A0 when restricted to (n —2)z+Sym?(X) (where z is a basepoint). Bearing
in mind that H?(Sym"™(X);R) = R ® A?H!(2;R) independent of n > 2, and that 6 and
7 restrict to (n — 2)z 4 Sym?(X) in the obvious way, this shows that it is enough to prove
the formula when n = 2.

Observe that we can embed a one-holed torus 7" into ¥ as a neighbourhood of v. The
restriction of ¢*cy to Sym?(7”) C Sym?(X) is then independent of the topology of X.
From this observation and the case worked out above one obtains the n = 2 result. O

When v disconnects Y, the lemma is still true but rather trivial. In fact, in this
case the weight of the blow-up makes no difference to the induced class ¢y on Sym"(X).
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These assertions are simple algebraic consequences of the naturality of the construction
of S3(X,) from ¥ under diffeomorphisms of ¥ supported away from -.

4. Lagrangian isotopies

We prove statements (1) and (3) of Theorem 1.2. The argument also contains one of
our two proofs of Proposition 1.1, though this one requires A > 0 and does not produce
Kahler forms.

Step 1a: Reduction to genus 2.

If ¥ has genus g > 3, we can find a simple closed curve I' separating 3 into a genus
2 part containing o, 1 and 72, and a genus g — 2 part containing y3 U --- U ~,. Thus
3 = Y'#¥", where ¥ has genus 2 and contains the handleslide. Fix closed discs D’ C ¥/
and D" C ¥ so that ¥ = (¥ \ int(D’)) Up (¥” \ int(D")), and points p € int(D’),
q € int(D").

The region of Sym?(X) of interest to us is the open set Sym?(X/\ D') x Sym?~2(X"\ D").
We claim that there are Kahler forms on Sym? (%) which restrict to this region as the sum
of forms pulled back from the two factors. Once this claim is established, it will suffice
to prove the theorem for a genus 2 surface. However, the reduction will not be perfect:
the genus 2 surface has a puncture (far from the handleslide region), and we have to use
the symplectic forms produced in the course of proving the claim.

Lemma 4.1. For any A > 0, there are symplectic (or indeed Kdhler) forms & on Sym? (211
3", representing n + A0, such that i,§ = i,§. Moreover, § restricts to each connected

component Symk(E’) X Symgfk(E”) as the sum of two forms pulled back from the factors.

Proof. Note that n + A0 is a K&hler class (indeed, 7 is ample and 6 is the pullback by

the Abel-Jacobi map of an ample class on the Jacobian). Take a Kéhler form Ii; on

Sym?(X') representing 1 + A0 , and let ), be its restriction to Sym* (%), embedded by
D+ (g — k)p+ D. Similarly, take a Kihler form xj on Sym?(¥") representing n + A0,
and let #} be its restriction to Sym”*(%”), embedded by D + (g — k)q + D. Define &, on

the connected component Sym® (%) x Sym?~*(2"), by Ky _j © K. O

Given such a form &, pull it back to Sy(X" U X"”) (the blow-up of Sym? (X' U X") along
p+q+ Sym9 (X' II£")) and add a closed form supported near the exceptional divisor
S0 as to obtain a symplectic form £. The weight of the blow-up is unimportant, because
of the remark following the proof of Lemma 3.2. We may assume that ;£\ = 738y, so
that £, may be used in forming the symplectic sum # 7,z S, (X" 11 5").

Now, there is a diffeomorphism f: Sym?(¥) — #7, .z7,S,(¥ I ") (canonical up to
isotopy), and thus w := f*&, is a symplectic structure on Sym"(X). In setting up f, we
need to fix tubular neighbourhoods of U, of Z, and U, of Z,. It is clear that we can
choose U, and U, to be disjoint from the open subset Sym?*(X’\ D’) x Sym? (%" \ D)
of Sg(X/ II ¥”), and hence we can ensure that f restricts to this subset as the natural
inclusion into Sym?(X). With this duly arranged, the symplectic form w fulfils our claim.
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Step 1b: Completing the reduction to genus 2. In this step we complete the reduction
to genus 2 by showing that we can choose any j-positive symplectic form representing the
class 7+ A0 on Sym?(X'). As things stand, our form is constrained to be the restriction
to (g — 2)p 4+ Sym?(¥’) of a j-positive symplectic form Ky on Sym?(¥'). By an inductive
argument, it will suffice to show that we can choose the Kéhler form freely (within our
preferred cohomology class) on the divisor p + Sym?~*(X’). Thus we have a j-positive
symplectic form on a manifold M?" and a codimension-2 j-holomorphic submanifold
H?"~2_ The boundary of a tubular neighbourhood is a contact type hypersurface (convex,
as seen from the inside). But, by an application of Gray’s stability theorem—Tleft to the
reader—one can always isotope the symplectic form so that its restriction to H is a
prescribed j-positive symplectic form. This does the trick.

Step 2: The (punctured) genus 2 case. Now assume ¥’ is closed and has genus 2, and
has a basepoint p far from any of the ;. We have to prove the theorem for ¥’ \ nd(p).

Write T for the torus obtained by surgering out 7. The ‘scar’ left by the surgery is a
pair of discs in T, containing points r and s in their interiors. In ¥/, the surgery is done
in a region disjoint from the curves g and 1, which therefore have images 4y and 47 in
T.

At this point we should pin down the choice of j-positive symplectic form x on
Sym? (3'). We choose it to be a symplectic structure arising as the pullback via a diffeo-
morphism ¢: Sym?*(Y) = #, . So(T) of a Kéhler form on Sy(7T). By Lemma 3.2, we
can assume that it represents the cohomology class n + A\6.

More specifically, we take a Kihler form on Sym?(7T") representing 1+ A, and form its
ordinary blow up in such a way that the exceptional divisor has weight \. We have to
make sure that the induced area forms on Z,. and Z, agree with one another. For this,
notice that, by the symplectic neighbourhood theorem, Z,. (say) has a neighbourhood of
form T x D?(0; R), with a product symplectic form € = 3 + wc. Think of the projection
p: TxD?(0; R) — D(0; R) as a symplectic fibre bundle. By Thurston’s patching argument
[7, Chapter 6], we can replace the original symplectic form by a new closed 2-form ¢,
symplectic on the fibres of p, agreeing with the € over the annulus R/2 < |z| < R, such
that €'|,~1(g) is a freely chosen positive area form (’. For suitable 2-forms ¢ on D(0; R),
supported in D(0; R/2), the form &’ 4 p* (wc +¢), will then be symplectic. Thus, replacing
e by &' + p*(we + ) near Z,., we can adjust arrange that the forms on Z, and Z; agree.

We also need to be more precise about the symplectic sum and the diffeomorphism ¢.
To do this, we need to construct suitable tubular neighbourhoods of Z, and Z,. Given a
compact subset K C X'\ {r, s}, there is a natural framing of the restricted normal bundle
Nz, |r+x (more precisely, an identification with the trivial bundle with fibre T,.X'). Thus
we can construct a symplectically trivial tubular neighbourhood of Z, over the subset
r+ K C Z,. Similarly for Z,.

The symplectic sum description provides a hypersurface V C Sym?(X/)—the vanishing
cycle of the degeneration—whose isotropic foliation is by circles, and whose space of
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isotropic leaves is identified with 7. Thus there is an S'-bundle p: V' — T (topologically
trivial, in fact) such that |y = p*( for an area form 8 on T.

We want to make sure that p~' (K) = y,+K C Sym?(X), and moreover, that p(z+y) =
x when x € K, y € . For this we have to set up the diffeomorphism ¢ correctly. We have
already set up tubular neighbourhoods of » + K and s+ K; points = + k in the boundary
of the tubular neighbourhood (with k € K) should map under ¢ to  + k € Sym?(%’).
This is a matter of smooth rather than symplectic topology; it can be arranged by the
method of [11, Lemma 3.16], for instance. Note furthermore that, because of the way we
have set up the tubular neighbourhoods of Z, and Z,, we end up with a symplectic form
# on Sym?(¥) which is product-like in K x nd(7yz).

Remark 4.1. Our symplectic forms on Sym?(X) are not necessarily Kéhler; the sym-
plectic sum operation does not in general preserve the Kéahler category. However, it is
easy to see that they can be taken to tame the natural complex structure Sym" ().

Step 8: Lagrangian isotopy. Take an isotopy {7:}¢ejo,1) of circles in 7', from 7o to 71.
It is, of course, a Lagrangian isotopy with respect to 3. The preimages p~1(5;) are tori
in Sme(Z’). They are Lagrangian, because if u and v are tangent to p~*(%;) at a point
p~(2) then k(u,v) = B(psu, psv) = 0. Moreover, we set things up in Step 2 so that
p 1 (¥;) = vi X 72 for i = 0, 1. Thus, we have a Lagrangian isotopy from 7o x 72 to 71 X 2.
Notice that this isotopy stays inside a compact subset of Sym?(X’\ {p}), so it is again
compatible with step 1.

This completes the proof of clauses (1) and (3) of Theorem 1.2.

Step 4: Hamiltonian isotopy. We begin the proof of statement (2) of Theorem 1.2.

The difference between Lagrangian and Hamiltonian isotopy is measured by the flux
[7]. Given a Lagrangian isotopy {L:}, its (infinitesimal) flux at time ¢ is a class a; €
H'(L¢;R) which can be obtained by extending the vector field generating the isotopy to
a globally-defined symplectic vector field, dualising this to get a closed 1-form, and taking
its cohomology class restricted to L;. For the isotopy in Step 3, one checks that the flux
a; is equal to p*by, where b; is the flux of the isotopy {%:} in T" with respect to 3. Thus
our Lagrangian isotopy in Sym?(¥’) is Hamiltonian if and only if {%;} is a Hamiltonian
isotopy in T. Now, the complement T \ (79 U 71) has three components, of which two
are homeomorphic to the open disc. The only obstruction to making {%;} Hamiltonian is
that the two disc-components have equal (-area.

We have now proved the existence of Hamiltonian isotopies under the condition that
two discs have the same area with respect to the area form 3 on the surgered surface.
However, the stated criterion concerned areas with respect to the area form « on ¥, and
we need to relate these conditions. In stating the theorem, we noted that the existence
of a Hamiltonian isotopy depends only on A and « (and, a priori, on j). The problem

3The space of isotropic leaves of a (coisotropic) vanishing cycle V is naturally identified with the
singular locus in the central fibre of the degeneration. The quotient map to the leaf-space corresponds to
the limiting parallel transport map p from Proposition 2.1.
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has an extra symmetry, however: we can apply self-diffeomorphisms to X, pulling back j,
provided that they act trivially on o U~y U 7s.

Lemma 4.2. The only invariants of area forms a under such diffeomorphisms are the
areas of A, D and ¥\ (AU D).

Proof. Given area-forms g and a1, we can certainly find a self-diffeomorphism 1, trivial
along I" := 7y U~1 U2, such that ¥*ag = a3 in a neighbourhood of I'. Now replace «yq
by ¥*ag and apply Moser’s deformation argument to the path oy = (1 —t)ag +ta;. O

We thus see that the existence of Hamiltonian isotopies depends on « only through the
areas of A and D (the area of their complement is clearly irrelevant). Our construction can
be interpreted, then, as saying that there is a function f(X, [ p @) such that a Hamiltonian
isotopy exists if [, a = f(A, [, @). In Section 5 we shall show that a Hamiltonian
isotopy can only exist if [, a = (14+X)7!( [, @+ 2X), which must therefore coincide with

(A fD ).

5. Hamiltonian non-isotopy

In this section we complete the proof of Theorem 1.2 by showing that the tori T and
Ty can only be Hamiltonian-isotopic when f p @ is related in a precise way to f s

We do this by showing that if the area constraint fails there is a discrepancy between
the ranks of the Lagrangian Floer homology groups HF,(Ty, Tp) and HF,(Tp,T1). These
would be isomorphic if a Hamiltonian isotopy existed. We work over the universal Novikov
field Az /o of the field Z/2, i.e., the ring of formal ‘series’ > _p a(r)t” where a: R — Z/2
is a function such that supp(a) N (—oo, ¢] is finite for all ¢. This coefficient ring is used
to record the areas of holomorphic discs. The well-definedness and invariance of Floer
homology for monotone Lagrangians of minimal Maslov index 2 is not automatic, but in
the case of Heegaard tori it follows from a cancellation theorem from [9] (Theorem 3.15)
alongside the transversality argument outlined in [8].

The self-Floer homology of T} is as large as it conceivably could be:

Lemma 5.1. HF.(Ty,To) = H.(To; Az/2) for any form wx as in Proposition 1.1.

Proof. The relevant moduli spaces are computed by Ozsvéath—Szabd in [9, Lemma 9.1].
The discs contributing to the Floer-theoretic differential come in pairs (u1,u2), with wu;
and us elements of the same moduli space. These come from discs in X itself, of equal
a-areas and disjoint from the diagonal § C Sym?(X). Thus they have equal wp-area when
wp is a form as in Proposition 1.1 representing 7. When A = 0 the lemma therefore follows
from Ozsvath—Szabd’s calculation.

Now perturb wy to wy with [wy] = 7 + A0 by adding a small multiple of a closed
(1,1)-form supported near § and representing the dual of [§]. This perturbation does not
change the areas, and so u; still cancels ug and the argument goes through. ]

The Floer homology of (Tp,T) is usually smaller:
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Lemma 5.2. Either ranky, , HF.(To,T1) = 2972, or [a= (14 X) [, a =2\

Proof. Again, the proof rests on a calculation from [9] (Lemma 9.4). We set things up as in
[9, Figure 9], intersecting o X 2 with 71 X 74, where +} is a small, transverse, Hamiltonian
perturbation of vo such that v N4 = 2. Let 2 N4 = {u,v} and v N1 = {z,y}.
Floer’s complex is then a tensor product C' ®,,,, C”, where C” (the ‘uninteresting’
part) corresponds to intersections among the curves (s, ...,7,) and their a-Hamiltonian
translates, while C’ has four generators: x = u+z,y = u+y, x’ = v+z andy’ = v+y. We
set up the labelling so that the only potentially non-zero matrix entries in the differential
0 on C' are (0x,y) and (0x,y’). Now, writing elements of Az, as sums ) _p n,t" with
n,. € Z/2, Ozsvath-Szabd’s calculation shows that

reR

(0%, y) = tlor 4 tloa

where D7 and D, are two particular discs and the integrals are with respect to wy. The
first disc, Dy, is the product of the disc D shown in Figure 1 and a constant disc at u.
It does not intersect the diagonal §, and so (using perturbed Kéhler forms wy as in the
proof of the last lemma) its area is f p @ regardless of A\. The second disc, Da, arises
from a branched double covering of a disc by the annulus A. By Riemann—-Hurwitz,
its intersection number with ¢ is 2. Hence, using the formula [§] = n — 6 (which was
mentioned following Proposition 1.1), we have

Joor= Lo (fo-2)

The homology of C’ is zero unless the areas of D; and Ds are equal, that is, unless
Jpa= 1+ [,a—2)\ But H,(C”) has rank 292 (as in the proof of the previous
lemma), so the result follows. O

The ‘only if’ clause in statement (2) of Theorem 1.2 follows immediately. The ‘if’
clause also follows, by the argument explained in the last paragraph of Section 4.

6. Application to Heegaard Floer homology

We now turn to the proof of Corollary 1.3, freely drawing on the language of Heegaard
Floer homology developed by Ozsvath—Szabé in [9]. Before we begin the proof, we make
some remarks on the relation of Heegaard Floer theory to Lagrangian Floer homology.

It is a feature of Lagrangian Floer homology that the moduli spaces defining the differ-
ential depend on the Lagrangians and the almost complex structure but do not directly
involve a symplectic form. The primary role of symplectic forms is to fix the area of
the pseudo-holomorphic ‘Whitney discs’ in a given homotopy class. Having an a priori
bound on area is essential for compactness, and for this reason it is important to work
with Lagrangian (not merely totally real) submanifolds. Lacking a convenient symplec-
tic form, Ozsvath and Szabd bound the areas of Whitney discs by treating Sym?(X) as
a ‘symplectic orbifold’—the quotient of X*9 with its product symplectic form, by the
action of the symmetric group—and estimating areas ‘upstairs’.
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The symplectic class plays a second role in Floer theory: the areas of the holomorphic
discs are typically recorded in a Novikov ring of coefficients, just as in Section 5. This
is useful because there may be infinitely many homotopy classes of Whitney discs, but
there are only finitely many index 1 Whitney discs with a given area.

Ozsvath—Szabd are able to do without Novikov rings by showing that, under the ‘weak
admissibility’ assumption on Heegaard diagrams, there are only finitely many homotopy
classes of Whitney discs with a given Maslov index, fixed intersection number with the
divisor z 4+ Sym?!(X), and additionally satisfying a positivity constraint automatically
satisfied by pseudo-holomorphic discs [9, Lemma 4.14].

Now suppose wy is as in Proposition 1.1. Lagrangian Floer homology for (T4, Tg) (in
any of its possible algebraic variants) can be computed via any almost complex structure
taming w)y that satisfies a regularity condition. Ozsvath and Szabd show that to attain
regularity it is sufficient to consider (paths in) a particular class of almost complex struc-
tures, those that are small ‘nearly symmetric’ perturbations of the standard integrable
structure [9, Theorem 3.4] (these still tame wy ). The periods are controlled by the Maslov
index and intersection numbers with z + Sym?~*(X), and the groups are set up so as to
keep track of these intersection numbers.

Heegaard tori are monotone Lagrangians of minimal Maslov index 2. The troublesome
feature of Lagrangian Floer theory in such a case is that bubbling-off of discs spoils
compactness of the moduli spaces involved in the definition of the groups (more precisely,
the matrix coefficients (0 o 0z, x) where x is a generator for the Floer complex and 9 the
usual Floer-theoretic ‘differential’), cf. [8]. Ozsvath and Szabd show that, though Maslov
index 2 discs can bubble off in the relevant 1-dimensional moduli space, they always do
so in cancelling pairs [9, Theorem 3.15], which, as explained in [8], implies that 909 = 0.

Proof of Corollary 1.3. We shall set up a ‘continuation isomorphism’
HFY(a,B,s) — HF " (o, B,5),

and a similar one for the other variants of Heegaard Floer homology.

By hypothesis T, is transverse to Tg, and perturbing the o’ curves slightly we may
assume that T, is transverse to Tg. Choose any small A > 0 and an area form «
satisfying the area constraint of Theorem 1.2 (2). We then consider a symplectic form
wy as in Proposition 1.1 and use Theorem 1.2 to obtain a Hamiltonian isotopy {¢t}te[0,1]
with ¢ = id and ¢1(Ty) = Ter.

By a general principle in Lagrangian Floer homology, the Hamiltonian isotopy {é: }+e[o,1]
induces a continuation isomorphism HF, (T, Tg;wy) — HF(¢1(Ta), Tg;wa) (Floer ho-
mology with Novikov-ring coefficients). Because the minimal Maslov index is 2, the
continuation-map moduli spaces cannot bubble here (and the same goes for those used
in proving the composition law for continuation maps). However, it is not immediately
apparent that the continuation map makes sense for HF'T (say), because the wy-area of
Whitney discs might not be controlled by Maslov index and intersection number with
2+ Sym? (X). We deal with this issue now.
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The continuation map can be understood as follows. We have a Hamiltonian isotopy
{¢s}sef0,1), and we may extend this to a family {¢s}scr where ¢; = id for s < 0 and
¢s = ¢ for s > 1 (this family will not be smooth, so strictly we should reparametrise
[0, 1] before we extend so as to obtain a smooth family). We consider the trivial Sym?(3)-
bundle Sym?(X) xR x[0,1] — Rx[0, 1], and make it into a Hamiltonian fibration by giving
endowing it with a closed 2-form 2 := wy +d(5(t) Hsds). Here s is the R-coordinate, ¢ the
[0, 1]-coordinate; {H}ser is a family of functions, non-zero only for s € [0, 1], generating
¢s; and B(t) is a cut-off function, equal to 1 near ¢t = 1 and to 0 near ¢ = 0. There
are Lagrangian boundary conditions Ty x R x {1} and |J, g ¢s(Ta) x {s} x {0} over the
boundary of the strip. The continuation map is defined by counting index-0 pseudo-
holomorphic sections of this fibration subject to the Lagrangian boundary conditions
(for an almost complex structure making the projection holomorphic, and translation-
invariant for |s| > 0). See [15] for details of the fibre-bundle approach to Floer theory.

We need to estimate the energies of sections u subject to the Lagrangian boundary
conditions and asymptotic to intersection points x_ € T, N Tz as s — —oo and x4 €
$1(To) N Ty as s — +o0.

These energies are cohomological in nature; they are invariant under compactly sup-
ported homotopies of u, for instance. Because of this, we can estimate the energies by
considering a degeneration of the domain in which a disc is pinched off, as in Figure 2.
That is, we consider a 1-parameter family of surfaces {S;}ie[0,00), With Sop = R x [0, 1],
pulling back our Hamiltonian fibration and Lagrangian boundary conditions by a family
of diffeomorphisms f;: Sy — Sy. We arrange that the surfaces S; limit to the nodal sur-
face S, shown in Figure 2 as t — co. Conformally, we can view S, as the nodal union of
a triangle T and a disc D. We can arrange that there is a limiting Hamiltonian fibration
over S, (still smoothly trivialised), and that over the three edges of the triangle, we
have constant Lagrangian boundary conditions Ty, ¢1(T,) and Tg, as shown. Over the
boundary of the disc we have the Lagrangian boundary condition ¢s(T, ), where s now
parametrises the boundary anticlockwise.

Consider triangles T — Sym?(X), subject to the boundary conditions given by T,,
Ty = ¢1(To) and Ty, of Maslov index 0, and with fixed intersection number with z +
Sym?~!(X). Assume that T is asymptotic to intersection points x., as above, whose
associated Spin®-structure is s. According to [9, Section 9.2], the number of finite-energy
holomorphic triangles T" satisfying these conditions is finite. On the other hand, homotopy
classes of sections over D, subject to the boundary conditions ¢s(T,) and mapping the
node to a fixed xg € To,Np1(Ty), correspond to me(Sym?(X), T, ) = Z (by extending them
to sections of a trivial fibration over a larger disc, with constant Lagrangian boundary
condition T, ), and so again the energy is controlled by the intersection number with
z+ Sym?/ (D).

Each homotopy class of sections over S, can be smoothed out to a homotopy class
of sections of S; for ¢ finite, and it is easy to see that every homotopy class of sections
over Sy arises this way. The smoothing leaves the energy unchanged. Hence, going
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Tps

T

¢s(Ta)

FIGURE 2. Degeneration of the domain to the union of a (conformal)
triangle and a disc.

back to the continuation map picture (over Sp), we conclude that the energy of index-
0 pseudo-holomorphic strips with fixed asymptotics and fixed intersection number with
z + Sym? _1(2) is bounded. Thus the continuation map is well-defined. More accurately,
the continuation map is defined initially on C'F*°, but it respects the subcomplexes C'F~
and so induces maps on CF~ and CF*. For CF one defines the continuation map using
strips whose intersection number with z 4+ Sym?~!(X) is zero.

By using the same degeneration to obtain the necessary energy bounds, one sees that
these continuation maps are chain maps, and that the continuation map associated with
the reverse isotopy ¢1_; is an inverse up to chain-homotopy. Hence all the continuation
maps are quasi-isomorphisms.

Note finally that, because Theorem 1.2 produces Hamiltonian isotopies which are
canonical (up to homotopy with fixed endpoints), the continuation isomorphisms on Hee-
gaard Floer homology are also canonical. (Il

Remark 6.1. The continuation isomorphisms on Heegaard Floer homology which we
have associated with a handleslide are the same as the isomorphisms constructed by
Ozsvath—Szabo using holomorphic triangles. To see this one applies a gluing theorem for
holomorphic sections to the degeneration of Figure 2.
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7. Branched coverings and smoothing of currents

This final section reproduces the note [10], which has not previously been published.

We consider branched coverings 7: X — X' of complex manifolds—that is, holomor-
phic maps which are proper, surjective, and finite. The branch locus B, C X’ of such a
map is

B, ={m(x):x € X, ker D,(m) # 0}.

A C® Kéhler form w on X can be pushed forward—in the sense of currents, that is, of
2-forms with coefficients of class L{ —to a closed current ,(w) on X’ which is smooth
on X'\ B;. The following result is essentially due to Varouchas [16].

Proposition 7.1. Let m: X — X' be a branched covering of complex manifolds, and w
a Kdhler form on X. Let N be a neighbourhood of the branch locus in X'. Then there
exists a Kdhler form w' on X', representing the class [W'] = m.[w] € H?(X';R), such that
(mw = w')|xn5 = 0.

We explain here the minor modification of Varouchas’ argument from [16] needed to
prove this result (the stated conclusion in [16] is simply that X’ admits a Kéhler form).
Proposition 7.1 has the following special case:

Corollary 7.2. Let ¥ be a Riemann surface with positive area form «. Let w: ¥*™ —
Sym" (%) be the projection map. Suppose that N C Sym"™(X) is an open subset containing
the diagonal 6. Then there exists a Kdhler form w on Sym"™(X), representing the class
n = m.[aX™], such that outside N, w is the smooth push-forward m,(a*™) of the product
form.

Definition 7.1. Let X be a complex manifold. A Kahler cocycle on X is a collection
(Ui, pi)ier, where (U;)icr is an open cover of X, and ¢;: U; — R is a a function, such
that for all 7,5 € I,

(1) ¢; is strictly plurisubharmonic on U;; and

(2) @i — @; is pluriharmonic on U; N Uj.

