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ABSTRACT OF THE DISSERTATION

Some Classification Results for Symplectic

Fillings of Contact 3-Manifolds

by

Austin Christian
Doctor of Philosophy in Mathematics
University of California, Los Angeles, 2021
Professor Ko Honda, Chair

We define splitting surfaces in contact manifolds, and develop a technique for decomposing
the strong or exact symplectic fillings of a contact manifold which admits such a surface,
using Eliashberg’s strategy of filling by holomorphic discs. We then apply this technique
to the symplectic filling classification problem for several families of contact manifolds.
In particular, we complete the classification of exact fillings for lens spaces, virtually over-
twisted torus bundles, and virtually overtwisted circle bundles over Riemann surfaces. We
also produce classification results for contact manifolds obtained by surgery on Legendrian

negative cables, and for large families of contact structures on Seifert fibered spaces.

ii



The dissertation of Austin Christian is approved.
Gang Liu

Peter Petersen

Sucharit Sarkar

Ko Honda, Committee Chair

University of California, Los Angeles

2021

iii



To Kristin,

for everything

iv



TABLE OF CONTENTS

Listof Figures . . . . . . . . . . . . ... ... viii
Listof Tables . . . . . . . . . . . . . ... X
Acknowledgments . . . . . . ... xi
Vita . . . . o xii
1 Introduction . . . . ... . ... 1
2 Background . . ... ... 3
2.1 Contactmanifolds . . . . .. ... ... .. L oo 3

22 Legendrianknots . . ... ... .. ... ... ... 6

2.3 Symplectic fillings of contact manifolds . . . . . ... ... ... ... ... . 8
2.4 Convexity in contacttopology . . . .. ... .. ... ... ... ... ... 9
241 Bypasses . . . ... 11

242 Basicslices . . .. ... ... ... .. 13

2.5 Liouville hypersurfaces and symplectichandles . . . ... ... ... ... .. 14

26 Contacthandles . . . ... ... ... ... ... ... . . . 17
2.7 Legendrian surgery diagrams . . . . .. ... ... ... ... ... 18
271 Dehnsurgery . ... ... ... . ... ... o 18

272 Contactsurgery . . . . .. ... ... 20

3 Splitting symplectic fillings . . . . . ... ... ... 000000000 23
3.1 Splittingsurfaces . . ... ... ... ... .. .. L o 24

32 Proofof Theorem3.2 . ... ... ... ... ... ... . ... . ... . ... . 26



4 Virtually overtwisted lensspaces . . . . . . . ... ... ... 42

41 Tight contact structuresonlensspaces . . . .. ... ... ........... 43
4.2 History of the filling problem . . . ... ... ... ............... 44
4.3 Fillings of virtually overtwisted contact structures . . . ... ... ... ... 46
43.1 The classification statement . . . . . . ... ... ... .. L., 46

432 Proofof Theorem4.2 . . ... ... ... ... . ... ... ... 47

5 Virtually overtwisted torusbundles . . . . . . ... ... ... ... ... . 53
5.1 Theclassification . . ... ... .. ... 53
5.2 Tight contact structures on torusbundles . . . . ... ... ... ... .. 60
53 Proofof Theorem 5.1 . . . . . . ... . .. ... 60
53.1 Elliptictorusbundles. . . . .. ..... .. ... ... .. ... .. 61

5.3.2 Parabolictorusbundles . ... ... ... .. ... . ... ... ... 64

53.3 Hyperbolictorusbundles . . .. ... .................. 71

5.4 Distinct decompositions of fillings . . . . ... ... .. ... 00000 79

6 Surgeries on Legendrian negativecables . . . . . . . . ... ... ... 86
6.1 Theresult. . . . . . . . . L 86
6.2 Proof of Theorem 6.1 . . . ... ... ... ... ... ... ........... 88

7 Seifert fiberedspaces . . . . . ... ..o 91
71 Theresults . . . .. ... ... 91
7011 Thecaseey >0 . . . . . o i i i e e e 92