One ascribes to the cocycle a property (continuity, smoothness, etc.) possessed by all
the ;. Kahler cocycles are, by definition, upper semicontinuous. Condition (1) means
that the 2-current dd®p; is strictly positive on U;; (2) means that these currents agree on
overlaps, and are therefore restrictions of a 2-current w on X (closed and strictly positive).
If the cocycle is C*° then w will be a Kéhler form.

Varouchas’ lemme principal is the following. The proof uses the ‘regularised maximum’
technique of Richberg and Demailly.

Lemma 7.3. Let U, V,W,Q be open subsets of C™ with
UeVeW QcW

Let ¢: W — R be continuous, strictly plurisubharmonic, and smooth on ). Then there
exists a function : W — R, again continuous and strictly plurisubharmonic, equal to ¢
on W\'V and smooth on U U ().
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(The notation U &€ V means that U C V.) One passes from local to global by the
following argument, which we give in detail since Varouchas’ stated conclusion is weaker.

Lemma 7.4. Let (U;, ¢;)icr be a continuous Kahler cocycle on the complex manifold X .
Suppose that X = X; U Xy, with X1 and Xo open, and that the functions @;|lu,nx, are
smooth. Then there exists a continuous function x: X — R supported in Xo and a locally
finite refinement V; C Uy;y  (§ € J) so that the family

(Vis i v +X1v3) je s
is a smooth Kdhler cocycle.

Proof. Refine the cover (U;);es to a countable, locally finite cover (V;);er, 117, with the
property that

iel, = V,CcX,, a=12
For definiteness suppose both I and Iy are infinite; say I, = N x {a}, so that the labels
i are pairs (k,1) with k € Z for I, or (k,2) for I5. Find open subsets V! € V/ € V; such
that (V") still covers X. Set

Al = @, An = ‘/(I1/72) J---u ‘/(/,,/L_LQ) (TL > ].)

The sets A, exhaust Xo \ X1. Let (Vi,¥})icr,ur, be the Kihler cocycle induced from
(U;, ¢i)ier by the refinement.
Claim: there are Kahler cocycles (V;,9), where n = 1,2,... indexes the elements of

I, such that the following hold for all i € Iy U I and all n > 1:

(1) P is smooth on the set V; N (X1 U A,).

(2) There is a continuous function x,: X — R, with Supp(x,) C V(In71 5y, such that

'l/)zn = w;‘lil + Xn-

We prove the claim by induction on n. Apply the ‘lemme principal’ to

(U7 V. W, Q) = ( (1711—1,2)’ ‘/(In—l,zy Vv(nfl,2)7 Vv(nfl,Q) n (Xl U Anfl))

and to the function wzln__ll 2y obtaining a new function w?n_l 9} let x, = w?n_l 9 ~
(”n__ll 2> extended by zero to all of X, and use (2) to define the new cocycle. We have

to verify (1), i.e. to prove smoothness of " at each z € V; N (X1 U A,). If z &
V(/n—172) then x,(z) = 0, but w;’_l was already smooth. If z € V(/n—1,2) then, near
x, P = (YF — 1/)&_172)) + 1/)81_172) = (¢} - 1/)(1"_172)) + 1/)&_172), which is the sum of a
pluriharmonic function and a smooth plurisubharmonic one. But a pluriharmonic function
is automatically smooth. By a similar argument, " is strictly plurisubharmonic.

Now define a function x: X — R by x(x) = >, ~; xn(z) (the sum is locally finite).
Then ¢ (z) := 1} (z) + x(2) defines a Kihler cocycle. It is smooth, since on one hand,
on X\ U V(In,z) C X1, the original cocycle was smooth and has not been modified, while
on the other hand,

Vinz) C X1 U A,
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so smoothness on V|, 5 is guaranteed by (1). Hence x has the required properties. (]

Proof of Proposition 7.1. Each fibre 7~!(2’), being finite, has a neighbourhood which is
a disjoint union of open balls. Hence, using the dd®-lemma, one can find a smooth Kahler
cocycle (U, ¢;) on X such that each U; contains a fibre of 7, with w|y, = dd°p;. One can
then find a locally finite cover (U]) of X’ such that U; D> == *(U}).

A general property of branched covers is that the push-forward . f of a continuous
function f: X — R is again continuous (it is given by m, f(z’) = erﬂ,l(x,) f(z), where
the points x are taken with multiplicities). The family (U], m.¢;) on X’ is thus a contin-
uous Kahler cocycle: plurisubharmonicity is clear away from B, since m,dd¢f = dd°n. f,
hence everywhere by density; similarly for pluriharmonicity on overlaps. As for strictness,
let wen be the standard Kéhler form in a complex chart centred at a point = € B,. Then,
for a test (2n — 2)-form @ supported near x, one has

(mdd”f — ew)(B) = m(dd°f — (degm) ~'em*wen)(n) = (dd°f — (deg m) ™ em*wen ) (7™n),

and using this one verifies strict positivity of m.dd®f.

Now let N/ € N be a smaller open neighbourhood of B;.. Apply the ‘global smoothing’
lemma (7.4) to (U, m«p;) on X', taking X; = X'\ N’ and X2 = N. The output is a
function x: X’ — R, as well as a refinement of (U]), such that

wxr = dd(mep; + X) = meddp; + ddx

is a well-defined 2-form with the right properties. For any smooth, closed test form
B € 227=2(X’) one has fX, dd®x N B3 = 0, hence dd®x represents the zero cohomology

class. 0
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Construction of symplectic cohomology S? x 52

Anar Akhmedov

ABSTRACT. In this article, we present symplectic 4-manifolds with the same integral
cohomology as S? x S2. A generalization of this construction is given as well, an
infinite family of symplectic 4-manifolds cohomology equivalent to #(Qg_l)(SQ x §2)
for any g > 2. We also compute the Seiberg-Witten invariants of the 4-manifolds we
construct.

1. Introduction

The aim of this article is to construct examples of symplectic 4-manifolds with the
same integral cohomology as S? x §2. Similar problems have been studied in the algebro-
geometric category, i.e. existence of algebraic surfaces homology equivalent but not iso-
morphic to P2 (or P! x P1) as an algebraic variety. D. Mumford [Mu] and R. Pardini
[P] gave the constructions of such fake P2 and P! x PL.

We study this problem in the symplectic category. Our main results are the following
two theorems.

Theorem 1.1. Let K be a genus one fibered knot in S®. Then there exist a minimal
symplectic 4-manifold X cohomology equivalent to S x S2.

Theorem 1.2. Let K be a genus one and K’ be any genus g > 2 fibered knot in S>. Then
there exist an infinite family of minimal symplectic 4-manifolds Vi that is cohomology
equivalent to #(25_1)(S* x 5?).

This paper is organized as follows: Section 2 contains the basic definitions and formulas
that will be important throughout this paper. Section 3 gives a quick introduction to
Seiberg-Witten invariants. The remaining two sections are devoted to the construction
of family of symplectic 4-manifolds cohomology equivalent to #(2971)(5’2 x 52) and the
fundamental group computation for our examples.
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2. Preliminaries
2.1. Fibered Knots

In this section, we give a short introduction to fibered knots and state a few facts that
will be needed in our construction. We refer the reader to Section 10.H [R] for a more
complete treatment.

Definition 2.1. Let p and ¢ be relatively prime positive integers. The knot which wraps
around the solid torus in the longitudinal direction p times and in the meridianal direction
g times is called the (p, q) torus knot and denoted as T}, .

Lemma 2.1. [S] a) The group of the torus knot T, , can be represented as follows:
(S N\ Tpg) = (uv|u’ =01

b) The elements m = u®v", | = uPm™P9, where pr + qs = 1, describe meridian and
longitude of the T}, 4 for a suitable chosen basepoint.

All torus knots belong to the larger category of fibered knots.

Definition 2.2. A knot K in S is called fibered if there is fibration f : S%\ K — S?!
behaving “nicely” near K. This means that K has a neighbourhood framed as S* x D2,
with K 22 S x 0 and restriction of the map f to St x (D? — 0) is the map to S* given
by (t,z) — x/|z|.

It follows from the definition that a preimage for each point p € S* is the Seifert surface
for the given knot. The genus of this Seifert surface will be called the genus of the given
fibered knot.

The fibered knots form a large class among the all classical knots. Below we state two
theorems that can be used to detect if the given knot is fibered or not.

Theorem 2.2. [S] The knot K C S is a fibered knot of genus g if and only if the
commutator subgroup of its knot group m (S3\K) is finitely-generated and free group of
rank 2g.

Theorem 2.3. [BZ] The Alezander polynomial Ak (t) of a fibered knot in S® is monic,
i.e. the first and the last non-zero coefficients of Ak (t) are £1.

If a genus one knot is fibered, then it can be shown by above theorems and also by explicit
construction [BZ] that it must be either the trefoil or the figure eight knot. Also, one can
construct infinitely many fibered knots for a fixed genus g > 2.

2.2. Generalized fiber sum

Definition 2.3. Let X and Y be closed, oriented, smooth 4-manifolds each containing
a smoothly embedded surface ¥ of genus g > 1. Assume X represents a homology class
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of infinite order and has self-intersection zero in X and Y, so that there exists a product
tubular neighborhood, say v¥ 22 ¥ x D?, in both X and Y. Using an orientation-reversing
and fiber-preserving diffeomorphism v : ¥ x S* — ¥ x S, we can glue X \v¥ and Y \vS
along the boundary d(v¥) = ¥ x S. The resulting closed oriented smooth 4-manifold,
denoted by X#,Y, is called a generalized fiber sum of X and Y along >, determined by

.

Definition 2.4. Let e(X) and o(X) denote the Euler characteristic and the signature of
a closed oriented smooth 4-manifold X, respectively. We define

e(X) +o(X)

—

Lemma 2.4. Let X and Y be closed, oriented, smooth 4-manifolds containing an em-
bedded surface % of self-intersection 0. Then

GX#Y) = FX)+3(Y)+8(g—1),
Xn(X#4Y) = xa(X)+xn(Y)+(g—1),

where g is the genus of the surface X.

A (X) = 2e(X) +30(X), xn(X):=

Proof. The above simply follow from the well-known formulas

e(X#yY)=e(X) +eY) —2e(X), o(X#4Y)=0(X)+0(Y). O

If X and Y are symplectic 4-manifolds and ¥ is a symplectic submanifold in both, then
according to a theorem of Gompf [Go|, X#,Y admits a symplectic structure. In such a
case, we will call X#,Y a symplectic sum.

To show the minimality of our symplectic manifolds, we use the following theorem of
M. Usher [U]. In order to state his theorem, we slightly abuse the notation for the fiber
sum above.

Theorem 2.5. [U] (Minimality of Symplectic Sums) Let Z = X #p,=p, X2 be
sympletic fiber sum of manifolds X1 and X5. Then:

(i) If either X1\Fy or Xs\Fy contains an embedded sympletic sphere of square —1,
then Z is not minimal.

(ii) If one of the summands X; (say X1) admits the structure of an S?-bundle over a
surface of genus g such that F; is a section of this fiber bundle, then Z is minimal if and
only if Xo is minimal.

(iii) In all other cases, Z is minimal.

3. Seiberg-Witten Invariants

In this section, we review the basics of Seiberg-Witten invariants introduced by Seiberg
and Witten. Let us recall that the Seiberg-Witten invariant of a smooth closed oriented
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4-manifold X with b5 (X) > 1 is an integer valued function which is defined on the set of
spin ¢ structures over X [W]. For simplicity, we assume that H;(X,Z) has no 2-torsion.
Then there is a natural identification of the spin ¢ structures of X with the characteristic
elements of H2(X,Z) as follows: to each spin® structure s over X corresponds a bundle
of positive spinors W™ over X. Let ¢(s) € Ha(X) denote the Poincaré dual of ¢; (W;").
Each c(s) is a characteristic element of Ho(X,Z) (i.e. its Poincaré dual é(s) = ¢ (W)
reduces mod 2 to ws(X)).

In this set up, we can view the Seiberg-Witten invariant as an integer valued function

SWx : {K € H*(X,Z)|K = wy(TX) (mod 2)} — Z.
If SWx(8) # 0, then we call § a basic class of X. It is a fundamental fact that the set of
basic classes is finite. Furthermore, if § is a basic class, then so is —( with
SWx (=) = (1) SWx (5)
where e(X) is the Euler characteristic and o(X) is the signature of X.
When b3 (X) > 1, then Seiberg-Witten invariant is a diffeomorphism invariant. It does

not depend on the choice of generic metric on X or a generic perturbation of Seiberg-
Witten equations.

If b5 (X) = 1, then the Seiberg-Witten invariant depends on the chosen metric and per-
turbation of Seiberg-Witten equations. Let us recall that the perturbed Seiberg-Witten
moduli space M x (8, g,h) is defined as the solutions of the Seiberg-Witten equations

Fi =q() +ih, Dap =0

divided by the action of the gauge group, where A is a connection on the line bundle
L with ¢1(L) = 3, g is Riemannian metric on X, 9 is the section of the positive spin
bundle corresponding to the spin® structure determined by (3, FX is a self-dual part of
the curvature Fla, D4 is the twisted Dirac operator, ¢ is a quadratic function, and h is
self-dual 2-form on X. If b5 (X) > 1 and h is generic metric, then Seiberg-Witten moduli
space M x (83, g,h) is a closed manifold with dimension d = (3? —2e(X) — 30(X))/4. The
Seiberg-Witten invariant is defined as follows:

SWx(8) = ((Mx(B,g,h)], u??) if d > 0 and even

SWx(8)=0 otherwise

where u € H*(Mx (83, 9,h),Z) is the Euler class of the base fibration.

When b3 (X) = 1, the Seiberg-Witten invariant SWx (3, g,h) depends on g and h.
Because of this, there are two types of Seiberg-Witten invariants: SW and SW.
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Theorem 3.1. [KM], [OS] Let X be closed, oriented, smooth 4-manifold with b1(X) =0
and by (X) = 1. Fiz a homology orientation of H2(X,R). For given Riemannian metric
g let wﬂ_ be the unique g-harmonic self-dual 2-form that has norm 1 and is compatible with
the orientation of H2 (X,R). Then for each characteristic element 3 with (% — 2e(X) —
30(X))/4 > 0 the following holds: If (2rf3+hy) - w{" and (27 +hs) - wP are not zero
and have same sign, then SWx (8, g1,h1) = SWx (8, g2, ha).

Definition 3.1. If (273 + h) - w? > 0, then write SW§(8) for SWx(3,g,h). If
(2rB+h) - wl <0, then write SWx (8) for SWx (3, g, h)

Theorem 3.2. [Sz| Let X be closed, oriented, smooth 4-manifold with by(X) = 0 and
b;'(X) =1and b, <9 . Then for each characteristic element 3, pair of Riemann-
ian metrics g1, g2, and small perturbing 2-forms hi, he, we have SWx(8,g1,h1) =
SWx (B, g2, ha2)-

Proof. . Let (8 be a characteristic element for which d > 0. Then 2¢(X) + 30(X) =
4+5b3 — by >0, which as implies 32 > 0. It follows that 3+ w9' and 3. w%* are both
non-zero and have same signs. Now using the Theorem 3.1, the result follows.

O

Theorem 3.3. [LL] (Wall crossing formula) Assume that X is a closed, oriented,
smooth 4-manifold with by(X) = 0 and b3 (X) = 1. Then for each characteristic line
bundle L on X such that the formal dimension of the Seiberg- Witten moduli space is
non-negative even integer 2m, then SW (L) — SWy (L) = —(—1)™.

Note that when b; < 9, it follows from the above result that there is well defined
Seiberg-Witten invariant which will be denoted as SW% (X).

Theorem 3.4. [T] Suppose that X is closed symplectic 4-manifold with b3 (X) > 1
(b (X) =1). If Kx is a canonical class of X, then SWx(£Kx) = £1 (SWx(-Kx) =
£1).

Definition 3.2. The 4-manifold X is of simple type if each basic class ( satisfies the
equation 32 = ¢;2(X) = 30(X) + 2¢(X).

Theorem 3.5. [KM], [0S] (Generalized adjunction formula for b > 1) As-
sume that ¥ C X is an embedded, oriented, connected surface of genus g(X) with self-
intersection |X|? > 0 and represents nontrivial homology class. Then for every Seiberg-
Witten basic class 3, 29(X) — 2 > |Z)2 + |B(1X])|. If X is of simple type and g(X) > 0,
then the same inequality holds for ¥ with arbitrary self-intersection.
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Theorem 3.6. [LL] (Generalized adjunction formula for b = 1) Let ¥ C X is an
embedded, oriented, connected surface of genus g(X) with self-intersection |X|? > 0 and

[X] represents nontrivial homology class. Then any characteristic class 3 with SWx°(3) #
0 satisfies 2g(3) — 2 > X2 + |3(|2)])].

4. Symplectic manifolds cohomology equivalent to S? x 5?2

To construct our manifolds, we will start with well known symplectic 4-manifolds
described below. By applying Gompf’s symplectic fiber sum operation along genus one
and then genus two surfaces, we will obtain our manifolds X.

Let K be a genus one fibered knot (i.e. the trefoil or the figure eight knot) in S% and
m a meridianal circle to K. Let My denote 3-manifold obtained as the result of O-framed
Dehn surgery on K. The manifold My has the same integral homology as S? x S', where
the class of m generates Hi(Mp). Since the knot K has genus one and is fibered, it
follows that the manifold My x S' is a torus bundle over a torus which is homology
equivalent to 72 x S2. Since K is a fibered knot, My x S* admits a symplectic structure.
Note that m x S' = m x & = T}, is a section of this fibration. Both the torus fiber and
the torus section are symplectically embedded and have a self-intersection zero. The first
homology of My x S! is generated by the standard first homology generators m and z of
the torus section. The generators v; and v, of the fiber F', coming from Seifert surface
of knot K, are trivial in homology.

The intermediate building block in our construction will be a twisted fiber sum of
two copies of the manifold Mg x S!, where we identify a fiber of first fibration with
a section of the second one. Let Yx denote the mentioned twisted fiber sum Yx =
My x S*#p_r, Mg x S1. It follows from Gompf’s theorem [Go| that Yy is symplectic.
Notice that the manifold Yy is obtained by knot surgery operation of Fintushel-Stern
[FS1] from manifold My x S'. Thus Yx = (Mg x S')g. In this step we could have also
chosen a different genus 1 fibered knot.

Let Ty be the section of the first copy of My x S and T be the fiber of the second
copy. Note that T1#7T5 symplectically embeds into Y. Now suppose that Yo = Th#T5
is the genus two symplectic submanifold of self-intersection zero sitting inside of Yx. Let
(m,x,v1,72) be the generators of H;(X3) under the inclusion-induced homomorphism
(here we use the same letters vy, and 2 to denote the generators of the fiber coming from
the second copy of My x S1). We choose the involution diffeomorphism ¢ : T1 #T5 —
T1#7T, of the Yo which induces the map on first homology according to the following
rule: ¢.(m') = 71, du(11') = m, du(2') = 72 and ¢.(72') = x. Next, we take the fiber
sum of two copies of Yx along the genus two surface Y5 and denote the new symplectic
manifold as Xk, i.e. Xg = Yr#4 Yx. We will show that the new manifold Xx has
trivial first homology and has the same integral cohomology as S? x S2. Consequently,
e(Xg) =4, 0(Xkg) =0, a12(Xk) = 8, and x,(Xg) = 1. We will compute Hy(Xg,Z)
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(also H2(Xk,Z)) by using Mayer-Vietoris sequence and then by directly computing the
fundamental group of Xg.

Lemma 4.1. H1(Xk,Z) =0 and Hy(Xk,Z) =Z ® Z.

Proof. We use Mayer-Vietoris sequence to compute the homology of Xy = Yx#4 Yik.
Let Y1 =Yy = Yk \ vX5. By applying the reduced Mayer-Vietoris sequence to the triple
(Xk,Y1,Y2), we have the following long exact sequence

—  Hy(S' x ¥9,7Z) — Hy(Y1,7) @ Hy(Ys,Z) — Ho(Xg,7)
— Hy(S' x%,7) — H\(Y1,Z) ® H,(Ys,Z) — H\(Xg,Z) — 0

The simple computation by Kunneth formula yields Hy (X2 xS, Z) = ZOZOZOLOL =
<KA>SBE<mM>B<Tr>D< Yy > <y > Also, we have HH(V1,2) =Z @ Z =
<m>®<x>and HH(Y2,Z2)=Z&Z=<m'>& <z’ >.

Let ¢, and § denote the last two arrows in the long exact sequence above. Because the
way the gluing map ¢ is defined, the essential homology generators will map to the trivial
ones. Thus, we have ¢.(m) = ¢.(z) = ¢p«(m') = ¢ (2') = 0. Since Im(p.) = Ker(d), we
conclude that Hy(Xg) = Ker(d) = Im(é.) =0

Next, by using the facts that by = b3 = 0, by = by = 1, and the symplectic sum formula
for Euler characteristics, we compute by = e(Yi) +e(Yrx)+2=0+0+2=2.

We conclude that Ho(Xg,Z) = Z @ Z. A basis for the second homology consists of
classes of Y9 = S and the new genus two surface T resulting from the second fiber sum
operation (i.e. two punctured genus one surfaces glues to form a genus two surface), where
52 =T2 =0and S-T = 1. Thus, the manifolds obtained by the above construction have
intersection form H, so they are spin 4-manifolds. O

Lemma 4.2. ¢(Xg) =4, 0(Xg) =0, ;?(Xg) =8, and xn(Xk) = 1.

Proof. Using the lemma 2.8, we have e(Xx) = 2e(Yx) +4, 0(Xk) = 20(Yk), c12(Xk) =
2612(YK) + 8, and Xh(XK) = 2Xh(YK) + 1 . Since B(YK) =0, O'(YK) =0, 612(YK) =0
and xp(Yx) = 0, the result follows. O

Since our basic building block Mg x S! is a minimal symplectic 4-manifold, it follows
from Usher’s Theorem that the symplectic manifolds Yx and X are both minimal.
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4.1. Fundamental Group Computation for Trefoil
4.1.1. Step 1: Fundamental Group of My x S!

In this section we will assume that K is the trefoil. The case when K is the figure
eight can be treated similarly.

Let a and b denote the Wirtinger generators of the trefoil knot. Then the group of K
has the following presentation

71 (S*\ vK) = {(a,b| aba = bab) = (u,v | u® =v*)
where u = bab and v = ab. By Lemma 2.2, the homotopy classes of the meridian and the
longitude of the trefoil are given as follows: m = uv™! = band | = u?(uv™!)~6 = ab?ab™*.
Notice that v; = a~'b and 75 = b~ 'aba~! generate the image of the fundamental group

of the Seifert surface of K under the inclusion-induced homomorphism. Let Mg denote
the result of 0-surgery on K.

Lemma 4.3.
7T1(MK><51) = Fl(MK)@Z
= ({a,b,z | aba = bab, ab*ab™* =1, [a,z] = [b,z] = 1).

Proof. Notice that the fundamental group of My is obtained from the knot group of
the trefoil by adjoining the relation | = u?(uv=1)~¢ = ab?ab=* = 1. Thus, we have the
presentation given above.

|
4.1.2. Step 2: Fundamental Group of Yy

Next, we take the two copies of the manifold My x S'. In the first copy, take a tubular
neighborhood of the torus section b x z, remove it from Mg x S and denote the resulting
manifold as Cs. In the second copy, we remove a tubular neighborhood of the fiber F
and denote the complement by Cp.

Lemma 4.4. Let Cg be the complement of a neighborhood of a section in My x St. Then
we have

m1(Cs) = {a,b,z | aba = bab, [a,z] = [b,x] = 1).
Proof. Note that Cs = (Mg \ v(b)) x St = (S3\ vK) x SL. O

Lemma 4.5. Let Cr be the complement of a neighborhood of a fiber in My x S'. Then
we have

m(Cr) = (V1,70 dy | [, = w71 = [y,78) = 1,
dyid™" =%, dysd ™ = (1)),
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Proof. To compute the fundamental group of C'r, we will use the following observation:
Cr is homotopy equivalent to a torus bundle over a wedge of two circles. The generators
d and y do not commute in the fundamental group of Cr. Also, the monodromy along the
circle y is trivial whereas the monodromy along the circle d is the same as the monodromy
of Mg . Notice that v = ¢~ 'd, 4% = d"'ede™! and cde = ded. Thus, we have
dyid=t =dctdd™! = det = yjvh, and dyhd~! = dd " tede rd = d e = (4))7L. O
Lemma 4.6. Let Y be the symplectic sum of two copies of My xS, identifying a section
in one copy with a fiber in the other copy. If the gluing map 1 satisfies Y.(x) = 7} and
P« (b) = ~h, then
7T1(Y*K) - <aa b71'7713757d7y | aba = bab, [x,a] - [‘T’b] =1,
Mise) =[] = [y, 72] = 1 dvid™ =41, dypd ™t = ()7,
T = ’717 b= ’757 ab’ab™* = [d7 y]>
= (a,b,z,d,y|aba:bab, [ZL’,(Z]:[I,Z)]:L
[y, 2] = [y,b] = 1, ded™ = ab, dbd™* = 271, ab®ab™ = [d, y]).

Proof. By Van Kampen’s Theorem, (Y ) = m1(Cs) * 71 (Cr)/m1(T3). One circle factor
of T3 is identified with the longitude of K on one side and the meridian of the torus fiber
in Mg x S' on the other side. This gives the last relation. O

Inside Yy, we can find a genus 2 symplectic submanifold Y5 which is the internal
sum of a punctured fiber in Cg and a punctured section in C'z. The inclusion-induced
homomorphism maps the standard generators of 71(Xz) to a=tb, b= taba™t, d and y.

Lemma 4.7. There are nonnegative integers m and n such that

m (Y \vX2) = (a,b,x,d,y; g1,...,9m | aba = bab, (1)
[y, 2] = [y,b] = 1, ded™ = ab, dbd™* = 271,
ab’ab ™ =[d,yl, 1= =rp=1, 141 = 1),
where the generators g1, . ..,gm and relators r1,...,ry, all lie in the normal subgroup N
generated by the element [x,b], and the relator rn11 is a word in x,a and elements of
N. Moreover, if we add an extra relation [x,b] = 1 to (1), then the relation rp,+1 = 1

simplifies to [x,a] = 1.

Proof. This follows from Van Kampen’s Theorem. Note that [x,b] is a meridian of 3,
in Yx. Hence setting [x,b] = 1 should turn m (Y \ vX2) into 71 (Yk). Also note that
[z,a] is the boundary of a punctured section in Cg \ v(fiber), and is no longer trivial in
71 (Y \ vX2). By setting [z,b] = 1, the relation 7,41 = 1 is to turn into [z, a] = 1.

It remains to check that the relations in m (Yx) other than [z,a] = [z,b] = 1 remain
the same in 7 (Yx \ ¥32). By choosing a suitable point § € S! away from the image
of the fiber that forms part of Y5, we obtain an embedding of the knot complement
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(83 \ vK) x {0} — Cs \ v(fiber). This means that aba = bab holds in 71 (Yx \ v32).
Since [¥2]? = 0, there exists a parallel copy of ¥y outside v¥a, wherein the identity
ab’ab=* = [d,y] still holds. The other remaining relations in 7 (Yx) are coming from
the monodromy of the torus bundle over a torus. Since these relations will now describe
the monodromy of the punctured torus bundle over a punctured torus, they hold true in
™1 (YK \ VEQ). O

4.1.3. Step 3: Fundamental Group of Xy

Now take two copies of Y. Suppose that the fundamental group of the second copy
has e, f, z, s, t as generators, and the inclusion-induced homomorphism in the second copy
maps the generators of 71(X2) toe 1 f, f~lefe !, s and t. Let X denote the symplectic
sum of two copies of Yx along X5, where the gluing map 1 maps the generators as follows:

/lz[}*(ailb) =S, w*(bilabail) = t7 lb*(d) = 671f7 ’l/)*(y) = fﬁlefeil'
Lemma 4.8. There are nonnegative integers m and n such that

m(Xk) = (a,byz,d,y; e, f, 2,8t g1y sGm; P1yoeny P |
aba = babd, [y, z] = [y,b] =1,
ded™ = xb, dbd™' =z, ab*ab™* = [d, ],
T= =Ty =Ty =11 = =1, =1, =1,

efe=fef, [t,z] =1[t, f]=1,
szst = zf sfsT =271 eflef ™t = [s,1],

d=elf,y=fltefet atb=s, b taba ! =t, [,b] = [z, f]),

where g;, h; (1 = 1,...,m) and rj,r} (j = 1,...,n) all lie in the normal subgroup N
generated by [x,b] = [z, f]. Moreover, rn11 is a word in x,a and elements of N, and 1}, ,
is a word in z,e and elements of N.

Proof. This is just a straightforward application of Van Kampen’s Theorem and Lemma
4.7. (]

Remark 1. Notice that the abelianization of 71 (Xg) is trivial. Also, different sym-
plectic cohomology S? x S2’s can be obtained if we use other genus 1 fibered knot, the
figure eight knot, or a combination of both (the trefoil or the figure eight knot) in our
construction. Using computational software [GAP], we show that these manifolds have
different fundamental groups. In addition, considering an infinite family of non-fibered
genus one twist knots, we also obtain an infinite family of cohomology S? x S2. This
family of cohomology S2 x S$2’s will not be symplectic anymore and can be distinguished
by their Seiberg-Witten invariants. Also, using [GAP], it is not hard to verify that their
fundamental groups are different as well.
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Question 1. Are there two distinct genus 1 knots K and K " such that m(Xk) is
isomorphic to my (X g )?

4.2. Seiberg-Witten invariants for manifold X g

Let C be a basic class of the manifold Xx. We can write C' as a linear combination
of Sand T, i.e. C =aS+bl. Xk is a symplectic manifold and has simple type. So for
any basic class C, C? = 30(Xf) + 2e(X) = 8. It follows that 2ab = 8. Next we apply
the adjunction inequality to S and T to get 2¢g(S) — 2 > [S]? + |C(9)| and 2¢(T) — 2 >
[T)? 4 |C(T)|. These gives us two more restriction on a and b : 2 > |b| and 2 > |a|. Thus,
it follows that C' = £(25 4 2T'), which is + the canonical class Kx, = 25 + 2T of Xk.
Notice that, since b; (Xx) <9 and (—Kx, ) w < 0, we have a well defined SW%, . Now

it follows from the theorems of Section 3 that SW%, (—Kx, ) = SWy, (—Kx, ) ==£L.

5. Symplectic manifolds cohomology equivalent to #,_1)(S? x S?)

In this section, we will modify the construction above to get an infinite family of
symplectic 4-manifolds cohomology equivalent to #(Qg_l)(Sz x §2) for any g > 2.

Let K’ denote a genus g fibered knot in S and m a meridianal circle to K’. We
first perform O-framed surgery on K’ and denote the resulting 3-manifold by Zg/. The
4-manifold Zx x S is a ¥, bundle over the torus and has the same integral homology as
T? x §2%. Since K’ is a fibered knot, Zx+ x S' is a symplectic manifold. Again, there is a
torus section m x S' = T}, of this fibration. The first homology of Zx+ x S! is generated
by the standard first homology generators of this torus section. The standard homology
generators of the fiber F', which we denote as aw, B2, ,ag41, and By41 of the given
bundle is trivial in the homology. The section T}, has zero self-intersection and the its
neighborhood in Zxs x S! has a canonical identification with T, x D?.

We form a twisted fiber sum of the manifold Mg x S' with Zxs x S where we identify
the fiber of the first fibration to the section of other. Let Wi g+ denote the new manifold
Wik = Mg x S*#p_r , Zx: x S'. Let us remark that the manifold Wk g is obtained
from My x S* by knot surgery of Fintushel-Stern [FS1] along knot K " Again, it follows
from Gompf’s theorem [Go] that Wi g+ is symplectic.

Let T} be the section of the My x St which we discussed earlier and >4 be the fiber of
the Zy+ x S1. Then T} #X4 embeds in Wi+ and has self-intersection zero. Now suppose
that Wi g is the symplectic 4-manifold given, and X441 = T1#3, is the genus g + 1
symplectic submanifold of self-intersection 0 sitting inside of Wi /. Let a1, 81, as, Ba,

., 0gy1, and By41 be the generators of the first homology of the surface Ty #%, = Xg11.
Let o : T?#%, — X, #7172 be any diffeomorphism of the genus g + 1 surface that changes
the generators of the first homology according to the following rule: ¥.(a1) = a4,
Vu(B1) = Byi1, Ye(age1) = af, and Y. (By11) = B1. Take the fiber sum along this genus
g + 1 surface ¥,41 and denote the resulting symplectic manifold as Vixg/. The new
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manifold Vg g = Wk k' #, Wik has trivial first homology and has the same homology
of #(2971)82 X 52.

Lemma 5.1. Hl(VKK/,Z) =0 and HQ(VKK/,Z) = @2(2971)Z.

Proof. The proof is similar to genus one case and can be obtained by applying Mayer-
Vietoris sequence.

O

Note that Ha (Vi k', Z) has rank 4g—2. A basis for the second homology consist of the [S]
and [X], where S is the genus g+1 surface 3,41 and X is the genus two surface X, resulting
from the last fiber sum operation, (2g —2) Lagrangian tori R; and (2g —2) associated dual
Lagrangian tori V;. In the manifold Vi g these classes contribute 2g — 2 new hyperbolic
pairs. Thus, the manifolds obtained by the above construction have intersection form
@Qg_lH. Notice that b;(VKKI) = b2_ (VKKf) =2g—1

Lemma 5.2. e(VKK’) = 4g, O’(VKK/) = O, 612(VKK/) = 8g, and Xh(VKK’) =4g.

Proof. Using the lemma 2.8, we have e(Vxg') = 2e(Wkgk+) +4g, 0(Vkk') =20 Wkk'),
c1?(Vixr) = 2¢1?(Wi k) +8g and xn (Vi) = 2xn Wk k') +9g. Since e(Wx ) = 0 and
oc(Wkk+) =0, our result follows. O

Remark 2. Using Lemma 2.2 and applying steps of Section 4.1, one can compute
71 (Vi k') when K is the trefoil and K’ is the (p, ¢) torus knot.

Question 2. Are there two distinet genus g > 2 knots K’ and K" such that m (Vkx) is
isomorphic to w1 (Vg )?

5.1. Seiberg-Witten invariants for manifold Vi -

Let C be a basic class of the manifold Vi . Let us write C' as a linear combination
of S, ¥, tori R;, +=1,...,29g — 2 and the dual tori V;, : =1,--- ,2g — 2, C = aS + bX +
Zfi 12 u; R; + v;V;. By adjunction inequality, the intersection number of any basic class
with tori R; is zero, i.e. C-R; = 0,4 =1,---,29 — 2. It follows that Q7v = 0 where

@ is the intersection matrix and v = (vq, - - -, U2g—2). Using the fact that @ is invertible,
we obtain v; = .-+ = vy4_2 = 0. Next, by applying the adjunction inequality again,
we have V; - C =0 for i = 1,--- ,2g — 2. This gives rise to the system Qu = 0, which
implies u; = --- = ugg—2 = 0. This shows that any basic class has form C' = aS + bX.

Since Vi k- is a symplectic manifold and has simple type. So for any basic class C,
C? = 30(Vik)+2e(Vik) = 8¢g. It follows that 2ab = 8¢g. Next we apply the adjunction
inequality to S and ¥ to get 2g(S) — 2 > [S]2 4+ |C(S)| and 2¢(X) — 2 > [Z]? + |C(D)].
These gives two more restrictions on a and b : 2g > |b| and 2 > |a|. It follows that
C = +(25 4 2¢Y), which are + the canonical class of the given manifold. By applying
the Theorem 3.5, we conclude that the value of Seiberg-Witten invariants of these classes
is £1.
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ABSTRACT. We determine the relationship between the contact structure induced by
a fibered knot, K C S3, and the contact structures induced by its various cables.
Understanding this relationship allows us to classify fibered cable knots which bound
a properly embedded complex curve in the four-ball satisfying a genus constraint.
This generalizes the well-known classification of links of plane curve singularities.

1. Introduction

A well-known construction of Thurston and Winkelnkemper [ThuWin] associates a
contact structure to an open book decomposition of a three-manifold. This allows us to
talk about the contact structure associated to a fibered knot. Here, a fibered knot is a
pair, (F, K) C Y, such that Y — K admits the structure of a fiber bundle over the circle
with fibers isotopic to F' and 0F = K. We denote the contact structure associate to a
fibered knot by {p i or, when the fiber surface is unambiguous, by k.

Thus any operation on knots (or Seifert surfaces) which preserves the property of
fiberedness induces an operation on contact structures. For instance, one can consider
the Murasugi sum operation on surfaces-with-boundary (see [Gab] for definition). In this
case, a result of Stallings [Sta] indicates that the Murasugi sum of two fiber surfaces is also
fibered (a converse to this was proved by Gabai [Gab]). The effect on contact structures
is given by a result of Torisu:

Theorem 1.1. (Theorem 1.3 of [Tor].) Let (Fy,0F)) C Yy (F2,0F3) C Y be two fiber
surfaces, and let (Fy x Fy, 0(Fy * F3)) C Y1#Y3 denote any Murasugi sum. Then
EF P, 0(FixFy) == &P ,0F 7Sy 0F,
where the right-hand side denotes the connected sum of contact structures.
Another operation which preserves fiberedness is cabling, whose definition we now
recall. For a knot K C Y, there is an identification of a tubular neighborhood of K with
a solid torus, ST x D% and a cable knot is the image of a torus knot living on 9(S* x D?)

under this identification. Note that the identification depends on a choice of longitude for
K, and we choose the canonical longitude coming from a Seifert surface for K. We denote

Key words and phrases. contact structure, fibered knot, cable knot, complex curve, link of singularity.
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the (p, ¢) cable of K by K, ,, with ¢ indicating the linking number of K, , with K i.e. the
number of times the torus knot wraps around the meridian of the tubular neighborhood of
K. Thus U, 4 = T 4 where U is the unknot and T}, 4 is the (p, ¢) torus knot. Throughout
we will consider knots, and hence p and ¢ will be relatively prime. We also restrict to
the case p > 0. There is no loss of information in doing this, since K, , = K_, _, as
unoriented knots, and none of our arguments are sensitive to orientation.

In the case now that K is fibered, K, , will also be fibered. This follows, for instance,
from [Sta] though the fibration of Y — K, , can easily be visualized. Thus it makes sense
to ask how the contact structure associated to a fibered knot changes, if at all, upon
cabling. The purpose of this note is to answer this question for the case of knots in S3.
To state the result, recall that contact structures on S3 are in bijection with the integers
plus a distinguished element [Elil, Eli2]:

{Isotopy classes of contact structures on S} «» Z U {e}.

The contact structure corresponding to the distinguished element, which we denote &4,
is the unique tight contact structure. It is obtained as the field of complex lines tangent
to the three-sphere, viewed as the boundary of the Stein four-ball in C2. The other,
overtwisted, contact structures correspond to homotopy classes of two-plane fields on $3
[Elil], and are determined uniquely by their Hopf invariant, h(§) € Z. We let & denote
the overtwisted contact structure with h(§;) = i. In these terms, we have:

Theorem 1.2. Let K C S® be a fibered knot of Seifert genus g, and let K, , denote its
(p,q) cable. Then for any p > 0, we have

(1) If ¢ > 0, then &k, , ~ k-
(2) If ¢ <0, then &k, , ~ ERHE1—p)(2g—q—1)
In particular, §k, . >~ Esta if and only if §x >~ Esta and q > 0.

Cable knots play a prominent role in the classification of plane curve singularities,
where certain iterated torus knots naturally arise (an iterated torus knot is an iterated
cable of the unknot). To explain this, let f(z,w) € C[z,w] be a complex polynomial with
isolated singularity at the origin (0,0) € C2. Recall that the link of the singularity of
f(z,w) is defined to be the knot or link, Ky, which comes from the intersection

Kf - {(Z,’LU) € (C2|f(zaw) - 0} mSga

where S3 = {(z,w) € C?||z|> + |w|?> = €} is the unit sphere of radius € in C2. Tt is
straightforward to show that the isotopy type of Ky as a knot or link is well-defined,
provided e is sufficiently small. The classification of links of plane curve singularities
shows that the only knots which arise in this way are iterated cables of the unknot whose
cabling parameters satisfy a positivity condition (see [EisNeu] for a discussion). For
example, the (p’,¢’) cable of the (p,q) torus knot is the link of a singularity precisely
when ¢’ > p'pg + 1.

An important property of links of singularities is that they bound smooth complex
curves of genus equal to their Seifert genus. Indeed, a small perturbation of f produces a
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smooth complex curve which can be deformed into the three-sphere without singularities.
This surface is a Seifert surface for Ky which can be seen to be a fiber in a fibration of
S3 — Ky (see [Mil] for more details).

While the iterated torus knots which arise as links of singularities are classified, one
can relax the condition that the radius of the three-sphere S2 be sufficiently small. In
this case, the four-ball may contain multiple singular points of a given complex curve.
The general case is handled by fixing the radius of the three-sphere and asking;:

Question 1.3. Which iterated torus knots arise as the intersection of a complex curve
Vi C C? with S, the unit radius three-sphere? Of these, which among them have a
Seifert surface which can be isotoped into the four-ball to the piece of the curve, Vy N B*?

Drawing on our previous work [Hedl], Theorem 1.2 answers the second part of the
question as a corollary.

Corollary 1.4. Let p > 0, and let K be a fibered knot. Then K, , has a Seifert surface
which is isotopic to a piece of a complex curve Vi N B* if and only if

o K has a Seifert surface which is isotopic to a piece of a complexr curve and

e >0
In particular, the fiber surface of an iterated torus knot is isotopic to a piece of a complex
curve if and only if all the cabling coefficients are positive.

Remark 1.5. The corollary answers a question of Baader and Ishikawa (Question 6.10
of [Baalsh]). They asked whether there exists a quasipositive fiber surface, other than
a disk, from which we cannot deplumb a Hopf band (see Figure 1 and the associated
discussion in Section 2 for relevant definitions). The answer is yes, and an example is
provided by the (2,1) cable of the right-handed trefoil. The proof of the corollary shows
that it bounds a quasipositive fiber surface, but it does not deplumb a Hopf band by work
of Melvin and Morton [MelMor].

We prove Theorem 1.2 and Corollary 1.4 in the next section. Theorem 1.2 will be
proved by examining the knot Floer homology invariants of cable knots, which we studied
in [Hed2, Hed3]. For fibered knots in the three-sphere, these invariants completely deter-
mine the contact structure induced by the knot. Corollary 1.4 will follow from a result in
[Hed1] which connects a particular Floer invariant or, equivalently, the tightness of the
contact structure induced by K, with complex curves.

While Theorem 1.2 cannot be extended in general using the techniques of the present
paper, it can be done in the case of three-manifolds, Y3, for which the Ozsvath-Szabé
contact invariant classifies contact structures on Y3 (e.g. lens spaces). However, it seems
reasonable to expect that the theorem holds for arbitrary three-manifolds. That is, pos-
itive cabling should not change the contact structure associated to a fibered knot, while
negative cabling has the effect of taking the connected sum with (S3, §(1—p)(2g—q—1))- In-
deed, this could probably be proved with the rudiments of convex surface theory. We
content ourselves here with the case of S® since the results follow easily from our previous
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work on cables. Moreover, our proof serves to highlight the rich geometric content of
the knot Floer homology invariants. In particular, we found it surprising that knot Floer
homology could be useful in a result such as Corollary 1.4.

Acknowledgment: This note draws on several aspects of a talk I gave at the 2007
Gokova Geometry and Topology conference. I wish to thank the organizers of the con-
ference for their invitation to speak and attend, and the NSF and IMU for providing
funding. In addition, I thank John Etnyre for his interest in this work. Partial funding
was provided for by NSF DMS-0706979.

2. Proof of Theorem 1.2

In this section we prove Theorem 1.2. This is accomplished in two steps. The first is to
determine the effect of cabling on the Hopf invariant. The next is to determine whether
a cable knot induces the tight contact structure, £,q. Since contact structures on S°
are determined by their Hopf invariant and whether they are tight, this will complete the
proof. Both tasks can be accomplished with an understanding of the knot Floer homology
invariants of cable knots, which we established in [Hed2, Hed3]. The knot Floer homology
invariants of a fibered knot K C S2, in turn, determine the Hopf invariant of {x and
whether £ is tight.

2.1. Contact structures and knot Floer homology of fibered knots

We begin by briefly describing the algebraic structure of the knot Floer homology
invariants and how these invariants determine the contact structure associated to a fibered
knot K C S3.

To a closed oriented three-manifold, Y, and Spin® structure, s, Ozsvath and Szabd
introduced a chain complex CF (Y,s) [OzsSzal]. A null-homologous knot (Y, K) induces
a filtration F(Y, K, ) of this chain complex, i.e. there is an increasing sequence of sub-
complexes:

0=F(,K,—i) CF(Y,K,—i+1)C...C F(Y,K,n) = CF(Y,s).

For the definition of this filtration see [OzsSza2, Ras|. The homology of the successive
quotients in this filtration are the knot Floer homology groups of (Y, K). In the case of
the three-sphere, we denote these groups by
HFK,(K,:) 2 Hy | =57
(K ) (]:(53,K,z —1)
The knot Floer homology groups have the following symmetries (Propositions 3.7 and
3.10 of [OzsSza2], respectively):

HFK,(K,i) = HFK_,(K,—i). (1)
HFR.(K,i) = HFK ,_2;(K, ). (2)
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In the first equation, K denotes the reflection of K (i.e. in a projection, change all
crossings simultaneously or, equivalently, consider the image of K under an orientation-
reversing involution of S3). In [OzsSza3], Ozsvéath and Szabé proved the following:

Proposition 2.1. Let K C S3 be a fibered knot, and let g(K) = g denote its Seifert
genus. Then

7 x=—h(k)

HFK*(K7g) = { 0 otherwise.

where h(€k) is the Hopf invariant of the contact structure induced by K.

Remark 2.2. This proposition is a combination of Theorem 1.1 and Proposition 4.6 of
[OzsSza3]. More precisely, Theorem 1.1 shows that

HFEK.(-S% K,—g) = H(F(-S* K, —g)) 2 Z,

and Proposition 4.6 shows that the grading of this group is h({x). Equation (1) then
determines the effect of reflection on knot Floer homology (i.e. (=53 K) = (53, K)).
Note that each of the aforementioned results generalize to knots in manifolds other than

S8,
This yields the following property of h({x), which can also be found in [Rudl].

Corollary 2.3. The Hopf invariant satisfies h({x) = —h(&g) — 29, where g is the genus
of K.

Proof. Combine Proposition 2.1 with Equations (1) and (2). O

The above proposition indicates that the grading on knot Floer homology captures the
homotopy class of the contact structure. In the case of the three-sphere, it remains to
understand whether a contact structure is tight or overtwisted. To this end, recall that
the Floer homology of the three-sphere satisfies

— Z =0
3 ~
HF.(57) = { 0 otherwise.
Thus, we can define the following numerical invariant of K,[OzsSza4, Ras:
7(K) = min{j € Zli, : H.(F(S* K, j)) — ﬁ(53) & 7, is nontrivial}.

For fibered knots, 7(K) determines whether £ is tight or overtwisted. Moreover, it
determines whether K arises as the boundary of a properly embedded complex curve
V; C B* satisfying g(Vy) = g(K).

Proposition 2.4. (Proposition 2.1 of [Hed1].) Let K C S® be a fibered knot and F its
fiber surface. Then the following are equivalent:

(1) K satisfies g(K) = 7(K).

(2) gK ~ gstd'

(3) K is strongly quasipositive (with F a quasipositive Seifert surface ).

(4) F is isotopic to a properly embedded complex curve (Vy, K) C (B*,S3).
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Remark 2.5. A strongly quasipositive knot is a knot which bounds a so-called quasipositive
Seifert surface. Quasipositive Seifert surfaces, in turn, are those surfaces-with-boundary
which are obtained from parallel disks by attaching positive bands. See Figure 1 for
examples, and [Hedl1] for further details. We have added (4) above, to the equivalences
of [Hed1]. However, (3) implies (4) by work of Rudolph [Rud3], and (4) implies (1) by
Theorem 1.5 of [Hed1].

Thus, to determine the effect of cabling on contact structures, it will suffice to un-
derstand the behavior of the grading of the “top group” of knot Floer homology under
cabling, together with the behavior of 7(K). We begin with the former.

2.2. Behavior of the Hopf invariant under cabling

In this section, we determine the effect of cabling on the Hopf invariant of a fibered
knot. We prove the following:

Theorem 2.6. Let p > 0, and let K be a fibered knot of genus g. Then we have

[ h(k) forq>0
h(€k,.,) = { h(gi) +(1—-p)(2g—q—1) forqg<O.

Remark 2.7. This result can be derived from a theorem of Neumann and Rudolph
[NeuRud1], proved in a different context. They proved a similar formula for the en-
hanced Milnor number of a fibered link, which they denote A(K). Our formula follows
from theirs since, after tracing through the definitions of the Hopf invariant and en-
hanced Milnor number, one finds that A(K) = —h(£x). Our proof, using Floer homology,
is quite different in spirit and follows easily from our previous understanding of the Floer
homology of cable knots.

The main tool will be the following result from [Hed2]

Proposition 2.8. (Corollary 1.3 of [Hed2].) Let p > 0 and let K C S® be a knot of
Seifert genus g. Then there exists an N > 0 such that for alln > N, the following holds:

— ~D(on —
HFK, (Kp,p%h pg + W) ~ HFK.(K.g)

Remark 2.9. Note that pg + M is the genus of K pnt1-

Propositions 2.1 and 2.8 determine the effect of cabling on the Hopf invariant when
g =pn+ 1> 0. An observation of Neumann and Rudolph [NeuRud2] which interprets
an arbitrary cable as a Murasugi sum of the (p, £1) cable and an appropriate torus knot
will allow us to take care of the case when g > 0.

Proposition 2.10. (Figure 4.2 of [NeuRud2] or Figure 1 of [Rud2].) Assume p > 0.
Then Ky 4 is a Murasugi sum of K son(q) and T}, 4. Here, sgn(q) is the function which is
1if ¢ >0 and —1 otherwise.
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In the above, the Murasugi sum can be taken to be along minimal genus Seifert surfaces
which, for our purposes, will be fiber surfaces.

Proof of Theorem 2.6 when ¢ > 0:
For all sufficiently large n > 0, we have

h(f}{) = h(ng,pn-H) = h(EKp,l*Tp,pn+1) = h(ng,l) + h(ng,pn-H) =

= h(ng,l) + h(é-Tp,q) = h(é-Kp,l*Tp,q) = h(gKPaq)'

Here, the first equality follows from Proposition 2.8, the second from Proposition 2.10,
and the third from the well-known additivity of the Hopf invariant under Murasugi sum
(see, for instance [NeuRud2]). The fourth equality follows from the fact that any positive
torus knot has Hopf invariant 0 (which can be seen, for instance by realizing them all
as plumbings of positive Hopf bands). The fifth and six equalities are an application of
additivity of Hopf invariant and Proposition 2.10, respectively. [

Proof of Theorem 2.6 when ¢ < 0:
For all sufficiently large n > 0, we have

h(ngw*Pnfl) = _h(ff ) -2 (pg + W) =

p,pn+1

(3)
= —h(&g) —2pg + (1 — p)pn = h(&x) + (1 — p)(2g + pn).