712 Thecaseey < —3 . . . . e e e 97

7.2 Mixed contact structures on Seifert fibered spaces . . . ... ... ... ... 100

73 Proofs. . . ... . 109

Vi



731 Thecaseey >0 . . . . . . . . e e

732 Thecaseey < —3 . . . . e e e

8 Circle bundles

8.1 The result

8.2 Proof of Theorem 8.1 . . . . . . . . . . .

vii



21

2.2

2.3

3.1

3.2

3.3

3.4

3.5

4.1

4.2

4.3

44

51

52

53

54

LIST OF FIGURES

Stabilization of the z-axis in the front projection. . . . . ... ... ... ... .. 7

On the left, the dividing set I'y;, in a neighborhood the attaching arc a. On the

right, the dividing setI's;,. . . . . . . ..o o oo oo 12
The Farey tessellation of the hyperbolic unitdisc. . . . . ... ... ... ... .. 13
Asplittingsurface ¥, . . . . . . .. ... 25
We construct N{ by first thickening ¥; away frome;. . . ... ... ... .. .. 29
Orbits in the neighborhood N(X, ' UDf). . . ... ... ... ... .. .. 30
Orbits in the neighborhood N(3, UDf UDT). ... .. ... o ... 32
The removal of N(H') from Wi,. . . . . .. ... o 41
Handlebody diagram for a filling of L(p,q) . . . ... ... ... .. ....... 43
Legendrian surgery diagrams for L(24,7) . ... ... ... ... .. .. ..... 44

Every filling of the top lens space L(89, 24) with the given contact structure is
obtained by attaching a round symplectic 1-handle to a filling of the disjoint
union S? U L(24,7)below. . . . . . ... 50

Applying the JS] decomposition to a filling of L(24, 7) with the contact structure

seen in Figure 4.3 yields a filling of one of the three disjoint unions seen here. . 52

The natural filling of (M, ¢) is obtained by attaching Weinstein 2-handles to
the unique filling of (S* x 5%, £,4) along the Legendrian knots Ky, ..., K; C

(ST X 82, €atd)e + v o e e 57
A diagram for the standard filling of (L;,&) . . . . . ... ... .. ... .... 58
Slope analysis for virtually overtwisted, elliptic torus bundles. . . . . . ... .. 63
Slope analysis for a VOT torus bundle with monodromy 7™, n > 2. . ... ... 65

viii



55

5.6

57

6.1

7.1

7.2

7.3

7.4

7.5

7.6

7.7

7.8

7.9

7.10

7.11

712

8.1

Slope analysis for the monodromy A = -7",n < -lorA=T"n<-2. . ... 68
The interval [A*, A*|for A=C_55 . . . . . . ... 75

The standard filling of any tight structure on the torus bundle with positive mon-
odromy coefficients (rg,r1,72,73,74) = (—4, =5, =2, —2, —4) is obtained from

Legendrian surgery along the above link in (S* x 5%, &q). . - - . o o o o o oL L. 78

If the slope of ;15 were negative, then V; U S would be overtwisted; if the slope

were positive, then V5, U S would be overtwisted. So pg is horizontal. . . . . . . 89
Handlebody decomposition of a Stein filling of M = M (L, .-, I*). .. ... .. 93
A surgery diagram for M (-2, -+ —I%) eg < =3. . ... ... 0oL 98
The plumbing graph associated to the surgery diagram in Figure 7.2. . . . . . . 98
The first layer of basic slices attached to X x S*. . . . . . ... .. ... ... .. 102
Eachtorus 7} ismixed. . . . . . ... ... .. L 103
Contact structures on M (3,5, 5). « -« o v oo vt 104

The surface ¥ x S* sits inside of a Seifert fibered space M (L, 2z, Z—i) which is

neither lightly nor thoroughly mixed. . . . ... ... ... ... ... ...... 105

In the handlebody diagram for (M,,_», (,—2), both K; and K; pass over the

T-handle. . . . . . . o 109

If M(£&, 2 L) js thoroughly mixed, then 77 is a mixed torus. . . . . . .. .. .. 111
p1’ p2° p3

Because 0 < ¢;/p1 <1,wemusthavem =0... ... ... ... .. ........ 113

Decomposing a filling of a contact structure which is neither thoroughly nor

lightly mixed. . .. .. ... ... ... .. . .. . 114

In this example, there are three contact manifolds which might result from the

symplectic JS] decomposition for symplectic fillings. . . . . . ... ... ... .. 118