The first equality follows from Corollary 2.3, bearing in mind the genus of K, _,,—1 and
the fact that K, _,n—1 = Kppn+1. The second equality follows from the previous case,
since pn + 1 > 0. The third equality is an application of Corollary 2.3.

Next we have

hEky —pus) = M8k, 1) + 1l&r, i) = M8k, 1) + (1 = p)(pn). (4)

Here, the first equality comes from Proposition 2.10 and additivity of the Hopf invari-
ant under Murasugi sums. The second equality comes from Corollary 2.3, noting that

Tp,—pn—1 = Tppn+1 and 29(Tp,—pn—1) = (p — L)pn.

By the same considerations, we have

h€x, ) = hk, ) + b, ) = h(€x, ) + (1 =p)(=¢—1) ()

Solving Equations (3), (4), and (5) for h(¢k, ) yields
Wk, ) = Méx) + (1 =p)(29 —g = 1),

as claimed. O
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2.3. Determination of fibered cable knots which induce {4y

In this section, we use Proposition 2.4 to determine which cable knots induce the
standard tight contact structure on S3. We prove the following:

Theorem 2.11. Let p > 0, and let K be a non-trivial fibered knot. Then &k, , = &sta if
and only if Ex =~ Es4q and g > 0.

Again, we rely on our previous results concerning the Floer homology of cables. In this
case, we call upon Theorem 1.2 of [Hed3]

Theorem 2.12. Let K C S® be a knot. Then the following inequality holds for all n,

-1 -1
pori)+ PO g,y < pera ¢ PREED
In the special case when K satisfies 7(K) = g(K) we have the equality,
(pn)(p —1)

T(Kp,pn—H) =p-7(K)+ 9 .

Proof of Theorem 2.11:

Recall that Proposition 2.10 shows that K ; = K, sgn(q) * Tp,q- Torisu’s theorem then
implies that {x, , = €k, ) #ET, .- 10 the case that ¢ < —1, &p, , is overtwisted, as
indicated by the fact that h({7, ) = (p — 1)(—¢ — 1). Thus K, , is overtwisted, provided
q < —1. Likewise, if ¢ > 1 then {7, , >~ &sq- Thus

Eipg &Ky #Estd = €k,

whenever ¢ > 1.

In light of these remarks, it suffices to understand £, ., -

Assume first that g ~ £gq. Proposition 2.4 indicates that 7(K) = ¢g(K). The second
part of Theorem 2.12 tells us that (for n = 0)

7(Kp,1) = pg(K) = g(Kp,1).
is tight, by Proposition 2.4. On the other hand, Theorem 2.6 implies

h(€k, ) = h(Ex) +29(K)(1 — p) = 29(K)(1 —p) #0,

Where the second equality follows from the fact that £x ~ £tq, by assumption, and hence
has vanishing Hopf invariant. Thus, £x is overtwisted. This proves Theorem 2.11 in
the case that £k is tight.

If £ is not tight, then 7(K) < g(K) by Proposition 2.4 (note that 7(K) < g(K) by
the adjunction inequality for knot Floer homology, Theorem 5.1 of [0zsSza2]). Theorem
2.12 then shows that

T(Kp1) < pr(K) +p—1<pg(K) = g(Kp1).

Hence €k, , is not tight, by Proposition 2.4. To deal with K} 1, note that K can be
changed into K, _1 by a sequence of (p — 1) crossing changes, each of which change a

Hence, & Ky

p,—1
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FIGURE 1. Quasipositive Seifert surfaces are surfaces obtained, like the
ones pictured here, by stacking parallel disks and attaching positive bands
(here, positive means that the bands turn upwards on the right). This
figure depicts the manner in which we can cable a quasipositive Seifert
surface. The left figure is a quasipositive Seifert surface, F', for the trefoil.
The middle represents the first surface together with a parallel push-off in
a product neighborhood of F'. The middle surface is clearly quasipositive
and its boundary is the (2,0) cable link of the trefoil. The third surface is
obtained by adding a positive band to the second, and is a quasipositive
Seifert surface for the (2,1) cable of the trefoil.

positive to crossing to a negative. Corollary 1.5 of [OzsSzad] indicates that 7(K) cannot
increase under such crossing changes, and hence

T(Kprl) < T(Kp,l) < Q(Kp,—1)~

Thus & K, _; 18 not tight. This completes the proof. [J
Proof of Corollary 1.4:

The corollary follows immediately from Theorem 2.11 and Proposition 2.4. Indeed,
Proposition 2.4 characterizes fibered knots which induce {4 as precisely those for which
the fiber surface is isotopic to a piece of complex curve. Theorem 2.11 then determines
which cable knots induce £g4q. [
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Though we have proved the theorem and corollary, we think it is interesting to note
that if K has a quasipositive Seifert surface, then a quasipositive surface for K, , can
be explicitly constructed for ¢ > 0. Since quasipositive surfaces are isotopic to pieces of
smooth complex curves in the four-ball [Rud3], this indicates that positive cabling is, in
some sense, a complex operation.

To construct the aforementioned surfaces, we simply observe that we can “cable” a
quasipositive surface, F', by taking p copies of each disk and band used to construct F.
See Figure 1 for an illustration. More precisely, we consider a neighborhood, F' x [0, 1], of
F C 83 and take the disjoint surfaces F' x {x;} for p distinct points x; € [0,1],i = 1,.., p.
The boundary of the resulting (quasipositive) surface is the (p,0) cable link on K. To
obtain the positive cable knots, we simply attach some more positive bands. Note that
this method proves the “if” direction of Theorem 2.11 without appealing to the second
part of Theorem 2.12. However, we could not obtain a general proof of the “only if”
direction which avoided the use of Theorem 2.12.
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On the Khovanov and knot Floer homologies of
quasi-alternating links

Ciprian Manolescu and Peter Ozsvdth

ABSTRACT. Quasi-alternating links are a natural generalization of alternating links.
In this paper, we show that quasi-alternating links are “homologically thin” for both
Khovanov homology and knot Floer homology. In particular, their bigraded homology
groups are determined by the signature of the link, together with the Euler charac-
teristic of the respective homology (i.e. the Jones or the Alexander polynomial). The
proofs use the exact triangles relating the homology of a link with the homologies of
its two resolutions at a crossing.

1. Introduction

In recent years, two homological invariants for oriented links L C S3 have been stud-
ied extensively: Khovanov homology and knot Floer homology. Our purpose here is to
calculate these invariants for the class of quasi-alternating links introduced in [19], which
generalize alternating links.

The first link invariant we will consider in this paper is Khovanov’s reduced homology
([5],16]). This invariant takes the form of a bigraded vector space over Z/2Z, denoted

Knh'” (L), whose Euler characteristic is the Jones polynomial in the following sense:

S (~Digirank Kk (L) = Vi(q),
i€Z,jEL+ 52

where [ is the number of components of L. The indices ¢ and j are called the homological
and the Jones grading, respectively. (In our convention j is actually half the integral
grading j from [5].) The indices appear as superscripts because Khovanov’s theory is
conventionally defined to be a cohomology theory. It is also useful to consider a third
grading ¢, described by the relation 6 = j — 1.

Khovanov’s original definition gives a theory whose Euler characteristic is the Jones
polynomial multiplied by the factor ¢/2 4+ ¢~/2; for the reduced theory, the Euler char-
acteristic is the usual Jones polynomial, i.e. normalized so that it takes the value 1 on the
unknot, cf. [6]. Note that Kh can be also be defined with integer coefficients, but then

Key words and phrases. Khovanov homology, Floer homology, knots, links, skein exact triangle.
CM was supported by a Clay Research Fellowship.
PSO was supported by NSF grant numbers DMS-0505811 and FRG-0244663.
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it depends on the choice of a component of the link. Nevertheless, Kh is a link invariant
over Z/27Z; see [19, Section 5] or [29, Section 3.

The other homological link invariant that we consider in this paper is knot Floer homol-
ogy. This theory was independently introduced by Szabé and the second author in [15],
and by Rasmussen [27]. In its simplest form, it is a bigraded Abelian group OFK (L, )
whose Euler characteristic is (up to a factor) the Alexander-Conway polynomial Ay (q):

=1 Er— . — —
> (=) T grank HFE(L,§) = (¢ /% = ¢"/*)" ™" - Ap(g)-
JELGEL G

Knot Floer homology was originally defined using pseudo-holomorphic curves, but there
are now also several combinatorial formulations available, cf. [10], [11], [30], [24]. The
two gradings ¢ and j are called the Maslov and Alexander gradings respectively; we also
set § = j — i as above. Knot Floer homology detects the genus of a knot [17], as well
as whether a knot is fibered [25]. There exists also an improvement, called link Floer
homology ([22], [23]), which detects the Thurston norm of the link complement, but that
theory will not be discussed in this paper. Also, even though HFE can be defined with
integer coeflicients, in this paper we will only consider it with coefficients in the field
F=17/27.

For many classes of links (including most knots with small crossing number), the
Khovanov and knot Floer homologies over R = Z or F take a particularly simple form:
they are free R-modules supported in only one §-grading. We call such links Khovanov
homologically thin (over R), or Floer homologically thin (over R), depending on which
theory we refer to. Various versions of these definitions appeared in [2], [27], [6], [28].
Further, it turns out that typically the d-grading in which the homology groups are
supported equals —o /2, where o is the signature of the link. When this is the case, we
say that the link is (Khovanov or Floer) homologically o-thin. (Floer homologically o-thin
knots were called perfect in [26].)

If a link L is homologically o-thin over R = Z or F for a bigraded theory H (where H
could denote either Kh or HFK ), then H (L) is completely determined by the signature
o of L and the Euler characteristic P(g) of H (the latter being either the Jones or a
multiple of the Alexander polynomial). Indeed, if P(q) = 3" a;q’, we must have:

HY (L) ~ {Rlajl f1=J+3
0 otherwise.

In the world of Khovanov homology, the fact that the vast majority (238) of the 250
prime knots with up to 10 crossings are homologically o-thin was first observed by Bar-
Natan, based on his calculations in [2]. Lee [7] showed that alternating links are Khovanov
homologically o-thin. Since 197 of the prime knots with up to 10 crossings are alternating,
this provides a partial explanation for Bar-Natan’s observation.
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At roughly the same time, a similar story unfolded for knot Floer homology. Ras-
mussen [26] showed that 2-bridge knots are Floer homologically o-thin; and this result
was generalized in [16] to all alternating knots.

In this paper we generalize these results to a larger class of links, the quasi-alternating
links of [19]. Precisely, Q is the smallest set of links satisfying the following properties:

e The unknot is in Q;

e If L is a link which admits a projection with a crossing such that
(1) both resolutions Ly and L at that crossing (as in Figure 1) are in Q,
(2) det(L) = det(Lg) + det(Lq),
then L is in Q.

A

FI1GURE 1. The links in the unoriented skein relation.

The elements of Q are called quasi-alternating links. It it is easy to see (cf. [19, Lemma
3.2]) that alternating links are quasi-alternating.
In this paper we prove the following:

Theorem 1.1. Quasi-alternating links are Khovanov homologically o-thin (over Z).
Theorem 1.2. Quasi-alternating links are Floer homologically o-thin (over Z/27.).

For knots with up to nine crossings, Theorem 1.1 and Theorem 1.2 provide an almost
complete explanation for the prevalence of homological o-thinness (over the respective
coefficient ring). Indeed, among the 85 prime knots with up to nine crossings, only two
(819 and 942) are not Khovanov homologically o-thin, and these are also the only ones
which are not Floer homologically o-thin. By the results of [19], [9] and [1], 82 of the
83 remaining knots are quasi-alternating. (Among them, 74 are alternating.) This leaves
only the knot 944, which the authors do not know if it is quasi-alternating.

In general it is difficult to decide whether a larger, homologically o-thin knot is quasi-
alternating. It remains a challenge to find homologically o-thin knots that are not quasi-
alternating; 946 could be the first potential example.

A few words are in order about the strategy of proof and the organization of the
paper. Both Theorem 1.1 and Theorem 1.2 are consequences of the unoriented skein
exact triangles satisfied by the respective theories. For Khovanov homology, this exact
triangle (which relates the homology of L to that of its resolutions Ly and Ly, cf. Figure 1),
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is immediate from the definition of the homology groups. The only new ingredient used in
the proof of Theorem 1.1 is an observation about relating the gradings to the signature.
We explain this in Section 2 of the paper. In fact, the proof of Theorem 1.1 is an
adaptation of the proof of the corresponding fact for alternating links due to Lee [7].

For knot Floer homology, an unoriented skein exact triangle was described by the first
author in [9]. In that paper, the maps in the triangle were ungraded. In Section 3, we
show that they actually respect the J-grading, up to a well-determined shift. This will
imply Theorem 1.2. It is interesting to note that this strategy is quite different from the
earlier proofs for two-bridge and alternating links, [27], [16].

We remark that Theorem 1.2 has a number of formal consequences. The full version
of knot Floer homology is a graded, filtered chain complex over the polynomial algebra
F[U]. It was shown in [16, Theorem 1.4 and the remark immediately after] that for Floer
homologically o-thin knots, their full complex (up to equivalence) is determined by their
Alexander polynomial and signature. Theorem 1.2 implies then that this is true for
quasi-alternating knots. Furthermore, according to [20] and [21], the full knot Floer
complex has enough information to determine the Heegaard Floer homology of any Dehn
surgery on that knot. Thus, the Floer homologies (over F) of Dehn surgeries on quasi-
alternating knots are determined by the Alexander polynomial, the signature, and the
surgery coefficient; we refer to [16], [20], [21] for the precise statements.

It is natural to expect Theorem 1.2 to hold also over Z. Note that Theorem 1.2,
combined with the universal coefficients theorem, implies that quasi-alternating links are
Floer homologically o-thin over Q.

2. The exact triangle for Khovanov homology
2.1. The Gordon-Litherland formula

Let us review the definition of the Goeritz matrix, as well as the Gordon-Litherland
formula for the signature, following [3].

Consider an oriented link L in S® with a regular, planar projection, and let D be the
corresponding planar diagram. The complement of the projection in R? has a number
of connected components, which we call regions. We color them in black and white in
checkerboard fashion. Let Ry, Ry, ..., R, be the white regions. Assume that each crossing
is incident to two distinct white regions. To each crossing ¢ we assign an incidence number
u(c), as well as a type (I or II), as in Figure 2. Note that the sign of the crossing is
determined by its incidence number and type.

Set
D)= plo).

c of type II
The Goeritz matrix G = G(D) of the diagram D is defined as follows. For any i,j €
{0,1,...,n} with i # j, let
gij = — Z p(c).

CGRiﬁRj
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L XX

p=+1 Typel Typell

FIGURE 2. Incidence numbers and types of crossings.

Set also
=29
1#]
Then G is the n x n symmetric matrix with entries g;;, for 4,5 € {1,...,n}.
Gordon and Litherland showed that the signature of L is given by the formula
o(L) = signature(G) — u(D). (1)

(We use the convention that the signature of the right-handed trefoil is —2.) Also, the
determinant det(L) of a link L can be defined as the non-negative integer

det(L) = |det(G)|.
2.2. The signature of resolutions.

Let L C S2 be an oriented link with a fixed planar projection as before. Fix now
a crossing c¢p in the corresponding planar diagram. If the crossing is positive (resp.
negative), we set Ly = L (resp. L_ = L) and let L_ (resp. L4 ) be the link obtained
form L by changing the sign of the crossing. Further, we denote by L, and Lj, the oriented
and unoriented resolutions of L at that crossing, cf. Figure 3. (We choose an arbitrary
orientation for Lj.) To make the connection with Figure 1, note that if L = L., then
Lo= L, and Ly = Ly, while if L = L_, then Ly = L;, and Ly = L,,.

A NPASRA

Ficure 3. Two possible crossings and their resolutions.

Denote by Dy, D,, D}, the planar diagrams of L., L,,, Ly, respectively, differing from
each other only at the chosen crossing cg.
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The first equality in the lemma below (without the sign) is due to Murasugi [12]; the
second is also inspired by a result of Murasugi from [13].

Lemma 2.1. Suppose that det(L,),det(Ly) > 0 and det(Ly) = det(L,)+det(Ly). Then:
o(Ly) —o(Ly) =1

and
o(Lp) —o(Ly) =e,

where e denotes the difference between the number of negative crossings in Dy and the
number of such crossings in D .

Proof. Construct the Goeritz matrices G = G(D,),G, = G(D,) and G, = G(Dy) in
such a way that ¢g is of Type I (and incidence number —1) in D, , and the white region
Ry (the one not appearing in the Goeritz matrix) is as in Figure 4.

Rl\ /Ri\
FI1GURE 4. Coloring convention at the chosen crossing.

Observe now that G and G}, are bordered matrices of G,,. More precisely, if G, is an
n X n symmetric matrix, then there exists a € R and v = (v1,...,v,) € R™ such that

a v a+1 w
G+:(UT Gv>; Gh:(vT Gv)'

Without loss of generality (after an orthonormal change of basis), we can assume that
G, is diagonal, with diagonal entries a;,...,a,. Note that these are nonzero because
det(L,) = |det(G,)| # 0.

The bilinear form associated to G can be written as

n n
aX?+2> XX+ Y X7,
=1 =1
or

(oS S )
1" i=1 v

A similar formula holds for the form of G},, but with a replaced by a + 1.
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If we set
n

o2
/6 =a— Z OT»L"
i=1
then
det(G4) = §-det(Gy), det(Gp) = (8+1)-det(Gy).

By the condition on the determinants in the hypothesis, |3| = |8+ 1| 4+ 1, so we must
have 8 < —1. Therefore, when we diagonalize the bilinear forms, for G (resp. Gj) we
get one additional negative coefficient (3, resp. 8+ 1) as compared to G,,. Thus,

signature(G4) = signature(Gj) = signature(G,) — 1. (2)
Since ¢ is of Type I, we also have u(Dy) = u(D,). Together with the Gordon-
Litherland formula (1), these identities imply
o(Ly) =o0(Ly) — 1.

Next, observe that when we change the direction of an arc at a crossing, both the sign
and the type of the crossing are reversed, but the incidence number remains the same.
If we denote by k(g,t) the number of crossings of incidence number p € {£1} and type
t € {I,II} in Dy (excluding ¢g) which change type (and sign) in Dy, then

w(Dp) — p(Dy) = k(+1,1) — k(=1,I) — k(+1,II) + k(—1,1I).
This equals
—(k(=1,1) + k(+1,11)) + (k(+1,1) + k(—1,1I)) = —e.
Using (1) and (2) again, we get
o(Ly) = 0o(Ln) +e,
as desired. ]

2.3. An unoriented skein exact triangle.

The following proposition is a simple consequence of the definition of Khovanov coho-
mology. It is implicit in [5], and also appeared in Viro’s work [31]. The statement below,
with the precise gradings, is taken from Rasmussen’s review [28, Proposition 4.2]. It is
written there in termfsvof Khovanov’s unreduced homology, but it works just as well for
the reduced version Kh, which we use in this paper. We work over Z, so to define the
reduced homology we need to mark a component for each link appearing in the triangle;

we do this by marking the same point on their diagrams, away from the crossing where
the links differ.

Proposition 2.2. (Khovanov, Viro, Rasmussen) There are long exact sequences

i—e—1,j— 3¢ — —i—e,j— 31

1 ——ij i j— L
.= Kh (Ln) — Kh’(Ly) — Kh'™ *(L,) = Kh (Lp) — -

and

i—etlj— % +1 —ritlj+3

(Ly) — Kh (L) — -

i+

KR (L) - KR (L) - Kh
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where e is as in the statement of Lemma 2.1.

If we forget about 7 and j and just keep the grading 6 = j —i, the two triangles become
—x— £ — P § e x—2_1
-— Kh *(Lp) — Kh (Ly) — Kh *(L,) — Kh * (Lp)—--- (3)
and ) . )
KB (Ly) — KR (L) — KR (L) — KB 7 (Ly) — - (4)

Proposition 2.3. Let L be a link and Lo, L1 its two resolutions at a crossing as in
Figure 1. Assume that det(Lg),det(L1) > 0 and det(L) = det(Lo) 4+ det(Ly). Then there
is an exact triangle:

_o(Ly) o(L) a(Lg) o(Ly)

(L) — Kh ? (L) = Kh ° (Lo)—Kh (L) —--

. Kh

Proof. When the given crossing in L is positive, this is a re-writing of the triangle (3),
taking into account the result of Lemma 2.1. Note that when following three consecutive
maps in the triangle the grading decreases by one; thus, the grading change for the map
between the homologies of the two resolutions is determined by the grading change for
the other two maps.

The case when the crossing is negative is similar. O

Proof of Theorem 1.1. Note that any quasi-alternating link has nonzero determinant; this
follows easily from the definition. The desired result is then a consequence of Proposi-
tion 2.3: the unknot is homologically o-thin and, because of the exact triangle, if Ly and
L, are homologically o-thin, then so is L. O

3. The exact triangle for knot Floer homology

In this section we assume that the reader is familiar with the basics of knot Floer homol-
ogy (including the version with several basepoints), cf. [15], [27], [22], [10]. Throughout
this section we will work with coefficients in the field F = Z/27Z.

3.1. Heegaard diagrams and periodic domains

We start with a few generalities about periodic domains in Heegaard diagrams. Our
discussion is very similar to the ones in [18, Section 2.4] and [22, Section 3.4], except that
here we do not ask for the periodic domains to avoid any basepoints.

Let ¥ be a Riemann surface of genus g. A collection e« = (e, ..., a,) of disjoint,
simple closed curves on ¥ is called good if the span S, of the classes [o;] in Hy(3;Z)
is g-dimensional. If « is such a collection, we view (the closures of) the components of
¥ — (Uay;) as two-chains on ¥ and denote by I1, their span. Note that II, is a free Abelian
group of rank m =n — g+ 1.

A Heegaard diagram (X, at, B) consists of a Riemann surface ¥ together with two good
collections of curves a = (aq,...,a,) and B8 = (f1,...,0,). (A Heegaard diagram de-
scribes a 3-manifold Y; see for example [22, Section 3.1].) We define a periodic domain
in the Heegaard diagram (3, a, 3) to be a two-chain on X that is a linear combination of
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the components of ¥ — (Ua;) — (US;), and with the property that its boundary is a linear
combination of the alpha and beta curves. (This is a slight modification of [18, Definition
2.14].) The group of periodic domains is denoted II, 5. Let also So 3 = So + S3 be the
span of all the alpha and beta curves in H;(X;7Z).

Lemma 3.1. The group 11, g of periodic domains is free Abelian of rank equal to 2n +
1 —rank(Sa, ).

Proof. There is a map
1/)0(75 : Z2n i Sa,ﬁ

taking the first n standard generators of Z?" to the classes [o;], i = 1,...,n, and the
remaining n standard generators to the classes [3;], i = 1,...,n. There is a short exact
sequence

0 —Z — Il,p3 — ker(va,z) — 0. (5)

Indeed, the map II, g — ker(t, ) takes a periodic domain D to the coefficients of the
alpha and beta curves appearing in 9D. It is surjective, and its kernel is generated by the
Heegaard surface X itself.

The conclusion follows immediately from the short exact sequence. O

Note that we can view Il and Il as subgroups of I, 3. Their intersection is generated
by the two-chain Y. Therefore,
rank(Il, +IIg) = 2n — 1.

More precisely, if we denote by S, & S = Z29 the exterior direct sum, there is a short
exact sequence analogous to (5):

0—7Z— 1, + 1z — ker(Z*" — S, @ Sg) — 0. (6)
Corollary 3.2. If S, 3 = Hi(%;Z), then I1, g =11, + IIg.

Proof. The exact sequences (5) and (6) fit into a commutative diagram

0 Z I, + 5 — ker(Z?" — S, & S5) —— 0
0 Z Hog —— ker(Z®™ —S,5) —— 0

To show that the middle vertical arrow is an isomorphism it suffices to show that the
right vertical arrow is. The map 145 : Z?" — S, g factors through S, & Sz. Consider
the sequence of maps

27?928, ®S5 — Sap — Hi1(%;Z) = 7%.

The hypothesis says that the last inclusion is an isomorphism, which means that the
composition is surjective. Since its domain and target are both Z29, the map must be an
isomorphism. This shows that S, © Sz — S 3 is an isomorphism as well. O
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Finally, a triple Heegaard diagram (X, e, 3,7y) consists of a Riemann surface ¥ together
with three good collections of curves o = (y,...,ay), B8 = (B1,...,0,), and v =
(Y15« sYn)- A triply periodic domain is then a two-chain on ¥ that is a linear combination
of the components of ¥ — (Ua;) — (UB;) — (U7;), and with the property that its boundary
is a linear combination of the alpha, beta, and gamma curves.

The group of triply periodic domains is denoted Il, 5. Set S g,y = So + Sg + S5 in
H,(X;7Z). A straightforward analog of Lemma 3.1 then says that II, g, is a free Abelian
group of rank equal to 3n + 1 — rank(S, g.+).

3.2. The ungraded triangle
The following theorem was proved in [9]:

Theorem 3.3. Let L be a link in S3, and Ly and L, the two resolutions of L at a
crossing, as in Figure 1. Denote by [, 1y, 11 the number of components of the links L, Ly,
and Ly, respectively, and set m = max{l,ly,l1}. Then, there is an exact triangle

HFRK(L)® V" — HFK(Ly) ® V"™ — HFK(L))® V" b — HFK(L)@ V™,
where V denotes a two-dimensional vector space over F.

Our goal will be to study how the maps in the exact triangle behave with respect to
the d-grading. In order to do this, we recall how the maps were constructed in [9].

The starting point is a special Heegaard diagram which we associate to a regular,
connected, planar projection D of the link L. (This is a suitable stabilization of the
diagram considered in [16].) We assume that one of the crossings in D is ¢y, such that
the two resolutions at ¢y are diagrams Dy and D, for Ly and Ly, respectively. If D has
k crossings, then it splits the plane into k& 4+ 2 regions. Let Ay, A1, As, A3 be the regions
near ¢ in clockwise order, as in Figure 5, and e the edge separating Ay from A;. We can
assume that Ay is the unbounded region in R? — D. Denote the remaining regions by
Ay, ..., Ags1. Let p be a point on the edge e. If m = max{l,lp,l1} is as in the statement
of Theorem 3.3, then we can choose py,...,pm—1 to be a collection of points in the plane,
distinct from the crossings and such that for every component of any of the links L, Lg
and L1, the projection of that component contains at least one of the points p; or p.

FIGURE 5. The regions near the crossing c¢g. Since ¢y can be either neg-
ative or positive, we have not marked which strand is the overpass.
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We denote by ¥ the boundary of a regular neighborhood of D in S2, a surface of
genus g = k + 1. To every region A, (r > 0) we associate a curve a,. on X, following the
boundary of A,. To each crossing ¢ in D we associate a curve (3. on % as indicated in
Figure 6. In addition, we introduce an extra curve (3. which is the meridian of the knot,
supported in a neighborhood of the distinguished edge e. We also mark the surface
with two basepoints, one on each side of 3., as shown on the left side of Figure 7.

FIGURE 6. Piece of the Heegaard surface X associated to a crossing c. It
contains four (or fewer) bits of alpha curves, shown in dashed lines, and
one beta curve (..

Furthermore, for every edge e; of D containing one of the points p;, i =1,...,m — 1,
we introduce a ladybug, i.e. an additional pair of alpha-beta curves on X, as well as an
additional pair of basepoints. This type of configuration is shown on the right side of
Figure 7.

FIGURE 7. A neighborhood of the distinguished edge e (left) and a la-
dybug around some edge e; marked by p; (right).

The surface X, together with the collections of alpha curves, beta curves and basepoints,
forms a multi-pointed Heegaard diagram for S® compatible with L, in the sense of [10,
Definition 2.1]. We denote the alpha and the beta curves in the diagram by «;, 5; with
i =1,...,n, where n = g + m — 1. We reserve the index n for the beta curve g = 3,

70



On the Khovanov and knot Floer homologies of quasi-alternating links

associated to the crossing cg. Also, we let S denote the complement of the basepoints in
the surface X.

We can construct similar Heegaard diagrams compatible with Ly and L; as follows.
The surface X, the alpha curves and the basepoints remain the same. However, for Lg
we replace the beta curves by gamma curves v;, i = 1,...,n, while for L; we use delta
curves §;, ¢ =1,...,n. For i < n, the curves ~; and J; are small isotopic translates of [3;,
such that they intersect §; in two points, and they also intersect each other in two points.
For i = n, we draw the curves v = v, and § = §,, as in Figure 8; see also Figure 9, where
the following intersection points are labelled:

BNy ={AU}, vN6={B,V}, 6np={C. W}

FIGURE 8. Piece of X near the crossing cg. There are three bits of alpha
curves, shown dashed. This piece is joined to the rest of the diagram by
four tubes, which we mark by the numbers 1,2,3,4.

For the purpose of defining Floer homology, we need to ensure that the Heegaard
diagrams for L, Ly and L; constructed above are admissible in the sense of [22, Definition
3.5]. We achieve admissibility by stretching one tip of the alpha curve of each ladybug,
and bringing it close to the basepoints associated to the distinguished edge e. It is easy
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FicUure 9. A different view of Figure 8. The four gray disks correspond
to the four tubes from Figure 8, and are marked accordingly.

to see that the result is admissible; see Figure 10 for an example. In that figure, to get
the diagrams for Ly and L;, which are both the unknot, we replace 3 = 34 by curves ~
and J, respectively, as in Figure 8.

Now consider the tori

To =01 X+ X ay, Tﬁ:ﬁlx"'xﬁnv

Ty=m X Xy, Ts=01 X"+ X0,

which we view as totally real submanifolds of the symmetric product Sym”(3). The
Floer complex C'F (T, Tgs) is the vector space freely generated by the intersection points
between T, and Tg, and endowed with the differential

x- > X #(HY) M

YETNTS {hei (xay)|u(#)=1}

Here 72(x,y) denotes the space of homology classes of Whitney disks connecting x to
y in Sym"(f]), M(¢) denotes the moduli space of pseudo-holomorphic representatives
of ¢ (with respect to a suitable almost complex structure as in [18]), u(¢) denotes its
formal dimension (Maslov index), and the # sign denotes the mod 2 count of points in
the (zero-dimensional) moduli space. (We will henceforth use p to denote Maslov index,
rather than the incidence number, as in Section 2.)
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FIGURE 10. A Heegaard diagram compatible with the Hopf link L, with
g =3, m =2 and n = 4. The beta curves 35 and § = 34 are associated
to the two crossings, (1 to the distinguished edge, and (3 is part of
a ladybug. There are three alpha curves associated to planar bounded
regions and one, ay, which is part of a ladybug. One tip of ay is stretched
to achieve admissibility.

The homology of CF(T,, Tg) is the Floer homology HF(T,,Tg). Up to a factor, this
is the knot Floer homology of L:

HF(To,Ts) = HFK(L) @ V™,
where V is a two-dimensional vector space as in Theorem 3.3.
We can similarly take the Floer homology of T, and T, or T, and Ts, and obtain
HF(T,,T,) = HFK(Ly) @ V™o,

HF(T,,Ts) 2 HFK (L) @ V™.
Therefore, the exact triangle from Theorem 3.3 can be written as

(fl)* (fZ)* (f.’i)*
—_—

HF(T,,Ts) HF(T,,Tg) —22 HF(T,,T,) = HF(T,,Ts) (8

The maps (fi)« (i = 1,2,3) from the triangle (8) are all induced by chain maps f;
between the corresponding Floer complexes. To define the maps f;, let us first recall
the definition of the usual triangle maps appearing in Floer theory. Given totally real
submanifolds 77,75, T3 in a symplectic manifold (satisfying several technical conditions
which will hold in our situations), there is a chain map

OF(Tl,TQ) (2] CF(TQ,Tg,) — CF(Tl,Tz;),
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defined by counting pseudo-holomorphic triangles. In particular, given an intersection
point z € T» N'T3 which is a cycle when viewed as an element of CF(T5,T3), we have a
chain map
F(x)= ), > #(M(9))y.
YERNTS {gein (x,m,y) | 1n(#)=0}

Here 75(x,z,y) denotes the space of homology classes of triangles with edges on T}, Ty, T3
and vertices x,z and y, respectively (in clockwise order), p is the Maslov index, and
# (M(¢)) the number of their pseudo-holomorphic representatives.

Going back to our set-up, whenever we have two isotopic curves 1 and " on the surface
¥ such that they intersect in exactly two points, we will denote by M, € n N7 the top
degree generator of CF(n,n'). Given one of the intersection points in Figure 9, for example
A € N+, we obtain a corresponding intersection point in Tg NT, by adjoining to A the
top degree intersection points Mpg,~, € 5; Ny;. We denote the resulting generators by the
respective lowercase letters in bold:

a= Mg X Mgy, X+ x Mg, 4, , xAecTgNTy
b=M,s XMy, X+ xM, 5, ,xBeT,NTs;
c=Ms,g X Ms,p, -+ x Ms, .3, , xCeTsNTg;
u= Mgy, X Mpg,y, X ---xMg, .~  xU€cTgNTy;
v =Mys5 XMy, X+ xM, 5., xVeT,NTs;
w = Ms, 8, X Ms,, X - x M5, .5, ., xWeTsNTg.

The chain maps f; giving rise to (8) are then defined to be the sums
fi=F.+Fy :CF(T,,Ts) - CF(T,,Tg);
fo=Fa+ Fy:CF(T,,Tg) — CF(Tq4,T,);
fs=F +F, : CF(T,,T,) - CF(T,, Ts).

3.3. Periodic domains

Let us apply the discussion in Section 3.1 to the setting of Section 3.2.
Note that (3; o, 3), for example, is a Heegaard diagram for S3, hence the alpha and
the beta curves span all of Hq(3;Z). Applying Corollary 3.2 we deduce that

Iy p =11, + 1g. (9)

Similarly, we have I, = Il + 11, and I, s = II, + 1ls.

The situation for Ilg ., is different. Before analyzing it, let us first understand the
components of ¥ — (Uf;), which span Ilg, in detail. Their number is m, which equals
either [ or [41, according to whether the two strands of L meeting at ¢ are on different link
components, or on the same link component. Let K1, ..., K; be the connected components
of L, such that Kj is the one containing the edge e. If m = [, then each K; corresponds
to a unique component Df of ¥ — (UgB;), which lies in a neighborhood of K; (when X
is viewed as the boundary of a neighborhood of L). If m = [ + 1, then for ¢ < [, each
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K; corresponds again to some D;B , but in the neighborhood of K; there are now two

components of ¥ — (UB;), which we denote by Df and Dlﬂﬂ, such that Dlﬁ is the one

whose boundary contains the curve § = [3,.

FIGURE 11. We illustrate here Equation (10). The component Dlﬁ , which
gives a homological relation between (3, and other (-curves, is shaded.
There are two cases: when m = ¢, the region labelled here by 5 is included
in Dlﬁ . Otherwise, when m = £ + 1, Dlﬂ terminates in a different merid-
ional (-circle. In either case, the boundary of Dlﬁ consists of (-circles,
and it contains (3, with multiplicity one.

Note that, regardless of whether m =1 or m =1+ 1, the component Df contains the
curve 3, with multiplicity +1 (see Figure 11). This means that the class [5,] € Sg C
Hy(3;Z) is in the span of the other beta curves. In other words,

Sﬁ = Span (517~--7ﬂn—1)- (10)
Similar remarks apply to ¥ — (Uy;) and ¥ — (Ud;). Their components are denoted D]
and Df, respectively, for i = 1,...,m. Recall that for each ¢ = 1,...,n — 1, the curves ;,

~; and 0; are isotopic. Therefore, Equation (10), together with its analogs for the beta
and gamma curves, implies that

Sg=295,=25s. (11)

For each j = 1,...,n — 1, the curves 3; and vy, are separated by two thin bigons

in ¥. The difference of these bigons is a periodic domain D?’W, with boundary £; — ;.

Equation (11) implies that rank(Sz ) = rank(Sg) = g, so from Lemma 3.1 we deduce
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that rank(Ilg ) = 2n 4+ 1 — g = n + m. In fact, it is not hard to check that the following
is true:

Lemma 3.4. The domains Dfﬂ)z (i=1,...,m) and Df” (j=1,...,n—1) span the
group Ilg .

Note that we gave a set of 2m+n—1 generators for the group Ilg ., of rank n+m. There
are indeed m — 1 independent relations between these generators, namely for each of the
m — 1 components K; of L (or Lg) not containing either of the strands intersecting at ¢,
the difference Df — D] can also be written as a sum of some domains Df "7 (corresponding
to the crossings on K;).

Next, let us look at the triply periodic domains with boundary on the alpha, beta, and
gamma curves.

Lemma 3.5. We have 11, g, = I, + Ilg 4.

Proof. Let D be any triply periodic domain in II, g .. If the curve 7, appears (with
nonzero multiplicity) in the boundary of D, by the analog of (10) for gamma curves we
can subtract some domain in I, C Ilg, from D and obtain a new domain, in which
the multiple of ~, from 0D was traded for a combination of the other gamma curves
Y15+, Yn—1. Next, whenever we have some curve ; in the boundary (j < n), we can add
the corresponding domain D? 7 ellg C Ilg,, to trade it for a beta curve. Thus we arrive
at a domain in II, 3 and the conclusion follows from Equation (9). O

Note that Lemma 3.4 has straightforward analogs about the structure of the groups
I, s and II5 5. Similarly, Lemma 3.5 has straightforward analogs about the structure of
the groups Il, .5 and I, 5 3.

3.4. The relative -grading

Pick x,y € T, N Ts. Let ma(x,y) be the space of homology classes of Whitney
disks in Sym"(X) connecting x and y. (Recall that 72(x,y) is the corresponding space
in Sym”(i).) Since (3, a1,...,0n,81,...,0s) is a Heegaard diagram for S3, we have
ma(x,y) # 0 for any x and y. Note that ma(x,x) can be identified with the group of
periodic domains Il g.

Every class ¢ € ma(x,y) has a Maslov index u(¢) € Z. In the usual construction of
knot Floer homology, the extra basepoints on the Heegaard surface ¥ are of two types:
half of them are denoted w; and the other half z;, with j = 1,---,m + 1, such that
every connected component of ¥ — Ua; or ¥ — Uf3; contains exactly one of the w; and
one of the z. Let W(¢) and Z(¢) be the intersection numbers of ¢ with the union of all
{w;} x Sym" ! (X) and the union of all {z;} x Sym"~!(X), respectively. Thus #2(x,y) is
the space of classes ¢ with W (¢) = Z(¢) = 0.

The difference in the Maslov grading H (denoted 4 in the introduction) between x and
y can be calculated by picking some ¢ € m(x,y) and applying the formula

H(x) = H(y) = u(¢) = 2W (o).
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Similarly, the difference in the Alexander grading A (denoted j in the introduction) is

Ax) — Aly) = Z(¢) — W(9).
Setting P(¢) = Z(¢) + W (o), the difference in the grading § = A — H is then

6(x) = 6(y) = P(¢) — (o).

Therefore, if we limit ourselves to considering the § grading, there is no difference
between the two types of basepoints. This explains why we have not distinguished between
them in Section 3.2, and we will not distinguish between them from now on either.

Observe that the relative ¢ grading is well-defined, i.e. we have p(¢) — P(¢) = u(¢') —
P(¢’) for any ¢, ¢ € ma(x,y). Indeed, because u and P are additive under concatenation,
it suffices to prove that u(¢) — P(¢) = 0 for any ¢ € ma(x,x) = II,3. By Equation (9),
the group Il,g is generated by the connected components of > — Ua; and ¥ — Ug;. Each
such component has u(¢) = P(¢) = 2, so the relative § grading is well-defined.

Lemma 3.6. The chain maps f1, fa, f3 that induce the triangle (8) preserve the relative
0 grading.

Proof. First, observe that a triangle map such as F, : CF(T,,Tg) — CF(T,,Ty) pre-
serves the relative ¢ grading. In other words, we need to show that adding a triply periodic
domain D € 11, g, to a class ¢ € T2(x,a,y) does not change the quantity p(¢) — P(¢).
By Lemmas 3.4 and 3.5, it suffices to show that the classes of the domains D', Diﬁ , D] and
Df 7 all have p = P. Indeed, for D?,Diﬁ and D] this is the argument in the paragraph

before Lemma 3.6, while for each Df” (j=1,...,n—1) we have ¢ = P = 0.

Next, in order to show that fo = F, 4+ Fy, preserves the relative J-grading, we exhibit a
class ¢ € ma(a,u) with u(¢) = P(¢). In Figure 9 there is a bigon relating A and U which
is connected by the tube numbered 2 to the rest of the Heegaard diagram. This bigon
is also shown on the left in Figure 12. Following the tube, we encounter several disks
(or possibly none) bounded by beta circles as in the middle of Figure 12, until we find a
disk as on the right of Figure 12. Lipshitz’s formula for the Maslov index [8] says that
1(¢) can be computed as the sum of the Euler measure e(¢) and a vertex multiplicity
n(¢). (We refer to [8] for the definitions.) The punctured bigon on the left of Figure 12
contributes —1 to e(¢) and % to n(¢), each middle disk —1 to e(¢) and 1 to n(¢), and
the disk on the right 0 to e(¢) and 1 to n(¢). Thus u(¢) = P(¢) = 1.

The arguments for f; and f3 are similar. ]

3.5. The absolute /-grading

The generators x € T, N Tg are of two kinds. They all consist of n-tuples of points
in X, one on each alpha curve and on each beta curve. If for each ladybug (consisting
of a pair of curves «; and f3;), x contains one of the two points in a; N G3;, we call the
generator x Kauffman. Otherwise, it is called non-Kauffman. Note that, if we hadn’t
had to stretch the alpha curves on the ladybugs to achieve admissibility, all generators
would have been Kauffman.

7



MANOLESCU and OZSVATH
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FIGURE 12. A relative homology class ¢ € ma(a,u) of Maslov index 1,
with one basepoint. The grey disks here denote tubes, whereas the small
black dot in the rightmost picture denotes a basepoint.

Every x € To N T has an absolute d-grading §(x) € $Z. We will explain now a simple
formula for §(x) when x is Kauffman.

Consider the regions Ag, A1, As, ..., Axy1 as in the second paragraph after the state-
ment of Theorem 3.3. Each of the k crossings in D is on the boundary of four regions. A
state, cf. [4], is an assignment which associates to each crossing one of the four incoming
quadrants, such that the quadrants associated to distinct vertices are in distinct regions,
and none are corners of the regions Ay or A;.

One can associate a monomial to each state such that as we sum all these monomials we
obtain the Alexander polynomial of the link L, [4]. Therefore, if the Alexander polynomial
Ap(q) is nonzero (or, in particular, if Ap(—1) = det(L) # 0), then there must be at least
one state.

To each Kauffman generator x we can associate a state in an natural way: at each
crossing c¢ the corresponding beta curve intersects exactly one of the alpha curves of the
neighboring regions in a point of x, and the quadrant in that region is the one we associate
to c. In [16], the Maslov and Alexander gradings of Kauffman generators are calculated
in terms of their states; compare also [14].

For our purposes, it suffices to know how to compute the d-grading. If x is Kauffman
and ¢ is a crossing in D, we let §(x,¢) € {0,£1/2} be the quantity from Figure 13, chosen
according to which quadrant at ¢ appears in the state of x. Then:

5(x) =Y 6(x,0). (12)

A similar discussion applies to the diagrams Dy and D of the resolutions Ly and L1,
respectively, except that in those cases there is no contribution from the resolved crossing
Co.

Note that the §-grading of a Kauffman generator x does not depend on which of the
two intersection points between the two curves of a ladybug appears in x.
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N\ A

0 0 0 0

1/2\ /1/2

F1cure 13. Contributions to the d-grading.

Lemma 3.7. Suppose that cq is a positive crossing in D (so that Ly is the oriented
resolution L) and that det(Log) # 0. Then the map fo : CF(T,,Tg) — CF(T,,T,)
decreases 0-grading by 1/2.

Proof. By Lemma 3.6, we already know that fs preserves the relative d-grading. Thus, it
suffices to exhibit two generators x € T, N Tz and y € T, NT,, with é(x) —d(y) = 1/2,
and such that there exists a holomorphic triangle of index zero in 72(x,a,y).

Since det(Lg) # 0, the diagram Dy has at least one Kauffman generator y. There is
a corresponding Kauffman generator x € T, N Tg, such that each y; € v; Ny, (i < n)
is close to some x; € §; N x (they are related by the isotopy between ~; and 3;), while
T, € fNx and y, € YNy are two vertices of the shaded triangle in Figure 8 with the
third vertex at A. That shaded triangle, coupled with the small triangles with vertices at
X, yi, and Mg, ,, for i =1,...,n—1, gives the desired holomorphic triangle in Sym”(f)).
To check that §(x) — 0(y) = 1/2, note that in formula (12) the contributions to §(x) and
d(y) from each crossing are the same, except that there is an extra contribution of 1/2 to
d(x) coming from cg. O

Lemma 3.8. Suppose that cq is a positive crossing in D (so that Ly is the unoriented
resolution Ly,) and that det(L1) # 0. Then the map f1: CF(Ty, Ts) — CF(T,, Tg) shifts
d-grading by e/2, where e is as in the statement of Lemma 2.1.

Proof. By Lemma 3.6, we already know that f; preserves the relative d-grading. Again,
it suffices to exhibit two generators x € T, NTs and y € T, NTs with d(x) —d(y) = e/2,
and such that there exists a holomorphic triangle of index zero in 72 (y, w, x).

Since det(Lq) # 0, we can pick a Kauffman generator y € T, N Ts. As in the proof of
Lemma 3.7, there is a corresponding Kauffman generator x € T, NT3 and a holomorphic
triangle of index zero as desired, consisting of n — 1 small triangles with one vertex at
Ms, g, for i =1,...,n — 1, and the shaded triangle in Figure 8 with one vertex at W.

To check that 6(x) — d(y) = e/2, let ny be the number of positive crossings in D
(excluding ¢g) which change sign in D;. At each such crossing ¢, we have:

d(x,¢c) =68(y,c)+1/2.

Let also n_ be the number of negative crossings in D which change sign in D;. At each
such crossing ¢, we have:
d0(x,¢) =6(y,c) — 1/2.
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Therefore,
6(x) = 6(y) = (ng —n-)/2=¢/2.
|

Proposition 3.9. Let L be a link and Lo, Ly its two resolutions at a crossing as in
Figure 1. Assume that det(Lg),det(L1) > 0 and det(L) = det(Lg) + det(Ly). Then, two
of the three maps in the exact triangle from Theorem 3.3 behave as follows with respect
to the §-grading:

H/ﬁ(*ia@l) (Ll) [029] Vm7l1 — Fﬁ(*iﬂ (L) & Vm7l0 — H/ﬁ(*id(Lo) (LO) X mel’
2 2 2
where V' denotes a two-dimensional vector space over IF, in grading zero.

Proof. When the given crossing in L is positive, this follows from (8), together with the
results of Lemmas 2.1, 3.7, and 3.8. The case when the crossing is negative is similar. [

Proof of Theorem 1.2. Using Proposition 3.9, we can argue in the same way as in the
proof of Theorem 1.1. Note that we do not have to know the change in the absolute
d-grading under the third map (f3). : HF (T4, T,) — HF(T,, Ts) in the exact triangle.

Indeed, recall that the Euler characteristic of HFK is (up to a factor) the Alexander
polynomial, which evaluated at —1 gives the determinant of the link. If we know that Lg
and L, are Floer homologically o-thin and we want to show the same for L, the fact that
det(L) = det(Lp) + det(L1) together with the ungraded triangle implies that

rank (HFK (L) ® V™) = rank (HFK (L) ® V™) + rank (HFK (Ly) ® V™ h).
Hence (f3). = 0, and the inductive step goes through. 0
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Tight contact structures on the Weeks
manifold

Andrds 1. Stipsicz

ABSTRACT. We construct tight contact structures on the Weeks manifold W,
the closed hyperbolic 3—manifold with smallest volume. The contact structures
are constructed through contact surgery diagrams involving contact (£1)-—
surgeries. The tightness of these contact structures are verified by showing
that the contact Ozsvath—Szabd invariants of the structures are nonzero.

1. Introduction

Suppose that Y is a closed oriented 3—manifold and £ is a 2—plane field on Y
which can be given as the kernel of a 1-form « satisfying a A da > 0. Such &
is called a (positive, cooriented) contact structure on Y. A contact structure &
is tight if Y does not contain any embedded disk D with the property that £ is
tangent to D along 0D. Such disks are called overtwisted disks, and a contact
structure containing such a disk is called overtwisted. According to the famous
result of Eliashberg [5], overtwisted contact structures are determined by the
homotopy type of the 2—plane field, hence do not capture geometric information of
the underlying 3—manifold. Tight contact structures, however, are more geometric
objects, and play prominent role in the study of low dimensional manifolds.

It is known that on a connected sum Y;#Y5 tight structures decompose uniquely
as tight structures on the factors Yi,Ys. Therefore in understanding existence
and classification questions we can restrict our attention to prime 3—manifolds.
According to the solution of the Geometrization Conjecture, a prime 3—manifold
Y either admits a hyperbolic metric, is Seifert fibered, or contains an essential
torus (i.e., a 2-torus T2 C Y such that the embedding induces an injective homo-
morphism on the fundamental groups). According to [2, 8] a toroidal 3—manifold
(i.e., a 3-manifold containing an essential torus) admits infinitely many different
tight contact structures. (Moreover, by [2] an atoroidal manifold admits at most
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finitely many isotopy classes of tight contact structures.) The existence problem
for Seifert fibered 3—manifolds was recently answered:

Theorem 1.1 ([14]). A Seifert fibered 3-manifold admits a tight contact structure
if and only if it is not orientation preserving diffeomorphic to the result of (2n—1) —
surgery along the (2,2n + 1) ~torus knot Taon+1 C S® for some n € N. O

The proof of this theorem utilized the explicite surgery presentation of the Seifert
fibered 3—manifolds. Using a surgery presentation, we were able to modify it
to a contact surgery presentation of the same 3—manifold, where contact (£1)—
surgeries were performed along Legendrian knots in the standard contact 3—sphere.
(For more on contact surgery see [3, 11].) Tigthness of the resulting contact
structures were verified by the computation of the corresponding contact Ozsvath—
Szabd invariants — their nonvanishing implied that the surgery diagrams gave rise
to tight structures.

This approach cannot be applied for hyperbolic 3—manifolds in general. In this
note we show that the Weeks manifold W, which is known to be the closed
hyperbolic 3-manifold with smallest hyperbolic volume [6], admits tight contact
structures. Recall that W is defined as surgery along the Whitehead link, with
surgery coefficients (5, 3). Following the convention of [1] we take the clasp at the
Whitehead link in such a way that (+1)—surgery on one of its components turns
the other one into the right-handed trefoil knot, while (—1)—surgery on the same
component turns the other into the Figure—8 knot. For the surgery presentation

of W see Figure 1, cf. also [4, page 249].