Stein handlebody diagrams for filling the tight contact structures on a circle

bundler: M — S with¢(S)=—1 .. ... ... ... . 123

ix



LIST OF TABLES

5.1 Virtually overtwisted contact structures on torus bundles over S*



ACKNOWLEDGMENTS

My deepest mathematical debt is owed to my advisor, Ko Honda. Ko is an involved
mentor, and could not have been more generous with his time. Most crucial for my own
growth has been Ko’s endless patience. I can’t imagine that it’s been easy to watch the glacial
pace with which I've progressed through the graduate program, but Ko has supported

that progress throughout. I will always be grateful to have been one of Ko’s students.

Among the many other mathematicians from whom I have learned, I would like to
single out for thanks David Milan, Sucharit Sarkar, John Etnyre, Laura Starkston, and
Youlin Li. I have also had wonderful teaching mentors in Don Hancock and Olga Radko,

and would like to express my appreciation for the opportunities that each of them gave me.

The crucible of grad school was made bearable by good friends and classmates: thanks
to Alex Wertheim, Gyu Eun Lee, and several others for dragging me through the qual
system. I've very much enjoyed learning with and from my entire Kohort, and would

particularly like to thank my collaborators Michael Menke and Joseph Breen.

Mathematics aside, surviving grad school has required the personal support of many
people. It is very difficult to find one’s place in academia — and even more difficult to do
so with confidence — so it is immeasurably comforting to always know my place among
my loved ones. To my family: thank you for your love and encouragement, and for the
knowledge that none of this means anything to you. Thanks to my father for being my first
math teacher; to my siblings for accepting too much grief from me, and for returning fire;
to my in-laws for welcoming me into their fold; and to Jackie for all the study sessions that
started out with good intentions and ended in laughter. Thanks especially to Christian and
Stephanie for the meals, games, and drinks, and for loving Kristin and me like family.

Finally, the debt of gratitude that I will spend the rest of my life repaying. My route
to a PhD was less than direct, and appeared to have been abandoned more than once.
Throughout, my wife Kristin seemed confident that I would one day reach this milestone;
I'm convinced that I wouldn’t have were it not for her. Her sacrifices are too many to list
here, and my vocabulary is insufficient to describe what her encouragement, support, and

care have meant. Kristin, I love you. Let’s continue pursuing our dreams together.

Note. Chapter 5 is a rewrite of [Chr21]. The main theorem of Chapter 3 was obtained
jointly with Michael Menke, and first appeared in [CM19]. Chapters 4, 6, 7, and 8 are
based on [CL20], which is joint work with Youlin Li. I thank my coauthors for allowing

this material to be reproduced here, as well as an anonymous referee for helpful comments.

Xi



VITA

2015 M.S. (Mathematics), University of Texas at Tyler, Tyler, Texas.

Xii



CHAPTER 1

Introduction

It is often said that contact geometry is an odd-dimensional cousin of symplectic geometry.
One manifestation of this mantra occurs when a symplectic manifold endows its boundary
with a contact structure. For instance, say we have a symplectic manifold-with-boundary
(W,w) and a neighborhood U of the boundary 0WV. If there exist a 1-form A and vector field
Z on U such that tzw = X and Lzw = w, with Z pointing transversely out of OW, then ker A
gives us a contact structure on 0. In this case, we say that (W,w) is a strong symplectic

filling of the closed contact manifold (OW, ker \).

In Chapter 2.3 we will additionally define weak symplectic fillings and exact symplectic
fillings. Each of these definitions leads to a classification problem: given a contact manifold
(M,§), can we enumerate the weak, strong, or exact symplectic fillings of (M, £)? The

purpose of this thesis is to answer questions of this type for a variety of contact manifolds.

Our primary tool for classifying fillings is Theorem 3.2, developed in Chapter 3. This
theorem extends [ Men18, Theorem 1.1.1] of Menke and allows us to reduce the classification
problem for one contact manifold to the same problem for a (hopefully simpler) contact
manifold. Namely, Theorem 3.2 tells us that when our contact manifold (1, {) admits
a splitting surface, a symplectic handle may be removed from any of the strong or exact
fillings of (M, &) to produce a new symplectic manifold which either strongly or exactly
fills its boundary. In case the fillings of this new boundary have been classified, we can
often lift this classification to an analogous result for (M, ¢). Theorem 3.2 is inspired by
a similar result of Eliashberg for contact manifolds obtained by connected sum, and we

prove Theorem 3.2 using Eliashberg’s filling by holomorphic discs technique.

Once Theorem 3.2 is in hand, we set about using it to classify the symplectic fillings of



several families of contact manifolds. We start in Chapter 4 by completing the classification
of exact fillings of lens spaces, up to diffeomorphism. Lisca classified the exact fillings of
universally tight lens spaces in [Lis08], and we use Theorem 3.2 to reduce the same problem
for virtually overtwisted lens spaces to the universally tight case. Our techniques produce a
diagrammatic calculus by which one may construct all exact fillings of a given virtually

overtwisted lens space from the fillings of a collection of universally tight lens spaces.

In Chapter 5 we reduce the classification of fillings for virtually overtwisted torus bun-
dles to the corresponding classification for lens spaces — the problem which is settled in
Chapter 4. We continue in Chapters 6, 7, and 8 to apply Theorem 3.2 to other families of
contact manifolds. In Chapter 6 we consider contact manifolds obtained by Legendrian
surgery along negative cables of Legendrian knots which have been stabilized both posi-
tively and negatively. Chapter 7 sees the classification problem for several families of Seifert
tibered spaces reduced to the same problem for lens spaces, and Chapter 8 completes the
classification of fillings for virtually overtwisted contact structures on circle bundles over

Riemann surfaces.



CHAPTER 2

Background

This chapter introduces the recurring characters of the thesis, and collects several important

results which will be cited by later chapters.

2.1 Contact manifolds

The starting point for every discussion in this thesis is a given contact manifold, a notion we

now define.

Definition. A contact manifold is a pair (M, £) consisting of a smooth (2n + 1)-manifold
M and a maximally non-integrable hyperplane field { C 7'M, which we call the contact
structure on M. If there is a 1-form a on M such that £ = ker«, then we say that ¢ is

cooriented, and that « is a contact form for €.

Remark. Unless otherwise stated, we will assume that all contact structures are cooriented.
Moreover, we will assume that M is oriented, and that ¢ is positive, meaning that for any

contact form « for £, we have a A (da)™ > 0.

Example 2.1. The standard contact structure {q on R*"*! is the kernel of the 1-form

n
Qgq = dz — E y; dx;,
i=1

where R?"*! has coordinates 1, ..., Zn, Y1, . - ., Yn, 2.

Rather famously, the standard contact structure on R*"*! is in some sense the only

contact structure, locally.



Theorem 2.2 (Darboux’s theorem). Let (M, €) be a contact manifold of dimension 2n + 1. For
any point p in M and any contact form o for &, there are coordinates x1, ..., Ty, Y1, Yn, 2 0N A

neighborhood U C M of p such that
aly =dz — Zyi dx;,
i=1

with p having coordinates (0, ... ,0).

In contrast with the situation for symplectic structures on even-dimensional spheres,

all odd-dimensional spheres admit a standard contact structure.

Example 2.3. The standard contact structure {yq on the sphere S***! is obtained by realizing
S52n+1 as the unit sphere in R?"2 and restricting the contact form

n+1

Olstd = Z(l’z dy; — Y dﬂ?i)>

=1
where R?"*2 has coordinates =1, y1, . . ., Tni1, Ynii-

We will generally be interested in two notions of equivalence for contact structures:

contactomorphism and contact isotopy.

Definition. A contactomorphism between contact manifolds (1, &) and (M, &) is a dif-
feomorphism ¢: My, — M, with the property that ,(&) = &. Given a contact manifold
(M, &), we say that another contact structure £’ on M is isotopic to £ if there exists a contac-

tomorphism ¢: (M, &) — (M, ¢’) which is isotopic to the identity on M.

Example 2.4. For any point p in the standard contact sphere (S?"*!, £,4), one can show that

the contact manifolds (S***!\ {p}, &ta) and (R?"1, &q) are contactomorphic.