C

FiGURE 1. The Weeks manifold, presented as surgery along the
Whitehead link
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2. Contact structures on the Weeks manifold W

In the following, through a sequence of surgery diagrams we describe contact
structures on W with both of its orientations. Let us start with —W (where the
orientation of W is given by the diagram of Figure 1). A diagram for —W can be
given by considering the mirror image of the link of Figure 1, with the framings
multiplied by (—1), as it is given by Figure 2. After an inverse slam dunk (cf. [7])
and an isotopy of the projection we can put these knots in Legendrian position in a
way that a sequence of contact (—1)—surgeries is needed (when surgery coefficient
is measured with respect to the contact framing), cf. Figure 2. Since on the

(i)
FIGURE 2. Stein fillable contact structures on —W
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Legendrian knot L of Figure 2(iii) we are free to choose the stabilization either
on the right or on the left, we constructed two nonisotopic Stein fillable contact
structures, which can be distinguished by the first Chern classes of their Stein
fillings, cf. [9].

Now we turn our attention to the Weeks manifold W with the orientation given
by Figure 1. A sequence of inverse slam dunks and blow—downs (cf. [7]) turns
this diagram into the one given by Figure 3 (ii7). Isotoping the link to Legendrian

i

(iii)

FIGURE 3. Another surgery diagrams for the Weeks manifold

position we get Figure 4. Now the standrad algorithm for turning a positive
integer contact surgery into a sequence of contact (—1)—surgeries and a contact
(+1)—surgery (as it is described in detail in [3]) yields contact surgery diagrams
for W

e stabilize the Legendrian unknot of Figure 4 with contact surgery coefficient
(—2) once (either on the left or on the right side) and perform contact
(—1)—surgery on the result, and
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-2
-1
e >
/
- a

F1GURE 4. Contact surgery diagram for W

e consider the Legendian push-off of the (44)-framed curve, stabilize it
once (either on the right or on the left), and then push off the result two
more times; perform contact (+1)—surgery on the orginial knot (which we
will call L), while on the push—offs perform contact (—1)-surgeries.

Notice that in this algorithm we have two choices on whether we put the stabi-
lizations to the left or to the right on the two curves, so in fact we produce four
diagrams and hence four contact structures &; ; where 7,5 € {l,r} (corresponding
to left or right stabilizations).

3. Contact Ozsvath—Szabd invariants

In [15, 16] Ozsvéath and Szabd defined an invariant of a spin® 3-manifold (Y,t),
which is now called the Ozsvdth—Szabd homology group ﬁ(Y, t) of (Y,t). The
theory (which, for the sake of simplicity we consider here with Zs—coefficients) fits
into the framework of a Topological Quantum Field Theory, in the sense that 4—
dimensional spin® cobordisms between spin¢ 3—manifolds induce homomorphisms
between the corresponding Ozsvath—Szabd homology groups. Moreover, these
groups and maps provide exact triangles for surgery triples, as it is explained
n [16], cf. also [10]. In addition, in [17] an invariant ¢(Y,¢) of a contact 3—
manifold (Y,&) as an element of the group HF (=Y, t¢) is defined. (Here t¢
denotes the spin® structure induced by the contact structure £.) This invariant
has the remarkable property that it vanishes for overtwisted contact strucutres
(hence can be used to detect tightness), it is nonzero for Stein fillable contact
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structures and satisfies the following simple transformation rule: If (Y7,&r) is
given as contact (41)—surgery along the Legendrian knot L C (Y,&), and the
surgery induces the oriented cobordism X then

c(Yr,é1) = Fx(c(Y,§)),

where F_x is the map induced by the cobordism X , with its orientation reversed.

These invariants can be effectively computed in many cases when the contact
structure is given through a contact surgery presentation, cf. [10, 11, 12]. Next
we will determine the contact Ozsvath—Szabd invariants for the contact structures
defined by the surgery diagrams we found on the Weeks manifold.

Theorem 3.1. The contact structures & ; (i,7 € {l,7}) defined by Figure 4 have
nonvanishing contact Ozsvdth—Szabd invariants, hence are all tight. In addition,
the four structures are monisotopic.

Proof. Let us consider the single curve L of the contact surgery diagram defining
&j on which contact (41)-surgery is performed. Recall that by the recipe of
[3], this curve results from the (+4)—framed Legendrian knot of Figure 4. It
is not hard see that L is smoothly isotopic to the right—-handed trefoil knot,
and that tb(L) = 1. Therefore the main result of [10] (cf. also [13]) applies and
shows that the contact Ozsvath—Szabé invariant of the resulting contact structure
(S3(L), &) is nonzero. More explicitely, consider the cobordism X given by the
handle attachment induced by the single surgery along L. The map F_x fits in
the exact triangle

HE(S?) X AF (S%,(L))

o

HF(S3,(
where L is the mirror image of L (hence smoothly it is the left-handed trefoil
knot). It is not hard to see that ﬁ(SEn(f) = ﬁ’(Sﬁ(L)) =74 for all n > 0,
and it is known that HF (83) = Zs. Since the exactness of the triangle

F_x
Zs - 72

7

ZLo
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implies the injectivity of F_y , the nonvanishing of the contact invariant ¢(S3, &)
of the standard contact 3-sphere and the identity F_x(c(S%,&st)) = ¢(S3(L), L)
verifies the nonvanishing of ¢(S3(L),&r).

Since the contact structures &;; constructed on W are all contact (—1)-surgeries
on &y, the nonvanishing follows from [11, Corollary 3.6]. In fact, since a contact
(—1)—surgery can be cancelled by a contact (41)—surgery along the Legendrian
push—off of the curve at hand [3, 18], we see that (S3(L),£) can be given as a
sequence of contact (41)-surgeries on (W,&; ;). Therefore, for the corresponding
cobordism U (induced by the surgeries viewed as handle attachments) we get

Fy(c(W, &) = e(S3(L), €r),
and since the image is nonzero, we conclude that c¢(W,¢; ;) # 0, implying that
these structures are all tight.

Finally, we show that the structures &; ; represent different spin® structures, hence
are nonisotopic. To this end, consider Figure 3 (i7). Let the normal circle to the
surgery curves a, b, ¢ be denoted by fiq, ttp, ftc. Then it is easy to see (cf. [7]) that
H(W;Z) can be presented as

Hy(W3Z) = (s pos pe | Spta = 0, =241y + f1e = 0, =3pie + pp = 0)

= (Has fe | Bpta = e = 0).
From the surgery presentation of §; ; we get a 4-manifold X and a cohomology
class K € H*(X;Z), evaluating on the generators of the second homology corre-
sponding to the surgery curves as their rotation numbers. As it is explained in [3],
this characteristic cohomology class determines a spin€ structure s on X, with
the property that the restriction of s to the boundary is exactly the spin€ struc-
ture of the contact structure given by the diagram. Suppose now that a choice of
stabilizations is fixed, in other words, we picked one of & ; (i,7 € {l,r}). After
elementary Kirby calculus we can arrive to the diagram of Figure 3(iii), with
the corresponding cohomology class K’ evaluating on ¢ as +1 (depending on the
choice of the zig-zag), on b as 0, and on a as +3. Consequently the Poincaré dual
of ¢1(&;,;), which is now an element of H;(W;Z) can be given in the presentation
discussed above as £3a % c¢. Since these elements are all different in Hy(W;Z)
we get that the contact structures ; ; induce different spin® structures, hence are
nonisotopic. O
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Planar Contact Structures
with Binding Number Three

Mehmet Firat Arikan

ABSTRACT. In this article, we find the complete list of all contact structures (up to iso-
topy) on closed three-manifolds which are supported by an open book decomposition
having planar pages with three (but not less) boundary components. We distinguish
them by computing their first Chern classes and three dimensional invariants (when-
ever possible). Among these contact structures we also distinguish tight ones from
those which are overtwisted.

1. Introduction

Let (M, &) be a closed oriented 3-manifold with the contact structure &, and let (S, k) be
an open book (decomposition) of M which is compatible with £. In this case, we also say
that (S, h) supports & (for the definitions of these terms see the next section). Based on
Giroux’s correspondence theorem (Theorem 2.3), two natural questions have been asked
in [EO]:
(1) What is the possible minimal page genus ¢g(S) =genus(S)?
(2) What is the possible minimal number of boundary components of a page S with g(5)
minimal?
In [EO], two topological invariants sg(§) and bn(§) were defined to be the answers. More
precisely, we have:

sg(&) = min{ ¢g(S) | (S, k) an open book decomposition supporting £},
called the support genus of £, and
bn(¢) = min{ |0S| | (S, h) an open book decomposition supporting & and g(S) = sg(£)},
called the binding number of £&. There are some partial results about these invariants. For
instance, it is proved in [Et1] that if (M, ¢) is overtwisted, then sg(§) = 0.

Unlike the overtwisted case, there is not much known yet for sg(§) if £ is tight. The
algorithm given in [Ar] finds a reasonable upper bound for sg(§) using the given contact
surgery diagram of £&. However, there is no systematic way to obtain actual values of

sg(&) and bn(&) yet.

2000 Mathematics Subject Classification. Primary 57Mb50; Secondary 53C15.
The author was partially supported by NSF Grant DMS0244622.
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One of the ways to work on the above questions is to get a complete list of contact
manifolds corresponding to a fixed support genus and a fixed binding number. To get
such complete list, we consider all possible monodromy maps h. The first step in this
direction is the following result given in [EO]. Throughout the paper L(m,n) stands for
the lens space obtained by —m/n rational surgery on an unknot.

Theorem 1.1 ([EO]). Suppose £ is a contact structure on a S-manifold M that is sup-
ported by a planar open book (i.e., sg(§) =0). Then

(1) Ifbn(€) = 1, then £ is the standard tight contact structure on S°.

(2) Ifbn(€) =2 and £ is tight, then £ is the unique tight contact structure on the lens
space L(m,m — 1) = L(m, —1) for some m € Z U {0}.

(3) If bn(&) = 2 and & is overtwisted then & is the overtwisted contact structure on
L(m,1), for some m € Z, with e(§) = 0 and d3(§) = —im + 3 where e(§) and
ds(§) denotes the Euler class and ds—invariant of £, respectively. When m is even
then the refinement of e(§) is given by I'(§)(s) = % where s is the unique spin
structure on L(m, 1) that extends over a two handle attached to a p with framing
zero. Here we are thinking of L(m,1) as —m surgery on an unknot and p is the
meridian to the unknot.

We remark that Theorem 1.1 gives the complete list of all contact 3-manifolds which can
be supported by planar open books whose pages have at most 2 boundary components.
Next step in this direction should be to find all contact 3-manifolds (M, &) such that
sg(€) = 0 and bn(€) = 3. In the present paper, we will get all such contact structures,
and also distinguish tight ones by looking at the monodromy maps of their corresponding
open books (See Theorem 1.2 and Theorem 1.3). After the preliminary section (Section 2),
we prove the main results in Section 3. Although some ideas in the present paper have
been already given or mentioned in [EQ], we will give their explicit statements and proofs
in our settings. We finish this section by stating the main results.

Let ¥ be the compact oriented surface with |0X] = 3, and consider the boundary parallel
curves a, b, c in ¥ as in the Figure 1. Through out the paper, ¥ will always stand for this
surface whose abstract picture is given below. Let Aut(X,0Y) be the group of (isotopy
classes of) diffeomorphisms of ¥ which restrict to the identity on 0%. (Such diffeomor-
phisms are automatically orientation-preserving).

It is known (see [Bi]) that
Aut(X,0%) = Z(Do) ® Z(Dy) ® Z(D.) = Z?
where D,, Dy, D. denote positive Dehn twists along the curves a, b, ¢ given as in Figure 1.

In the rest of the paper, we will not make any distinction between isotopy classes of
arcs/curves/maps and the individual arcs/curves/maps.

We start with studying the group Aut(¥,0%) in details. Since generators commute with
each other, we have that
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FIGURE 1. The surface ¥ and the curves giving the generators of Aut(X,0%).

Aut(X,0%) = {D." Dy D."|p,q,r € Z}.

For any given p, q,r € Z, let Y (p, q,r) denote the smooth 3-manifold given by the smooth
surgery diagram in Figure 2 (diagram on the left). It is an easy exercise to check that
Y (p,q,r) is indeed diffeomorphic to Seifert fibered manifold given in Figure 2 (diagram
on the right).

p+r q+r

112

(r in the box denotes the number of full twists)

FIGURE 2. Seifert fibered manifold Y (p, ¢, 7).

Now we state the following theorem characterizing all closed contact 3-manifolds whose
contact structures supported by open books (3, ¢ = D,*?Dy?D.").

Theorem 1.2. Let (M, &) be a contact manifold supported by the open book (£, ¢) where
¢ = D,’Dy?D." € Aut(X,0%) for fized integers p,q,r. Then (M,§) is contactomorphic
to (Y (p,q,7),&p.q.r) where &y 4. is the contact structure on'Y (p,q,r) given by the contact
surgery diagram in Figure 3. Moreover,

(1) & is tight (in fact holomorphically fillable) if p > 0,9 > 0,7 > 0, and

(2) & is overtwisted otherwise.

Remark 1.1. In Figure 3, if r = 0, then we completely delete the family corresponding
to r from the diagram, so we are left with two families of Legendrian curves which do
not link to each other, and so the contact surgery diagram gives a contact structure on
the connected sum of two lens spaces. However, if p = 0 (or ¢ = 0), then we replace
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FIGURE 3. Contact manifold (Y (p, q,7),&p.q.r)-

the Legendrian family corresponding to p (or ¢) by a single Legendrian unknot with tb
number equal to —1, and we do (+1)-contact surgery on the new unknot. Note also that
Figure 3 is symmetric with respect to p and ¢. This reduces the number of cases in the
proof of Theorem 1.3.

Of course not all §, ;. have binding number three:

Theorem 1.3. Let (M,&) be a closed contact 3-manifold for which sg(§) = 0 and
bn(§) = 3. Then (M,E) is contactomorphic to some (Y (p,q,7),&p qr) Satisfying the fol-
lowing conditions:

(1) If r=0, thenp#1 and q # 1.

(2) If r=1, thenp ¢ {—1,0} and q¢ ¢ {—1,0}.

(3) If r=—1, thenp#1 and q # 1.

(4) 17 |r] > 2, then pg £ —1 and (p,q) ¢ {(1,0), (0, 1)}.

Suppose that (M, &) is a closed contact 3-manifold with sg(§) = 0 and bn(€) = 3, and
let ¢; = ¢1(§) € H?*(M;Z) denote the first Chern class, and d3 = d3(£) denote the
3-dimensional invariant (which lies in Q whenever ¢; is a torsion class in H?(M;Z)).
Using ¢; and d3, we can distinguish these structures in most of the cases. In fact, we
have either M is a lens space, or a connected sum of lens spaces, or a Seifert fibered
manifold with three singular fibers. If one of the first two holds, then using the tables
given in Section 3 and 4, one can get the complete list of all possible (M, £) without any
repetition. That is, the contact structures in the list are all distinct pairwise and unique
up to isotopy. On the other hand, if the third holds, we can also study them whenever ¢;
is a torsion class. More discussion will be given in Section 4.
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2. Preliminaries
2.1. Contact structures and open book decompositions

A 1-form o € Q'(M) on a 3-dimensional oriented manifold M is called a contact form
if it satisfies a A da # 0. An oriented contact structure on M is then a hyperplane
field ¢ which can be globally written as kernel of a contact 1-form a. We will always
assume that £ is a positive contact structure, that is, a A da > 0. Two contact structures
&o,&1 on a 3-manifold are said to be isotopic if there exists a 1-parameter family &
(0 <t < 1) of contact structures joining them. We say that two contact 3-manifolds
(My,&) and (Ma, &) are contactomorphic if there exists a diffeomorphism f : M; — M,
such that f.(&1) = &. Note that isotopic contact structures give contactomorphic contact
manifolds by Gray’s Theorem. Any contact 3-manifold is locally contactomorphic to
(R3,&) where standard contact structure & on R® with coordinates (x,y,z) is given
as the kernel of ay = dz + xzdy. The standard contact structure s on the 3-sphere
S3 = {(r1,7r9,01,02) : v} +r3 = 1} C C? is given as the kernel of ag = ridf; + r3dbs.
One basic fact is that (R3,&p) is contactomorphic to (53 \ {pt},&st). For more details on
contact geometry, we refer the reader to [Ge], [Et3].

An open book decomposition of a closed 3-manifold M is a pair (L, f) where L is an
oriented link in M, called the binding, and f : M \ L — S is a fibration such that f=1(#)
is the interior of a compact oriented surface S, C M and 0%X; = L for all t € S'. The
surface S = Sy, for any ¢, is called the page of the open book. The monodromy of an open
book (L, f) is given by the return map of a flow transverse to the pages (all diffeomorphic
to S) and meridional near the binding, which is an element h € Aut(S,9S), the group
of (isotopy classes of) diffeomorphisms of S which restrict to the identity on S . The
group Aut(S,d5S) is also said to be the mapping class group of S, and denoted by I'(.S).

An open book can also be described as follows. First consider the mapping torus
S(h) =[0,1] x 5/(1,z) ~ (0, h(x))

where S is a compact oriented surface with n = |0S| boundary components and h is an
element of Aut(S,0S5) as above. Since h is the identity map on 95, the boundary 9S(h)
of the mapping torus S(h) can be canonically identified with n copies of 7% = S! x S,
where the first S* factor is identified with [0,1]/(0 ~ 1) and the second one comes from
a component of 9S. Now we glue in n copies of D? x S! to cap off S(h) so that 9D?
is identified with S = [0,1]/(0 ~ 1) and the S! factor in D? x S! is identified with a
boundary component of 95. Thus we get a closed 3-manifold

M = Mg := S(h) U, D* x S*

equipped with an open book decomposition (5, h) whose binding is the union of the core
circles in the D? x S’s that we glue to S(h) to obtain M. See [Gd], [Et2] for details.
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2.2. Legendrian knots and contact surgery

A Legendrian knot K in a contact 3-manifold (M, £) is a knot that is everywhere tangent to
¢. Any Legendrian knot comes with a canonical contact framing (or Thurston-Bennequin
framing), which is defined by a vector field along K that is transverse to £. We call (M, §)
(or just &) overtwisted if it contains an embedded disc D ~ D? C M with boundary
0D ~ S! a Legendrian knot whose contact framing equals the framing it receives from
the disc D. If no such disc exists, the contact structure £ is called tight. Also if a contact
3-manifold (M, &) is the boundary of a Stein manifold (resp. a symplectic manifold) with
certain compatibility conditions satisfied, then £ is called Stein (holomorphically) fillable
(resp. symplectically fillable). See [Et2] or [OS] for the complete definitions of fillability,
and related facts. We will use the following fact later.

Theorem 2.1 ([EG]). Any symplectically fillable contact structure is tight.
( = Any holomorphically fillable contact structure is tight. )

For any p,q € Z, a contact (r)-surgery (r = p/q) along a Legendrian knot K in a contact
manifold (M, &) was first described in [DG]. It was proved in [Ho] that if » = 1/k with
k € Z, then the resulting contact structure is unique up to isotopy. In particular, a
contact +1-surgery along a Legendrian knot K on a contact manifold (M, &) determines
a unique surgered contact manifold which will be denoted by (M, &)k, +1)-

The most general result along these lines is:

Theorem 2.2 ([DG]). Every closed contact 3-manifold (M, &) can be obtained via contact
(£1)-surgery on a Legendrian link in (S®,&s).

Any closed contact 3-manifold (M, &) can be described by a contact surgery diagram
drawn in (R?, &) C (53,&4). By Theorem 2.2, there is a contact surgery diagram for
(M, &) such that the contact surgery coefficient of any Legendrian knot in the diagram is
+1. For any oriented Legendrian knot K in (R3, &), we compute the Thurston-Bennequin
number tb(K), and the rotation number rot(K) as

th(K) = bb(K) — (# of left cusps of K),
rot(K) = 5[(# of downward cusps) — (# of upward cusps)]
where bb(K) is the blackboard framing of K.

If a contact surgery diagram for (M,¢&) is given, we can also get the smooth surgery
diagram for the underlying 3-manifold M. Indeed, for a Legendrian knot K in a contact
surgery diagram, we have:

Smooth surgery coefficient of K = Contact surgery coefficient of K + tb(K)

For more details see [OS] and [Gm)].

95



Mehmet F. Arikan

2.3. Compatibility and stabilization

A contact structure £ on a 3-manifold M is said to be supported by an open book (L, f)
if £ is isotopic to a contact structure given by a 1-form « such that

(1) da is a positive area form on each page S ~ f~!(pt) of the open book and
(2) o> 0on L (Recall that L and the pages are oriented.)

When this holds, we also say that the open book (L, f) is compatible with the contact
structure & on M.

Definition 2.1. A positive (resp., negative) stabilization S} (S,h) (resp., Sg(S,h)) of
an abstract open book (S, h) is the open book
(1) with page S’ = SU 1-handle and
(2) monodromy h' = ho Dy (resp., h' = ho Dy') where Dy is a right-handed Dehn
twist along a curve K in S’ that intersects the co-core of the 1-handle exactly
once.

Based on the result of Thurston and Winkelnkemper [TW] which introduced open books
into the contact geometry, Giroux proved the following theorem strengthening the link
between open books and contact structures.

Theorem 2.3 ([Gi]). Let M be a closed oriented 3-manifold. Then there is a one-to-one
correspondence between oriented contact structures on M up to isotopy and open book
decompositions of M up to positive stabilizations: Two contact structures supported by
the same open book are isotopic, and two open books supporting the same contact structure
have a common positive stabilization.

Following fact was first implied in [LP], and then in [AO]. The given version below is due
to Giroux and Matveyev. For a proof, see [OS].

Theorem 2.4. A contact structure £ on M is holomorphically fillable if and only if £ is
supported by some open book whose monodromy admits a factorization into positive Dehn
twists only.

For a given fixed open book (S, h) of a 3-manifold M, there exists a unique compatible
contact structure up to isotopy on M = Mgy by Theorem 2.3. We will denote this
contact structure by &g 5). Therefore, an open book (5, h) determines a unique contact
manifold (Mg p),&(s,n)) up to contactomorphism.

Taking a positive stabilization of (S, h) is actually taking a special Murasugi sum of (.S, k)
with the positive Hopf band (H™", D) where v C H* is the core circle. Taking a Murasugi
sum of two open books corresponds to taking the connect sum of 3-manifolds associated
to the open books. The proofs of the following facts can be found in [Gd], [Et2].

Theorem 2.5. (Mg+ (51, 85+ (s,n) = (Mis,n): §5,m)#(S%, 6t) = (M), §(s.m))-
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Theorem 2.6. Let (S, h) be an open book supporting the contact manifold (M,§). If K
is a Legendrian knot on the page S of the open book, then

(M, &) (rc,41) = (M(S,hoDIf)’g(S,hon( )-
2.4. Homotopy invariants of contact structures

The set of oriented 2—plane fields on a given 3-manifold M is identified with the space
Vect(M) of nonzero vector fields on M. vi,v2 € Vect(M) are called homologous (denoted
by v1 ~ wvg) if v; is homotopic to ve in M \ B for some 3—ball B in M. The space
Spinc(M) of all spin€ structures on M is the defined to be the quotient space Vect(M)/ ~.
Therefore, any contact structure { on M defines a spin® structure 7 € Spin®(M) which
depends only on the homotopy class of £&. As the first invariant of £, we will use the
first Chern class ¢;(¢) € H%(M;Z) (considering £ as a complex line bundle on M). For
a spin® structure 7¢, whose first Chern class ¢1(7¢)(:= ¢1(§)) is torsion, the obstruction
to homotopy of two 2-plane fields (contact structures) both inducing 7¢ can be captured
by a single number. This obstruction is the 3-dimensional invariant ds(§) of £). To
compute d3(€), suppose that a compact almost complex 4-manifold (X, J) is given such
that 0X = M, and & is the complex tangencies in TM, i.e., &€ = TM N J(TM). Let
0(X),x(X) denote the signature and Euler characteristic of X, respectively. Then we
have

Theorem 2.7 ([Gm]). If c1(§) is a torsion class, then the rational number

1
45(€) = 3 (X, 7) ~ 30(X) — 2x(X)
is an invariant of the homotopy type of the 2-plane field £. Moreover, two 2-plane fields
& and & with te, = T¢, and c1(7e,) = c1(&) a torsion class are homotopic if and only if

d3(&§1) = ds(&2). O
As a result of this fact, if (M, &) is given by a contact +1-surgery on a link, then we have

Corollary 2.8 ([DGS]). Suppose that (M,€), with c¢1(§) torsion, is given by a contact
(£1)-surgery on a Legendrian link I C (S3,&4) with th(K) # 0 for each K C L on which
we perform contact (+1)-surgery. Let X be a 4-manifold such that 0X = M. Then

45(6) = (¢ — 30(X) — 2x(X)) + 5,

where s denotes the number of components in I on which we perform (+1)-surgery, and
c € H*(X;7Z) is the cohomology class determined by c¢(Xf) = rot(K) for each K C L,
and [Xk] is the homology class in Ho(X) obtained by gluing the Seifert surface of K with
the core disc of the 2-handle corresponding K.

We use the above formula as follows: Suppose L has k components. Write L = LI;* K.
By converting all contact surgery coefficients to the topological ones, and smoothing each
cusp in the diagram, we get a framed link (call it I again) describing a simply connected
4-manifold X such that 0X = M. Using this description, we compute
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X(X)=1+k, and 0(X) = o(AL)
where A;, is the linking matrix of L. Using the duality, the number ¢? is computed as
= (PD(C))2 = [bl bg s bk]A]L[bl b2 s bk}T
where PD(c) € Ho(X,0X;Z) is the Poincaré dual of ¢, the row matrix [by ba - - - by] is the
unique solution to the linear system
Ap[by by - b )T = [rot(K7) rot(Ks) - - - rot(Ky)]”.