Remark. Though the above definitions are stated for contact manifolds of any (odd) di-
mension, we will restrict our attention to contact manifolds of dimension three, unless

otherwise specified.



With these notions of equivalence established, we immediately encounter the classifi-
cation question: how many contact structures exist on a given (closed, oriented) smooth
manifold M, up to either contactomorphism or isotopy? Eliashberg discovered in [Eli89]
that there is an important class of contact structures for which the classification question is

answered (up to isotopy) by purely topological considerations.

Definition. Let (M, &) be a contact 3-manifold. We say that the contact structure ¢ is
overtwisted if there is a smoothly embedded disc D C M for which the distributions £ and

TD agree along 0D. If no such embedded disc exists, we say that ¢ is tight.

Eliashberg showed that the contact isotopy class of an overtwisted contact structure is

determined by its homotopy class as a hyperplane distribution.

Theorem 2.5 ([Eli89]). Let M be a smooth, closed, oriented 3-manifold. Then two cooriented
overtwisted contact structures on M are isotopic if and only if they are homotopic as hyperplane

distributions.

Remark. The notion of overtwistedness also exists for higher-dimensional contact structures,

though this generalization took some time to navigate. See [BEM15] and [CMP19].

In combination with earlier results of Lutz [ Lut77] and Martinet [Mar71], Theorem 2.5
settles the classification problem for overtwisted contact structures. The case of tight
structures has proven more difficult, but significant process has been made in many cases.
For instance, later chapters of this thesis will rely on classification results due to Honda,
presented in [Hon00a] and [HonOOb].

We close this section by presenting a dichotomy for tight contact structures which will

be needed in stating some of our results.

Definition. Let (M, ¢) be a tight contact 3-manifold, 7: M — M the universal cover of M.

We will say that ¢ is universally tight if the contact manifold

(Maé = ﬁ-*€>

5



is tight. We will call ¢ virtually overtwisted if there is some finite cover 7: M — M of M for

which the contact manifold
(M,E =7E)
is overtwisted.

Remark. It is not immediately obvious that every tight structure on a 3-manifold must be
either universally tight or virtually overtwisted. However, every tight contact structure on
a manifold with residually finite fundamental group must fall into one of these categories,
and work of Hempel ([Hem87]) along with the geometrization conjecture shows that every

3-manifold has this property.

2.2 Legendrian knots

By definition, a contact structure is maximally non-integrable; for a contact 3-manifold (M, ),
this means that there are no embedded surfaces in M/ which are everywhere tangent to &.
However, contact manifolds do admit embedded knots which are everywhere tangent to &,

and these play an important role in 3-dimensional contact topology.

Definition. A Legendrian knot (or Legendrian link) in a contact 3-manifold (M, ¢) is an

oriented knot (or link) in M which is everywhere tangent to &.
We will generally consider Legendrian knots up to Legendrian isotopy.

Definition. Legendrian knots L and L’ are said to be Legendrian isotopic if there is a 1-

parameter family L, ¢ € [0, 1], of Legendrian knots with Ly = L and L, = L'.

In Section 2.7.2 we will discuss surgery diagrams for contact 3-manifolds, in which
Legendrian knots in (5%, &) play an important role. These may be treated as Legendrian

knots in (R3, &q), for which we have the front projection.

Definition. The front projection of a Legendrian knot L in (R?, {q = ker(dz — y dx)) is the
image (L) C R? of L under the map 7: R* — R? defined by 7 (z,y, 2) := (z, 2).

6
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Figure 2.1: Stabilization of the z-axis in the front projection.
We point out that any smooth, closed, immersed curve in R? with no vertical tangen-
cies lifts to a unique Legendrian knot in (R?, &q). Indeed, the y-coordinate of the lift is

determined by the equation y = %, ensuring that dz — y dz = 0 along the lift. All figures

depicting Legendrian knots in this thesis are in fact front projections.

The front projection affords us a modification of Legendrian knots in (53, &a) known as
stabilization. For now this modification will remain somewhat opaque, but we will discuss

a correspondence between stabilization and bypass attachment in Section 2.4.1.

Definition. Given an oriented Legendrian knot L in (5%, &a), the positive stabilization and
negative stabilization of L, denoted S (L) and S_(L), respectively, are obtained by modifying

the front projection of L as depicted in Figure 2.1.

Our discussion of Legendrian knots ends (for now) with a description of the classical
invariants of a Legendrian knot in (5%, &q). The first of these is the Thurston-Bennequin

number.

Definition. Given an oriented Legendrian knot L in a contact manifold (1, §), fix a Seifert
surface ¥ for L. Choose a vector field v along L which is transverse to &, and let L’ be
the pushoff of L in the direction of v. The Thurston-Bennequin number tb(L) is the signed

intersection number of L’ with X.

Verifying that this definition is independent of choices is a standard exercise. The

second classical invariant is the rotation number.



Definition. Given an oriented Legendrian knot L in a contact manifold (1, §), fix a Seifert
surface X for L. Let v be a non-zero vector field on ¥ which is tangent to {|5, and let w be a
non-zero vector field on L which is tangent to L. The rotation number of L is the twisting of

w relative to v in .

Again, verification of the definition of the rotation number is a standard exercise.

2.3 Symplectic fillings of contact manifolds

The story that we tell repeatedly in this thesis begins with a given contact manifold and
asks for a classification of its symplectic fillings. In this section we recall the definition of a

symplectic manifold and briefly describe symplectic fillings of contact manifolds.

Definition. A symplectic structure or symplectic form on a smooth manifold (which may
have boundary) is a closed, nondegenerate differential 2-form. A symplectic manifold is a

pair (W, w) consisting of a smooth manifold 1/ and a symplectic form w on W.

In certain conditions, a symplectic manifold-with-boundary will induce a contact struc-

ture on its boundary. We say that such a symplectic manifold fills its contact boundary.

Definition. Fixa cooriented contact manifold (), {) and suppose that (W, w) is a symplectic
manifold with OW = M as oriented manifolds. We say that (W, w) is
o a weak symplectic filling of (M, €) if w|¢ > 0;

e a strong symplectic filling of (M, ¢) if there is a 1-form A on W such that w = d\ on

some neighborhood of 0W and such that A|sw is a contact form for &;

e an exact filling of (M, €) if there is a 1-form A on W such that w = dX on all of W and

such that A|sy is a contact form for €.

We say that (M, &) is weakly symplectically fillable, strongly symplectically fillable, or exactly
fillable if it admits a symplectic filling of the corresponding type.

8



Of course there is no reason to expect a generic contact manifold to admit any type
of symplectic filling. Indeed, a classic argument of Eliashberg and Gromov shows that

overtwisted contact 3-manifolds admit no symplectic fillings.
Theorem 2.6 ([Eli90],[Gro85]). A weakly symplectically fillable contact 3-manifold is tight.

Remark. Analogous results hold in higher dimensions, but we will continue to restrict our

attention to the case of contact 3-manifolds and 4-dimensional symplectic fillings.

It is clear that an exact filling is a strong symplectic filling, and that a strong symplectic

filling is a weak symplectic filling. In fact, we have the following sequence of inclusions:
{exactly fillable} C {strongly fillable} C {weakly fillable} C {tight}

The first examples of tight contact manifolds admitting no symplectic fillings were given by
Etnyre-Honda in [EHO02]. Eliashberg produced a weakly-but-not-strongly fillable contact
manifold in [Eli96], and Ghiggini constructed a family of strongly-but-not-exactly fillable
contact manifolds in [Ghi05].

2.4 Convexity in contact topology

Consider an embedded surface in a contact 3-manifold. Though we cannot hope for this
surface to be everywhere tangent to the contact structure, it is often the case that we can
recover the contact structure (locally) from the germ it leaves behind on the embedded

surface. This germ is known as the characteristic foliation.

Definition. Given a contact 3-manifold (}/, ) and a smoothly embedded surface ¥ C M,
the characteristic foliation ¥¢ of ¥ is the singular foliation induced by ¢, defined so that X¢(p)
is the intersection &, N T),X. We say that points p € ¥ with §, = T, ¥ are singular points.