Here the superscript “T” denotes the transpose operation in the space of matrices. See
[DGS], [Gm] for more details.

2.5. Right-veering diffeomorphisms

For a given compact oriented surface S with nonempty boundary 95, let Dehn™(S,9S) C
Aut(S,0S) be the submonoid of product of all positive Dehn twists. In [HKM], another
submonoid Veer(S,dS) of all right-veering elements in Aut(S,0S) was introduced and
studied. They defined right-veering elements of Aut(S,dS) as follows: Let a and 3 be
isotopy classes (relative to the endpoints) of properly embedded oriented arcs [0,1] — S
with a common initial point a(0) = 3(0) = z € dS. Let m : S — S be the universal cover
of S (the interior of S will always be R? since S has at least one boundary component),
and let & € 95 be a lift of z € dS. Take lifts @ and § of a and 3 with a(0) = 3(0) = Z.
& divides S into two regions — the region “to the left” (where the boundary orientation
induced from the region coincides with the orientation on &) and the region “to the right”.
We say that 3 is to the right of a if either a = § (and hence a(1) = (1)), or G(1) is in
the region to the right (see Figure 4).

FIGURE 4. Lifts of & and 3 in the universal cover S.

Alternatively, isotop « and (3, while fixing their endpoints, so that they intersect trans-
versely (this include the endpoints) and with the fewest possible number of intersections.
Assume that o # 3. Then in the universal cover S, & and (8 will meet only at Z. If not,
subarcs of & and ﬂ would cobound a disk D in S, and we could use an innermost disk
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argument on (D) C S to reduce the number of intersections of « and (3 by isotopy. Then
0 is to the right of «v if int(() lies in the region to the right. As an alternative to passing
to the universal cover, we simply check to see if the tangent vectors (8(0),&(0)) define

the orientation on S at .

Definition 2.2. Let h: S — S be a diffeomorphism that restricts to the identity map on
0S. Let a be a properly embedded oriented arc starting at a basepoint x € 9S. Then h is
right-veering (that is, h € Veer(S,05)) if for every choice of basepoint « € 95 and every
choice of a based at x, h(a) is to the right of « (at x). If C' is a boundary component
of S, we say is h is right-veering with respect to C if h(«) is to the right of « for all «
starting at a point on C.

It turns out that Veer(S,dS) is a submonoid and we have the inclusions:
Dehn™(S,085) C Veer(S,0S) C Aut(S,d5S).

In [HKM], they proved the following theorem which is hard to use but still can be used
to distinguish tight structure in some cases.

Theorem 2.9 ([HKM]). A contact structure (M,§) is tight if and only if all of its com-
patible open book decompositions (S, h) have right-veering h € Veer(S,9S) C Aut(S,95S).

3. The proofs of results

We first prove that the submonoids Dehn™ (X, 0%) and Veer (X, 9%) are actually the same
in our particular case.

Lemma 3.1. Dehn™(%,0%) = Veer(X,9%) for the surface & given in Figure 1.

Proof. The inclusion Dehn™(S,9S) C Veer(S,dS) is true for a general compact oriented
surface S with boundary (see Lemma 2.5. in [HKM] for the proof). Now, suppose that
¢ € Veer(X,0%) C Aut(X,0%). Then we can write ¢ in the form

¢ = D,DyID." for some p,q,r € Z.

We will show that p > 0,¢ > 0,7 > 0. Consider the properly embedded arc o C ¥ one
of whose end points is € 0% as shown in the Figure 5. Note that, for any p,q,r € Z,
D." fixes «, and also any image D,” Dy?(«) of a because ¢ does not intersect any of these
arcs. Assume at least one of p,q, or r is strictly negative. First assume that p < 0.
Then consider two possible different images ¢(a) = D’ Dy?(«) of « corresponding to
whether ¢ < 0 or ¢ > 0 (See Figure 5). Since we are not allowed to rotate any boundary
component, clearly ¢(«) is to the left of @ at the boundary point z. Equivalently, ¢(a)
is not to the right of a at = which implies that h is not right-veering with respect to the
boundary component parallel to a. Therefore, ¢ ¢ Veer(3, %) which is a contradiction.
Now by symmetry, we are also done for the case ¢ < 0. Finally, exactly the same argument
(with a different choice of arc one of whose end points is on the boundary component
parallel to the curve ¢) will work for the case when r < 0. g
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left circling right circling

|p| times

left circling left circling

lg| times |p| times
p<0Oand ¢g<0 p<0Oandq>0

FIGURE 5. The arc o and its image ¢(a) = D, Dp%(a).

Lemma 3.2. Let (M,) be a contact manifold. Assume that & is supported by (X, )
where ¢ € Aut(X,0%). Then & is tight if and only if € is holomorpfically fillable.

Proof. Assume that & is tight. Since ¢ € Aut(X,0Y), there exists integers p,q,r such
that ¢ = D,PDy?D.". As £ is tight, the monodromy of any open book supporting &
is right-veering by Theorem 2.9. In particular, we have ¢ € Veer(3,0%) since (¥, ¢)
supports . Therefore, ¢ € Dehn™(X,0%) by Lemma 3.1, and so p > 0,q > 0,7 > 0.
Thus, £ is holomorphically fillable by Theorem 2.4. Converse statement is a consequence
of Theorem 2.1. O

Now, the following corollary of Lemma 3.2 is immediate:

Corollary 3.3. Let (M, &) be a contact manifold. Assume that £ is supported by (X, $)
where ¢ € Aut(X,0%). Then

€ is tight <= ¢ = D" DyID." withp > 0,q > 0,7 > 0. O

Proof of Theorem 1.2. Let (M,£) be a contact manifold supported by the open book
(2, @p.q,r) Where ¢p 4 = D" DyID." € Aut(X,0%) for p,q,r € Z. As explained in [EO],
(M,§) = (M(s,4,,.):&(S,6p.4..)) 18 given by the contact surgery diagram in Figure 6. Then
we apply the algorithm given in [DG] and [DGS] to convert each rational coefficient into
+1’s, and obtain the diagram given in Figure 3.

To determine the topological (or smooth) type of (M, ¢), we start with the diagram in
Figure 3. Then by converting the contact surgery coefficients into the smooth surgery
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1

FIGURE 6. Contact surgery diagram corresponding to (X, ¢y q.r)-

each framing _
7] each framing _ 4y

lq|

each framing Py

Ip|

lq] — A copies of unknots

lq|

p .
|p| — — copies of unknots )
Ip |r| copies of unknots

FIGURE 7. Smooth surgery diagram corresponding to Figure 3.

coefficients, we get the corresponding smooth surgery diagram in Figure 7 where each
curve is an unknot.

Now we modify this diagram using a sequence of blow-ups and blow-downs. These op-
erations do not change smooth type of M. We first blow up the diagram twice so that
we unlink two —1 twists. Then we blow down each unknot in the most left and the
most right families. Finally we blow down each unknot of the family in the middle. We
illustrate these operations in Figure 8. To keep track the surgery framings, we note that
each blow-up increases the framing of any unknot by 1 if the unknot passes through the
corresponding twist box in Figure 7. So we get the first diagram in Figure 8. Blowing
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h framing ——
each framing ——
© 7] each framing _4

lq|

each framing —

P
Ip|

Ip| — a copies of unknots : lg] — 4 copies of unknots
Ip| |r| copies of unknots lal

each framing —|r—‘ /
r

Y(p.q;7)

|r| copies of unknots

FI1GURE 8. Squence of blow-ups and blow-downs.

each member down on the left (resp. right) decreases the framing of the left (resp. right)
+1- unknot by _ILI (resp. —ﬁ) Since there are [p| — ﬁ blow-downs on the left and
lg| — ‘ blow-downs on the right, we get the second diagram in Figure 8. Finally, if we
blow down each (— G I) unknot in the mlddle family, we get the last diagram. Note that
each blow-down decreases the framing by — | K and introduces a - full twist. Hence, we

showed that (M, ¢) is contactomorphic to (Y(p,q,7),&p.q.r). The statementb (1) and (2)
are the consequences of Corollary 3.3. ]

We now examine the special case where Y (p, ¢,r) is homeomorphic to 3-sphere S3. The
following lemma lists all planar contact structures on S® with binding number less than
or equal to three.
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Lemma 3.4. Suppose that (Y (p,q,7),&p.q.r) is contactomorphic to (S3,€) for some con-
tact structure € on S®. Then Table 1 lists all possible values of (p,q,r), the corresponding
& (in terms of the ds-invariant), and its binding number.

r p q d3(§) bn(§)
,,,,,,,, -3 | -z o =y2o 3
2 -3 1 ~1/2 3
S D TN RO O
,,,,,,,, - 3 2 32 3
UL S PR AR L —1/2 (tight)] v
L R e SN R - 82 3
SRR PR S R ot S U vz |2
1 0 1 ~1/2 (tight) 1
oot | awg |12 |2
,,,,,,,,, v o2 s Sz 3
oz s -1 82 3
32 - 82 3
Ir] >2 1 —1 1/2 2

TABLE 1. All planar contact structures on S® with binding number < 3.

Proof. The proof is the direct consequence of the discussion given in the proof of Lemma
5.5 in [EO]. We remark that the interchanging p and ¢ does not affect the contact structure
in Figure 3, so we do not list the possibilities for (p,q,r) that differ by switching p and
q. Note that in Table 1 there are only two contact structures (up to isotopy) on S3 with
binding number 3, namely, the ones with ds-invariants —1/2 and 3/2. O

Proof of Theorem 1.3. We will use the results of Theorem 1.1, Theorem 1.2, and
Lemma 3.4. Consider the 3-sphere S® in Theorem 1.1 as the lens space L(1,+1). By
Theorem 1.1, for any contact manifold (Y,7n) with sg(n) = 0 and bn(n) < 2, we have
either

(1) (Y,n) = (52, &) if bn(n) =1,

(2) (Y,n) = (L(m,—1),n,,) for some m > 2 if bn(n) = 2, and 7 is tight,

(3) (Y,n) = (L(m,1),n,,) for some m > 0 if bn(n) = 2, and 7 is overtwisted (for
m # 0).
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where 7, is the contact structure on the lens space L(m,—1) (or L(m,1)) given by
the contact surgery diagram consisting of a single family of Legendrian unknots (with
Thurston-Benequen number —1) such that each member links all the other members of
the family once, and each contact surgery coefficient is —1 (if 1, is tight) or +1 (if 1, is
overtwisted). These are illustrated by the diagrams (%) and (x) in Figure 9, respectively.
Notice the exceptional cases: m =1 in (), and m =0 in (*).

each
framing

each
framing

+1

(*)

copies

m—1{S ;}m+1

copies

(Y, 77) = (L(mvfl)vnm) (K 77) = (L(m7 1)777m)
Nm always tight, m > 1 Nm overtwisted if m > 1
m = 1 = empty diagram Nm tight if m =0

FIGURE 9. Contact surgery diagrams for (Y, n).

Now, if (M, ¢§) is a contact manifold with sg(¢) = 0 and dn(¢) = 3, then by the definitions
of these invariants there exists an open book (¥, ¢) supporting . Therefore, by Theorem
1.2, (M,§) is contactomorphic to (Y(p,q,7),&p,q,r) for some p,q,r € Z, and the contact
surgery diagram of ¢ is given in Figure 3. However, p,q,r can not be arbitrary integers
because there are several cases where the diagram in Figure 3 reduces to either () or (%)
in Figure 9 for some m. So for those values of p, ¢, r, (M, ) can not be contactomorphic
to (Y(p,q,7),&pqr) = (Y,n) because bn(€) = 3 # 2 > bn(n). Therefore, we have to
determine those cases.

If |p| > 2 and |q| > 2, then the only triples (p,q,r) giving L(m,+1)'s are (—2,¢,1) and
(2,9, —1). Furthermore, if we assume also that |r| > 1, then the Seifert fibered manifolds
Y (p,q,r) are not homeomorphic to even a lens space L(m,n) for any m,n (for instance,
see Chapter 5 in [Or]). As a result, we immediately obtain bn(, ) = 3 for |p| > 2
and |g| > 2 and |r| > 2. Therefore, to finish the proof of the theorem, it is enough to
analyze the cases where |p| < 2 or |¢| < 2, and the cases (—2,¢,1) and (2, ¢, —1) for any
q. As we remarked before, we do not need to list the possibilities for (p,q,r) that differ
by switching p and ¢. We first consider » = 0, £1, 42, and then the cases r > 2 and
r < —2. In Table 2 - 8 we list all possible (M, &) for each of these cases.

Remark 3.1. To determine the binding number bn(¢) in any row of any table below, we
simply first check the topological type of the manifold under consideration. If M = S3,
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we determine the corresponding binding number using Table 1. If the topological type is
not L(m,1) or L(m,—1), then we immediately get that bn(¢) = 3. If M ~ L(m,1) with
m > 1, then we first compute ¢;(§). If ¢1(§) # 0, then dn(§) = 3 as ¢1 () = 0 for any ny,
given above. If ¢1 (£)=0, we compute the d3(£) using the 4-manifold defined by the surgery
diagram in Figure 7. (Indeed, we can use the formula for ds given in Corollary 2.8 as long
as c1(€) is torsion. In particular, whenever H?(M) is finite, then d3 is computable). Then
if d3(&) = d3(nm) = (—m + 3)/4, then £ is isotopic to 7, which implies that bn(§) = 2
by Theorem 1.1. Otherwise bn(£) = 3. In the case that M ~ L(m,—1) with m > 1, we
first ask if £ is tight. If it is tight (which is the case if and only if p > 0,¢ > 0,7 > 0),
then bn(€) = 2 (again by Theorem 1.1) since the tight structure on L(m,—1) is unique
(upto isotopy). If it is overtwisted (which is the case if and only if at least one of p,q,r
is negative), then bn(&) = 3 because ¢ is not covered in Theorem 1.1. As a final remark,
sometimes the contact structure £ can be viewed as a positive stabilization of some 7,,.
For these cases we immediately obtain that bn(§) = 2 because positive stabilizations do
not change the isotopy classes of contact structures.

To compute the dz-invariant of £, 4, (for ¢1(§, q,r) torsion), we will use the (n+1) x (n+1)
matrices A, (n > 1), B, (n > 1), and C,, (n > 4) given below. It is a standard exercise
to check that

(1) o(Ap)=n—-1ifn>1and o(C,) =n—1ifn > 4.
(2) o(B,)=n—-3ifn>3, and o(B,) =0ifn=1,2.

(3) The system A,[b]Z,; = [0]1, | has trivial solution [b]%,; = [0]1,, where
[blnt1 = [b1 b2+ bpt1], [0]ne1 =[00---0] are (n + 1) x 1 row matrices.

(0-1-1... -1 (o-1-1... -1 (0-1-1... -1
-10 -1...-1 -10 —-1...-1 10 —-1...-1
Ap =211 S| Ba=ll1 o1 | Ch=l o1 :
S0 S 04 Sl 04
-1-1-* -1 0 c1-1- - —1-2 c1-1-- -1 2]

In some cases, A,, appears (as a block matrix) in the linking matrix £, 4, of the framed
link L, 4, given in Figure 7. On the other hand, B,, and C,, are very handy when we
diagonalize £, 4, to find its signature. As we discussed before, the link L, , . defines a
4-manifold X, ; , with 0X = M. So we have

0(Xpgr) = 0(Lpgr),
X(X%,q,r) = 14 (#of coqlzlponents of Ly g.r),
c = [bJeLpqr[bli
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where [b]% is the solution to the linear system £, ,.[b]f = [rot(K1) rot(Ks) - - - rot(Ky)]*
with Ky, Kg, - - - K}, being the components of L, 4 ..

To compute the first Chern class ¢1(p q.») € H*(M), note that in Figure 3, the rotation
number of any member in the family corresponding to r is £1 (depending on how we
orient them). We will always orient them so that their rotation numbers are all +1. On
the other hand, the rotation number is 0 for any member in the family corresponding to
p and ¢. Therefore, ¢1(&p.q,r) = PD (1 + p2 + -+ + 1)) where p; € Hy(M) is the
class of the meridian of the Legendrian knot K; in the family corresponding to r. Then
we compute Hy(M) (which is isomorphic to H2(M) by Poincaré duality) as

Hy(M) = { pa, pias - o p| L[]} =[0]F)

where [p]r = [pw1 p2---pg) is the k& x 1 row matrix. The final step is to understand
PD(c1(&p,q,r)) = 1 + p2 + - -+ + p)y in this presentation of Hy(M).

r| p q resulting M bn(€)| diagram for € | 1 (&) € H2(M)|  d3(€)

U A o §* |3 | TFigwe3 | 0e{o} | 3/2
0f-1 0 SP#SIx 9 | 3 | Figwe3 | 0€Z | L
e T T |2 | Wm=1 | oefo} | /2
0|1 ¢g>2 | S*#Le—1) | 3 | Figwed | 0€Z, || (g+1)/4
0 |-1fg<-2| S*#L(d D) | 3 | Figwed |  0€Zjy (gl +7)/4
olo| o 7St x 82 3 | Figure 3 0eZaZ 1/2

ool 1 | Sxsgst | 2| (m=0 | oez | 0
00| g=2 |5 xS #L(g,-1)| 3 | Figwed | 0€Z®Z, | (¢—-1)/4
0] 0]g<-2|5 xS #L(dl.1)| 3 | Figwed | 0€Z®Zy (—lg|+5)/4
U T CH L | mm=1 | o0efoy | -1/2
0| 1]gz2 | S#Le-Y) | 2 | (9Ym=q | 0€Z, || (¢-3)/4
0] 1|g<—2] S*#L(lql.1) 2 | (x)m=|q 0€Zy  [(—lal+3)/4

TABLE 2. The case r =0 (|p| < 2 or |q| < 2).

In Table 2, we need to compute the binding number bn(§) for the rows 5, 12. For the
other rows, see Remark 3.1.

olfp=—1,¢<—-2,r=0, we need to compute ds({_1,4,0) as c1(€—1,4,0) = 0: We have

(A0
El’q’o_( 0 Ay )
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The contact structure _; 40, and L_; 4 describing X_; ;¢ are given in Figure 10. We
compute that s = |g|+3, ¢* = 0, x(X_1,4,0) = |¢/+4, and 0(X_1 40) = 0 (A1) +0(4)y) =
0+]g|—1 = |g|—1, and so we obtain d3(§_-1,4,0) = (—|g|+7)/4 by Corollary 2.8. Therefore,
§_1,4,0 is not isotopic to 7 as dz(nq) = (—|q| + 3)/4. Hence, bn(§_1,4,0) = 3 for any
q < —2 by Theorem 1.1.

FIGURE 10. (a) The contact structure £_1 40 on S3#L(|q|, 1) ~ L(|q, 1),
(b) The corresponding framed link L_q 4 0.

elf p=1,q < —2,7 =0, we have (X, ¢1,40) = S; (H", D) (recall the identification of
¥ and the curves a, b, ¢ in Figure 1). Therefore, & 4,0 = 7|4 since (HT, D{f) supports the
overtwisted structure 7, on L(|g|,1). Hence, bn(&1,4,0) = 2 for ¢ < —2.

In Table 3, we need to compute the binding number bn(¢) for the rows 1 and 9. For the
other rows, see Remark 3.1.

elf p=-2¢g< —4,r =1, let K;’s be the components (with the given orientations) of
L_5 4,1 as in Figure 11. Then we obtain the linking matrix

-3 -1 -1 -1 -1 - -1
-1 0 -1 =1 0 - 0
-1 -1 0 -1 0 - 0
-1 -1 -1 0 0 0

L g1 = -1 0 0 0

107



Mehmet F. Arikan

108

lgl +1

r|op q resulting M | bn(€)| diagram for £ ¢1(€) € H2(M) ds(§)

. —q¢%>—7q—14
1-2l¢g<—4| L(lg+2,1) 3 Figure 3 ||g| —4 € Zjy o |~ %5
R w1 B S0 SO §° |3 | Fiewe3 | 0e€{o} | -2
N o e SO Sixs* | 3 | Figuwe3 | - 2€Z | Q.

. 2 2
1|-219¢=22 L(g+2,-1) 3 Figure 3 q € ZLgta q;q“fg
N Do Do AN SO P2 | Wm=11 0e{o} | 1z
I U S Sixs* | 2] ®m=01| 0e€z | 0
Arod o ro CA 1] ®m=11 o0e{o} | -1z
Lo e=2) He=h) 2 | (m=g | 0€Z, | (4=3)/4
Lpogasy Bkl 2 () m=ld | 0€Zy  |(=ldl +3)/4
I D B L3,-1) | 3 | Figwe3 | l€zs | . 1/3
I U S L3,1) | 3 | Figwe3 | 1€Zs | -1/3

. —q>—4q—2
1] 1]¢g<-3|L2¢+1,—q¢-1)] 3 Figure 3 gl =1 € Zoyg1 | =155

. 2_9g—
11 1]¢>2|L(2¢+1,—¢—1)| 3 Figure 3 q+1€Zogr q4q+¢121

FIGURE 11. (a) The overtwisted contact structure £_s 41 on L(|¢+2|, 1),
(b) The corresponding framed link L_5 4 1.
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It is not hard to see that

Hy (M) = pas pas -

and p1 = (|¢| — 4)p2. Therefore,
c1(€-2,41) = PD™ (1) = PD™(lg| = Dz = |a] — 4 € Zyg -

Thus, if ¢ < —4, then { 5,1 is not isotopic to 7412 as c1(n)g4+2/) = 0 implying that

bn(§-2,41) = 3 by Theorem 1.1. If ¢ = —4, we compute that ds(§_2,—4.1)

1/4 = dg(?’}g), SO bn(§_27_471) =3.

elfp=0,9 < —1,7 =1, wehave (X, do 1) = SF(H", D}) (again recall the identification
of ¥ and the curves a,b,c in Figure 1). Therefore, & 41 = 1 since (HT, DY) supports
the overtwisted structure 7, on L(|g|, 1). Hence, bn(o,q,1) = 2 for ¢ < 0.

iigl+s] L2011l fg5 = [0]g1e5 ) = ( p2] (la|=2)p2

0) = Zyg|—2,

/4 #

r|p q resulting M bn(&)| diagram for &| 1 (&) € HA(M)|  d3(€)
1| 2|q¢=4| L(g—2-1) 3 | Figme3 | q-4€Z,, | L0
ot U UUUE: S0 R S | 3 | Figwe3 | 0efo} | 32
S22 § xS |3 | Figue3 | T2€Z | £Q
1] 2 |g <=2 L(lqg —2[,1) 3 Figure 3 || € Zjg+2 7‘1_2;;11;6
it D Wsc A BUNN 2] m=11 o0efo} | 12
SO0 §ixS5 |3 | Fewe3 | 0€Z | L
ot D DU SRR S |3 | Fiewe3 | 0efo} | 32
S oje>t)  He-l) 13 | Figwe3d | 0€Z, || (95 1)/4
10 jes oy Ll ) )3 | Figwe3 | 0€Zy (=g +7)/4
ot ot Bl S L@,-1) | 3 | Figuwe3 | 1€y | 43
Stz L3 ]3| Figwes | l€Zs | 23
—1|-1|¢g<—2|L(-2¢+1,—¢+1)| 3 Figure 3 ||g| + 1 € Zgjg41 —‘1_2;16;1;3
—1|-1|¢>3 |L(-2¢+1,—¢+1)| 3 Figure 3 q—1€ Zyg _qu_g
TABLE 4. The case r = —1, [p| < 2 or |¢| < 2 (and the case (p,q,7) = (2,¢,—1))

In Table 4, we need to determine the binding number bn(§) for the rows 4, 7, 9, and 11.
For the other rows, see Remark 3.1.
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o If p=2,q < —2,7 = —1, then using the corresponding matrix £, , 1, we have
Hy (M) = pa, s+ fig|+3l 52,q,71[ﬂ]|1;|+3 = [0]ﬂ|+3 )= (2| (lg[+2)p2 = 0) 2 Zjg 42,
and py = |q|ua. Therefore,

c1(&2,q,-1) = PD7' (1) = PD ™ (lqlp2) = lq| € Zjgp12-

Thus, if ¢ < -2, then & 4 1 is not isotopic to 1)z as c1(ng—2;) = 0 implying that
bn(§2,4,—1) = 3 by Theorem 1.1.

eIf p=20,¢g < —1,7 = —1 (the rows 7 or 9), then ¢1(§p,4,—1) = 0 and so we need to
compute d3(£p,4,—1). Let K;’s be the components of Lg 4,1 as in Figure 12. Then
. | 1 00 - 0
10 0 - 0 0 -1 0 - 0
-1 0 0 0
[-:O,q,—l = . . RN . .
Alql - Algl
—1 0 0 0

By diagonalizing the first two rows of Ly, 1, we obtain the matrix on the right. So
o(Lo,g,—1) = 0(Ajq) = lg| —1. The contact surgery diagram for &y, 1 and the corre-
sponding 4-manifold X 4 1 (with 0Xo 4,1 = M) are given in Figure 12.

(a) (b)

lq] +1

copies

FIGURE 12. (a) The overtwisted contact structure & 41 on L(|q|,1),
(b) The corresponding framed link Lg 4, —1.

Then the system Lo g, —1[b]" = [rot(Ky) rot(Ks) - - rot(K|q43)]" =[100---0] has the
solution [b] = [0 —10---0], and so ¢* = 0. Moreover, x(Xo,q,—1) = |q|+4 and s = |¢|+3.
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Therefore, we obtain d3(€p,q,—1) = (—|¢| + 7)/4 implying that & 4 —1 is not isotopic to
Niq| as d3(nyq) = (—Igq| +3)/4. Hence, bn(&o,q,—1) = 3 by Theorem 1.1.

oIfp=—1,q=2,7r=—1, we have ¢1({_1,2,—1) = 1 implying that bn({_12,_1) = 3. To
see this, note that c;(£—1,2,—1) = PD~!(u1) where p; is the meridian of the surgery
curve corresponding Kj. Then using

-1 -1 -1 -1
-1 -2 0 0
Laer=1 1 o o -1
-1 0 -1 0
we get Hi(M) = ( pu, pio, i3, pa| Lov2,-1[pli = [0]] ) = ( po| 3ua = 0 ) = Zs, and
1 = —2uo. Therefore, we compute
61(57172’,1) = PDil([Ll) = PDil(—Q/J,Q) =-2€Z3=1€Zs.
r| p q resulting M bn (&) |diagram for & |c1 (&) € H2(M) ds (&)

. —q>—3¢+6
2| —1|g< -3 L(l¢g—2[,1) 3 Figure 3 2€ Zjg_g ‘14q+‘7;
20-lla=-1 KB |3 | Figwe3 | 2€Zs | - ~5/6_
2izlje=-2 L1 | 3 | Figwed | 2€Zi | —1/4
1A et FOUE-SO O S 2 m=1 1 0e{o} | 1/2
20712 ) SixS? ]3] Fewed | 2¢z | £Q
28 S ]3| Fgwe3 | 0efo} | 32
2|-1] ¢>4 L(g—2,-1) 3 Figure 3 q—4€Zqs qi;ff;ﬁ

2000 0 | ST xSTHLR, 1) 3 | Figwed | 0€Z@Zy | 1/4
200 SPH#LR,-1) | 2 | ()m=2 | 062 | . ~1/4
200 | a>1|He-D#LE )] 8 | Figwed | 0€Z,®Zy | (q-2)/4
2] 0 | a<O|L(gl, D#LZ-1)| 3 | Figwe3 | 0€Zy®Zs |(~lal+4)/4
201 =2 ] L.-) | 3 | Figwe3 | 2€Zs | 12
22U L(-52) | 3 | Figwed | 2€Z; | - —1/10
2| 1 lg<-3| L(-3¢—2,q+1)| 3 Figure 3 | 2€Z 5, o | 5510
201 |¢g>2 | L(-3¢—2,q+1)| 3 Figure 3 | 2 € Zsgio Sy

TABLE 5. The case r =2 (|p| < 2 or |¢| < 2).
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In Table 5, we need to compute the binding number dn(¢) for the rows 1, 2, and 3. For
the other rows, again see Remark 3.1.

For the first three rows in Table 5, the contact structure {_1 42 on L(]g — 2|,1) and the
link L_y 42 (¢ < —1) are given in Figure 13. We write the linking matrix £_1 42 as
the matrix on the left below. It is not hard to see that c1({_1,42) = 2 € Zj4_9, and
50 bn(€_1,4,2) = 3. As an illustration we will compute d3({_1,4,2) (even though it is not
necessary for the proof). The matrix on the right below is obtained by diagonalizing the
first two rows of £_1 2. So we compute 0(L_1 42) = 2+ (A1) +0(B)y) which is |g| — 1
if ¢ < —3, and is equal to 2 if ¢ = —1, =2 (recall 0(B,) isn—3if n > 3, and 0 if n = 1, 2).

(—3-2-1-1-1-1 ... -1 2 0.0 0 0 0 0)

23 1.1 -1-1 -1 01/20 0. 0 0 0

e T 0 070 T 0

71 71‘ 1 : O 0 s o o 0 diagonalize O 0 : 1 : O 0 o o o 0
Loygo==12170 00 Ploo o

“1-1.0 0 00 00

: s Ajg) Coc i By

~1-1'0 0 3 0 000 N

Jac N
fr;l’l(li};lg T / . } ‘(1| +1
+1 = // * ] copies
%

FIGURE 13. (a) The contact structure {_1 42 on L(|g—2],1) for ¢ < —1,
(b) The corresponding framed link L_; g 2.
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By a standard calculation, the system

L_1,42b]" = [rot(K:) rot(Ks) - - rot(Kg45)]" =[110---0]"

has the solution [b] = [d ol —2ld —2la| -2

—2
< 1. an
Q2 T2 a2 Ta2 ez el for ¢ < —1, and so we
compute

¢ = [b]L_1,42[b]" = 2[q|/(lg] +2).

elfp=-—1q=—1r=2 then =23 o(X_1 1) =2 x(X_112) =7, and s = 4.
So we get d3(§_17_172) = —5/6

elfp=—-1,g=-2,r=2,then 2 =1, 0(X_1 _22) =2, x(X_1,-22) =8, and s = 5.
Therefore, we get d3(§_1,—22) = —1/4.

oIf p=—1g< -3 =2, then ¢ = 2|/l +2), 0(X_1,42) = la] = L, x(X_1,42) =
lg| +6, and s = |¢| + 3. So we obtain

—¢*—3q+6

d3(§-1,4.2) = -

In Table 6, we need to compute the binding number dn(§) for the rows 7, 9, 10, and 13.
For the other rows, see Remark 3.1.

oIfp =149 < —4,r = —2, the contact structure &; ;,_o2 on L(Jg + 2|,1) and the link
LL1,4,—2 are given in Figure 14.

(a)

K3
7
ack 4
l'r;;lr(;i:lg H 7 :} ‘(II Jr 1
+1 = // * | copies
%

Kiq|+3

FIGURE 14. (a) The contact structure &;,4,—2 on L(|g+2|,1) for ¢ < —3,
(b) The corresponding framed link L 4 _o.
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r| p q resulting M | bn(€)| diagram for &| ¢1(€) € H?(M) ds(&)

2|1 |¢>3 L(g+2,-1) 3 Figure 3 2 € Zgio qi;rfgz

“20 12 | L(4,-1) | 3 | Figwe3 | 0€Zq | /2
=20 1| 1 | L@3,-1) | 3 | Figwe3 | 2€Zs | /3
201 -1 S8 ]2 | m=1 | o0efop | /2
“20 1 ) =2 | S'xs* | 3 | Figmed | 2€Z | £Q
“20 L 3 §* | 3 | Figwe3 | 0e{0} | - —1/2
-2 1 |g<—4 L(lg+2],1) 3 Figure 3 lg| —4 € Zyg—2 _qilgng
=2/ 0 | 0 | S xS*#L(2,1)| 3 | Figure3 | 0€Z®Zy | 3[4
=200 | 1 | S#L2Y) | 2 | (fm=2 | 0€Zy | /4
=210 | -1 | S#L(2,1) | 3 | Figured | 0€Zy | . 5/4
—2| 0 |a=2|Lie,-D#L21)| 3 | Figwed | 0€Zy®22 | g/4
—2| 0 Ja< =2 Lal, D#L21) | 3 | Figued | 0€Z D22 (—|q| +6)/4
“20-1| 2 | L(4,1) | 3 | Figwe3 | 0€Zy | 1/2
201 -1 ] L(-5,-2) | 3 | Figwe3 | 2€Z5 | 11/10

. _ 2_ 5

—2|-1y<—-2| L(3¢g—2,q—1)| 3 Figure 3 2 € Zsjq)+2 3‘1_122_;1;10
—2|-1¢/>3| LBa¢—2,¢—1)| 3 | Figure3 D€ Lgp | —2LF22

TABLE 6. The case r = =2 (|p| < 2 or |¢| < 2).

We will first compute that ¢1(§1,4,—2) = |q] —4 € Zjg—2 (so bn(§1,4,—2) = 3), and then
(even though it is not necessary for the proof) we will evaluate ds(&1,4,—2) as an another
sample computation. Using L1 4 _2 (on the left below), we have

Hy (M)

(1, pra, -

and also we have pu; = us = —p3. Therefore, we obtain

c1(€2,9,-1) = PD™ (1 + pa) = PD ™ (—2p3)

7N\q\+3‘ E1,q,72[ﬂ]\7¢;\+3 = [O]EHS >
(p1,p3| —3pr — (Il + Dpz = 0, =21 — [qpus =0)
(sl (lg] = 2)pz =0) = Zg o,

-2 = |q| —4 e Z|q|,2.

The matrix on the right below is obtained by diagonalizing the first two rows of £ 4 _».
So we compute 0(L1,4,—2) =0+ 0(Cg) = lg| — 1 (recall 0(Cp) =n —1if n > 2).
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-1-2:-1 -1 2 0:0 0
,_2, _,1 ,_1 ,,,,,,, _ N diagonalize Q _,1/,2 Q PP, Q N
Lig—2=|-1-1 — |0 0
: Ajql : Clal
-1 -1 0 0

By a standard calculation, the system

L1,q,-2[0]" = [rot(Ky) rot(Ks) - rot(Kg43)]" =[110---0"

has the solution [b] = | ;|IE|2 ‘q_||g|2 ‘q|272 |q|272], and so we obtain

¢® = [b]L1,q2[b]" = ~2lql/(la| - 2).
Moreover, x(Xi,q,—2) = |g| + 4, and s = |¢| + 3. So we compute

—q®>—T7q—14

d3(81,9,—2) = vy

o Ifp=0,¢g=1,7=—2, then & 1,2 and Ly, _2 are given in Figure 15.

(a) (b)

FIGURE 15. (a) The contact structure &1 2 on S#L(2,1) =~ L(2,1),
(b) The corresponding framed link Lo 1, _o.
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One can get ¢1(€p,1,—2) = 0, so we need d3(€p,1,—2). The corresponding linking matrix is

-1 -2 -1 -1 0 O
£071,_2 = —2 -1 -1 I 0 2 0
-1 -1 0 0 0 1

We diagonalize Lo 1,2, and obtain the matrix on the right. So 0(Lp1,—2) = 1. We find
that the system Lo 1 _a[b]T = [rot(K1) rot(Ka) rot(K3)]T = [1 1 0]7 has the solution
[b] = [0 0 —1], and so ¢ = 0. Also we have x(Xp1,-2) = 4 and s = 3. So we get
d3(&o0,1,—2) = 1/4 = d3(n2) which implies that £y 1o is isotopic to 772. Thus, bn(§p.1,—2) =
2 by Theorem 1.1.

o If p=0,9 = —1,7r = —2, then the contact structure £ 1,2 on L(2,1) and the link
Lo _1,—2 describing X _1 _o are given in Figure 16. It is easy to check ¢1(€p,—1,—2) = 0,
so we compute d3(€p,—1,—2):

(a)

FIGURE 16. (a) The contact structure &y _1, o on S3#L(2,1) ~ L(2,1),
(b) The corresponding framed link Lo _1 _o.

The corresponding linking matrix is

-1 -2 -1 -1 -1
—2 -1 -1 -1 -1

Lo12=| -1 -1 0 0 o0 |—
-1 -1 0 0 -1
-1 -1 0 -1 0

coocow
cooro
cor~rooO
|
_
ocrooco
2
Vo oo o
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We diagonalize £,_1,—2, and obtain the matrix on the right. So o(Lg _1,—2) = 1. The
system

Lo 1 _a[b]" = [rot(K;) rot(Ks) rot(K3) rot(Ky) rot(Ks)]" =[1 1 0 0 0"

has the solution [b] =[0 0 —1 0 0] which yields ¢ = 0. Also we have x(Xo,—1,-2) =4
and s = 3. So we get d3(§o,—1,—2) = 5/4 # 1/4 = d3(n2). Therefore, & _1 _2 is not
isotopic to 72, and so bn(&y,—1,—2) = 3 by Theorem 1.1.

o If p=—1,¢ = 2,7 = —2, then the contact structure {_1 2 _o on L(4,1) and the link
L_; 2,2 describing X_; 5 _o are given in Figure 17. We compute that ¢1({-1,2,—2) = 0,
so we need to find ds(§_1,2,—2).

(a)

FIGURE 17. (a) The contact structure £_q 2 _2 on L(4,1),
(b) The corresponding framed link L_q 2 _o.

The corresponding linking matrix is

-1 -2 -1 -1 -1 2 0 00 0
-2 -1 -1 -1 -1 0 -1 00 0
Loyg =] -1 -1 -2 0 0|—]|0 0 -100
-1 -1 0 0 -1 0 0 010
-1 -1 0 -1 0 0 0 00 2

We diagonalize £_1 2 _2, and obtain the matrix on the right. So o(£_12_2) = 1. The
system

L1 _2[b]" = [rot(K;) rot(Ks) rot(K3) rot(Ky) rot(Ks)" =[1 1 0 0 0]7
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has the solution [b] = [1/2 1/2 1, =1
X(X_1727_2) =6 and s = 4. Then we get d3(€_172,_2) = 1/2 * —1/4 = d3(774).
€_1,2,—2 is not isotopic to 74, and so bn({_1,2,_2) =3

Mehmet F. Arikan

—1/2

-1

-1

SO we compute c?

Moreover,
Therefore,

by Theorem 1.1.

p| q resulting M bn(8)] e1(§) € H*(M) ds(€)
e Lr,—-1) |3 | 0€Z, | (r+1)/4
e L s 2 o0efoy | 2.
2 | Lir—2-1) | 3 | 2€Z_5 |(P?-3r+6)/(4r—8)
2p r2—q?—r2—q—r

—1lg<—1 L(QT —q—r,—q+ 1) 3 re Z|q|r_‘q‘+r “ +({4qr7€lq74r q
_ _ _ 2r+ r2—q®>—r2—6 r+5q+5r
R ot e B B B e 7= =
00 | St xSPH#L(r, 1) | 3 | 0EZSZ, | | (r=1/4
o S*#L(r,-1) | 2 | 0€Z, | | (=r+3)/4
0 |g<—2| Llg, D#L(,=1) | 3 | 0€Z)y ®Z | (a+r+2)/4
0 )g=2 | Llg-D#L(r-1) | 3 | 0€Z,®Z | (q+r—4)/4
N Lir+2,-1) | 3 | r€Zmyy | (FP+r+2)/(4r+8)
1t LEr+1,-2) | 3 | relyy | (P-2r—1)/(4r+2)
g — 2r+qr’+q®+r°+4qr+3q+3r
CLlesllartatnmam 1) ) 3 r € By | TG
1g>2 |Llgr+qg+r,—q—1) | 3 | r€Zpyiger @Pr+qri+q®+r2—2qr—3¢—3r

4qr4+4q+4r

TABLE 7. The case r > 2 (|p| < 2 or |¢| < 2).

In Table 7, we do not need any computation to find bn(§): For any row, we can use
Remark 3.1. For example, in the 1%¢ row, we have an overtwisted contact structure on
the lens space L(m, —1) for some m > 1. Therefore, the resulting contact manifold is not
listed in Theorem 1.1, and hence we must have bn(§) = 3.

In Table 8, we need to compute the binding number bn(§) for the rows 1, 3, 7, and 10.
For the other rows, see Remark 3.1.

olfp=1,g=-2,r < —2,& _2, is an overtwisted contact structure on L(|r+2],1). It is
not hard to see that ¢y (§1,-2,») = 2 € Z,|_. Therefore, we immediately get bn(£1,4,-2) =
3 because c¢1(7),42) = 0.
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p | 4 | reslting M [bn(©)] er(€) € H2(M) ds(6)
=2 Lir+2L1) | 3 | 2€Zy—2 | (r®+7r+14)/(4r +8)
N e O s 2| oefoy o 2
L Lrly) |2 | 0€Zy | (=lrl+3)/4

—q — 2r+qr?+q*+r24+10gr+9g+9r
L fps oy Llartatnma =) 3 Il € Zigei—pa-| T
2y r2 24924 4gr+3 3r

Ulg>1 | Lartatn—a=1D1 3 | |r| € Zop_gupr | T mmt =
00 | ST SPHL(r1) | 3 | 0€EZ@Zy | (=Ir[+5)/4
0= S*#L(rl,1) | 3 | 0€Zyy | (=l +7)/4
0 Jg< -2 Llg, V#L(rLY) | 3 | 0€Zyg o2y | (q+r+8)/4
0 g=2| Llg-D#L(rlY) | 3 | 0€Z®Zyy | (q+r+2)/4
s A L(lr=211) | 3 | [rl€Zyga  (=r® =3r+6)/(—4r +8)
el e L(=2r+1,2) | 3 | [rl€Zopy1 (=1 —6r+3)/(—4r +2)

2y r2—q?—r246qr—Tq—Tr
~1lg< —2{ Llgr—qg—r,=q+ 1) 3 |Ir] € Zigjjrpsiqapr | THEGE =T
27‘ T‘27 277'27 et
“1|q=3 |l —a=r—a+ D)) 3 | € Loy | TR

TABLE 8. The case r < —2 (|p| < 2 or |g| < 2).

o If p=1,¢9=0,r < —2, the contact structure & o, on L(|r|,1) and the link L, ¢, are
given in Figure 18. It is easy to see that c1(£1,0,») = 0 € Zj,|, so we need d3({1,0,): The
corresponding linking matrix is on the left below. Diagonalize £; o, to get the matrix on

the right. Therefore, o(L1,0,) = |r| — 1.

(—1-2-2. .. =2
—2-1-2 .., =2

—2-2-1 o

‘CLO,T‘ - o .
—1-2

-2 -2 —2—1:

-1-1 ... -1

The system

L0 [b]T = [rot(Ky) rot(Ks) - - rot(K|q|+1)]T =1

1) 1o
-1 0 2
0 0
diagonalizq . o
] -
-1 0 0
0 0 0

0 0 00
0 0 50
2 o
2 0
... 0.1/2:0
10"
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each
framing

|

|7

copics

K11

+1

FIGURE 18. (a) The contact structure &, on L(|r|,1) for r < —2,

(b) The corresponding framed link Lq g .

has the solution [b] = [0---0 —1], and so we obtain ¢? = 0. Moreover, x(X1,0,) = |r|+2,
and s = |r| + 1. So we compute d3({1,0,r) = (—|r| + 3)/4 = d3(n);|) which implies that

§1,0,r is isotopic to ), on L(|r|,1). Thus, bn(&1,0,-) = 2 by Theorem 1.1.

oIfp=0,¢=—1,r < —2, the contact structure & _1 , on L(|r|,1) and the link Ly _; , are
given in Figure 19. Again we have c;(§o,~1,+) = 0 € Zj,|, so we need to find d3(o,—1,-):
We diagonalize Ly 1, and get the matrix on the right below. So, we conclude that

O‘(AC()),LT) = |7“‘ —1.

(-1-2-2 ... -2:-1-1-1)

—2-1-2 ... -2:-1-1-1

-2 -2 -1 -

: . T . . |diagonalize

Lo1r= —1 -2

-2 -2 -2 -1:-1-1-1

—1-1 ... —-1°0 0 0

-1-1 -1:0 0 -1

-1-1 —-1°0 -1 OJ
The system

Lo,—1,[b]" = [rot(K1) rot(Ks) -+ rot(K g 13)]" =[1---1000]"
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Il

copies

each
framing

+1

FIGURE 19. (a) The contact structure &y 1, on L(|r|, 1) for r < —2,
(b) The corresponding framed link Lo _1 ;.

has the solution [b] = [0--- 0 1 0 0], so we get ¢*> = 0. Also x(X1,4,-2) = |r| + 4, and
s = |r| 4+ 3. So we compute d3(&,~1,r) = (—|r| +7)/4 # (—|r| + 3)/4 = d3(n)) implying
that o, 1, 2 njr) on L(|r[,1). Hence, bn(&,~1,») = 3 by Theorem 1.1.

elfp=—1,9=2,7 <2, we have bn(§_12,) = 3 because c1({_12,+) = |7| € Zjp|42. We
compute ¢1(§_1,2,) as follows: We use the linking matrix £_1 2, to get the representation

HI(M) = < M1, 2, 7/’6|’r‘|+3| ‘C—172,T[u],|1;'|+3 = [th;H»S >
= (pal (Irl+2)p1 =0) = Zj 42
Moreover, using the relations given by £ 12, we have p1 = po--- = pyy (ui’s are the

meridians as before). Therefore, we obtain

c1(é-100) = PD 7 (1 + - 4 pyp) = PD7H(|r|pa) = |r| € Ziyj4o.
To finish the proof, in each table above we find each particular case for (p,q,r) such
that the corresponding contact structure &,,, has binding number 2. Note that the

conditions on p, g, r given in the statement of the theorem excludes exactly these cases.
This completes the proof. O

4. Remarks on the remaining cases

Assume that r = 0,+1,|p| > 2,|q| > 2. We list all possible contact structures in Table 9.
These are the only remaining cases from which we still get lens spaces or their connected
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sums. Notice that we have already considered the cases (—2,¢,1), and (2, ¢, —1) in Tables
3 and 4, so we do not list them here.

T q resulting M c1(§) € H?(M) ds (&)
0lp=21qg=2| Llp,-V#L(g,-1) | 0€Z, 02y | prg—-4)/4
0 1p=2 1g< =2 Llp,-#L(lg|,1)) |0€Z, @2y | pre+2)/4
0 p<=21¢< =2 L(p[, )#L(lql,1) | 0€Zy S Zyg | pt+g+8)/4

—q — q+pg°+p°+q*>—2pq—3p—3
Lp22)q22 | Llatpta g 1) —p€ Ty, | PRI
—q — —p*q+pa®+p°+4¢°>+4pq+3p+3
L p22la< 2 Lpatrt 0 ma =1 op € Zyjg -y | ZEEEG e
g — 2g+pg>+p>+q>+10pg+9p+9
Llp<—2a< -2 Lpa et 6 g = ip € Lyl | TG St
—p—q, — 2g+pg® —p? —q*—6pg+5p+5
1 p>2)a>2 | Lpamp =gt ] -p € gy | FEREERE
_ _ _ 2 + 2.2 2
Sl p>2 e 2 L0 =@t Dl € Ty | PGS
—1lp< —2l¢<—2|Lpg—p—q,—q+1)|pe Zip|\q|+1p|+q| | 2atpa®—p®—q>+6pg—Tp—Tq
4pg—4p—4q

TABLE 9. The case r = 0,£1, |[p| > 2, |q| > 2 (bn(§) = 3 in each row).

As we remarked in Section 1 (after Theorem 1.3) that one can obtain the complete list
without any repetition: We first simply find all distinct homeomorphism types of the
manifolds which we found in Table 2 through Table 9. Then on a fixed homeomorphism
type we compare the pairs (c1,ds) coming from the tables to distinguish the contact
structures.

Suppose now that M is a prime Seifert fibered manifold which is not a lens space. Then
as we remarked before we have |p| > 2,|¢| > 2, and |r| > 2. Then two such triples
(p,q,7), (p',q',r") give the same Seifert manifold Y if and only if

1 1 1 1 1 1

sttty
and (p',¢’,r’) is a permutation of (p, q,r) (see [JN], for instance). Notice that we can drop
the first condition in our case. Switching p and ¢ does not change the contact manifold
as we mentioned before. On the other hand, if we switch r and p (or r and ¢), we might
have different contact structures on the same underlying topological manifold.

r

Another issue is that there are some cases where the first homology group H; (Y (p,q,7))
is not finite. Indeed, consider the linking matrix £ of the surgery diagram given on the
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right in Figure 2 as below.

0 1 1 1
. 1 p 0 0
L= 1 0 ¢g O
1 0 0 r
The determinant det(£) = —r(p+¢q) — pg = 0 implies that r = f%. Thus, if r # f%,

then Hy (Y (p,q,r)) is finite, and so d3(&p,q.») is still computable since ¢q(p 4,-) is torsion.
For instance, if p > 2,¢ > 2,7 >2o0rp < —2,¢ < —2,7 < —2, than det(£) # 0, and so we
can distinguish the corresponding &, 4 by computing the pair (c1,ds). Whereas if the
sign of the one of p, ¢,r is different than the others’, then we might have det(£) = 0. For
instance, for the triples (4,4, —2), (3,6,—2) and each nonzero integer multiples of them,
det(A) = 0. So more care is needed for these cases.

We would like to end the article by a sample computation. Assume that det(L) # 0, and
that » < 2,p > 2,q < 2 (similar calculations apply for the other cases). We compute the
first homology of M =~ Y (p,q,r) as

Hi(M) = (p,p2, aﬂp+q+\7-“ EP,Q,T[ﬂ]g+q+|r\ = [O]Z+q+|r| )
= (s pl41s Hp )| Ra, Ro, R3 )
where the relations of the presentation are

Ri: =Qrl=Dpm — (=Dwprrr — (ladl+Dpperp = 0

Ry : D M| +1 - 1g] fpv)r =0

R : =l S (I =0
While getting these relations, we also see that p11 = po - - - pj,| (recall y1;’s are the meridians
to the surgery curves in the family corresponding to r for ¢ = 1,--- ,|r|). Then using this

presentation, and knowing that c1(&,4.-) = PD71(|r|p1), we can evaluate (understand)
c1(€pqr) in H*(M) = Hy(M).
Now if ¢1(&p.q,r) € H?(M) is a torsion class, then we can also compute d3(p,q,,) as follows:
By solving the corresponding linear system we get

. plalb]

plal +plr| = lqllr|

Moreover, we compute 0(Xp q.r) = 0(Lpgr) = —p+ g+ |r, x(Xpqr) = p+lal + 7]+ 1,
and s = |q| + || + 1. Hence, using Corollary 2.8, we obtain

da(Eyn ) = 8pqr + p*q + p*r + 4pg® + 4gr® — pr® — ¢*r — pg —pr —qr
3\Sp,q,r) = 4pq + 4pr + 4qr .
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