Characteristic foliations can be terribly complicated, but when studying convex surfaces,
we will see that we can forget much of the information about the characteristic foliation,

remembering only its dividing set.



Definition. A contact vector field on a contact 3-manifold (M, §) is a vector field X whose
flow preserves &. By this we mean that, for any contact form « for {, Lxa = g a, for some
positive smooth function g on M. We say that a smoothly embedded surface ¥ C M is

convex if there is a contact vector field for (M, ) which is transverse to .

We point out that convex surfaces are not too hard to find in dimension 3.

Theorem 2.7 ([Gir91]). Any closed surface in a contact 3-manifold (M, &) is C*°-close to a convex

surface.

Remark. In higher dimensions, the current state of the art is due to Honda-Huang, who
give the foundations for convex hypersurface theory in [HH19]. There they show that
hypersurfaces in higher-dimensional contact manifolds are C-close to convex surfaces;

experts generally suspect that the smooth version of the statement is false.

As mentioned above, much of the power of convex surface theory is that we may trade

characteristic foliations for dividing sets, which we now define.

Definition. If ¥ C (M, ¢) is convex and X is a contact vector field transverse to 3, then the

dividing set of X is the multi-curve

Is:={peX|X(p) €&}

Three important observations about I'y, are
(1) TI's divides X into positive and negative regions: ¥ \ I's = R (X) U R_(X);
(2) T'y is transverse to the characteristic foliation X, of ¥;

(3) ¥ admits a volume form w and a vector field Y such that Y points transversely out of

R, (X) along I'y, directs X, and dilates w in the sense that £Lyw > 0 on Ry (X).

These three characteristics determine I's; up to isotopy, so we will refer to the dividing set
I's, and the regions R (%) of a convex surface ¥ without reference to a particular contact

vector field.

Giroux’s Flexibility Theorem explains the power of the dividing set.

10



Theorem 2.8 ([Gir91]). Let 3 be a closed convex surface in a contact manifold (M, ), as witnessed
by a contact vector field X with dividing set 'y, and consider some singular foliation F on X.
Suppose we can put a contact structure &' on a neighborhood of ¥ such that ¥ = F and such that

the dividing set of ¥ is isotopic to I's,. Then there is an isotopy ¢, t € [0,1], of ¥ in (M, §) such that
(1)

(2)
(3) ¢1(X) has characteristic foliation F.

o = id and yp|ry, = id for all t;
i(X) is transverse to X for all t;
So the dividing set of a convex surface records all of the interesting contact topology

in a neighborhood of the surface. We now discuss two important applications of convex

surface theory.

2.4.1 Bypasses

A natural and interesting question in convex surface theory proceeds as follows: say we
have a 1-parameter family of surfaces in a contact manifold, and that each surface in the
family is convex, except at some finite number of distinguished parameters. (This is a
C>-generic property for 1-parameter families of embedded surfaces.) We would like to
know how the characteristic foliation of the surface changes as we pass through these
distinguished parameter values. More accurately, we would like to know how the dividing
set changes. The fundamental modification to the dividing set is the bypass attachment,

developed by Honda in [Hon00a].

Definition. If 3 is a convex surface in a contact 3-manifold (), €), then a bypass for X is an

oriented, embedded half-disc D such that

(1) 0D is the union of two Legendrian arcs «;, o, which intersect at their endpoints;

(2) D intersects ¥ transversely along a;;

(3) D has positive elliptic tangencies at a; N a2, one negative elliptic tangency on the
interior of a1, and only positive tangencies along «, alternating between elliptic and

hyperbolic;
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B

Figure 2.2: On the left, the dividing set I'y,, in a neighborhood the attaching arc a. On the
right, the dividing set I's;.

(4) oy intersects the dividing set I's; exactly at the elliptic points of ay.

We will refer to oy C D as the attaching arc for the bypass D, and we say that D straddles the

component ¢ C I'y, containing the negative elliptic tangency.

Remark. The bypass attachment has been generalized to higher dimensions by Honda-

Huang [HH18].

When a bypass D for X exists, it is known that there is a neighborhood of ¥ U D,
diffeomorphic to £ x [0, 1], such that the surfaces ¥; = ¥ x {i}, ¢ = 0, 1, are convex, and
such that the dividing set I'y;, is obtained from I's,, by Honda’s bypass attachment operation,
depicted in Figure 2.2. A bypass which does not change the dividing set (up to isotopy)
is said to be trivial. The effect of bypass attachment on the dividing set of ¥ can also be
seen through Giroux’s contact handle decompositions. The surface ¥; is obtained from ¥
by attaching a contact 1-handle and then a contact 2-handle in a topologically canceling

manner. A detailed description of this process can be found in [Ozb11, Section 3].

Given a Legendrian arc a4 in a convex surface ¥, we have no assurances that a bypass
for ¥ exists along a;. We can, however, produce bypasses with stabilizations. Namely,
if L C (M,¢) is a Legendrian knot, then the symmetric difference of L and S (L), once
oriented appropriately, bounds a bypass disc, with sign corresponding to the sign of the

stabilization.
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Figure 2.3: The Farey tessellation of the hyperbolic unit disc. The rational numbers p/q and
p'/q are each connected to (p + p')/(¢ + ¢') by an arc.

2.4.2 Basic slices

Honda introduced the bypass in his quest to classify tight contact structures. For torus
bundles and lens spaces, another fundamental building block of the classification of tight

structures is the basic slice.

Throughout this thesis, whenever we have a convex torus 7% C (M, ), we will assume
that the dividing set I'7 has two parallel components. Under the identification 7% = R?/Z?,
these components are isotopic to a line of rational slope s(7%), which we refer to as the slope

of the dividing set.

Definition. Let (772 x I, £) be tight, with convex boundary, and let s; be the slope of T2 x {i},
i=0,1. We call (T? x I, ) a basic slice if

e 50 and s; are connected by an edge of the Farey tessellation;

e foreacht € [0,1],if T? x {t} is convex, then its slope s lies in the interval [s, o] on

the Farey tessellation.

The Farey tessellation is depicted in Figure 2.3, with [s;, so] denoting a counterclockwise

arc from s; to sg.
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Remark. The rational numbers s, and s; will be connected by an edge of the Farey tessellation

if and only if the minimal integral vectors representing s, s; form a basis of Z?.

For our purposes, the most pertinent fact about basic slices is the following: once we
fix rational slopes s, s; which are Farey neighbors, there are precisely two tight contact
structures E on T2 x | making (T2 x I, &) abasic slice with slopes s, s1, and these structures
are distinguished by their relative Euler classes. Indeed, we have PD(e(¢, s)) = £(0,1) in
7* =~ Hy(T% 7).

Basic slices are useful in the classification of tight contact structures because one can
decompose a tight thickened torus (77 x I, §) into basic slices, each of which admits two
tight contact structures. These basic slices naturally cluster into continued fraction blocks,
within which the basic slices may be shuffled. The standard model for a continued fraction
block is a tight structure on 72 x [0, m| with boundary slopes s, = =1 — m and sy = —1,
for some m > 1. We assume that this tight structure decomposes into m basic slices, with
sy = —1 — k for 0 < k < m. There are m + 1 tight structures satisfying these requirements,
distinguished by their relative Euler classes, which satisfy PD(e(, s)) = (0,k) € H1(T? 7Z)

forsome k € {—m,2 —m,...,m — 2, m}.

Of the m + 1 tight contact structures on a continued fraction block 77 x [0, m], just two
— those with PD(e(¢, s)) = (0, m) — are universally tight. The remaining tight structures
will contain adjacent basic slices of opposite sign, which causes their lifts to the universal
cover to be overtwisted. More generally, a tight contact structure ¢ on a thickened torus
T? x I can have each of its continued fraction blocks be universally tight, while ¢ itself is
virtually overtwisted. Again, this occurs when the basic slice decomposition of (7% x I,§)

includes adjacent basic slices of opposite sign. See [Hon00b, Section 4.4.5] for details.

2.5 Liouville hypersurfaces and symplectic handles

Exact symplectic manifolds-with-boundary are also called Liouville domains. In addition to

filling their contact boundaries, Liouville domains will play an important role for us as the
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positive and negative regions of a convex surface.

Definition. A Liouville domain is a pair (X, ), where

(1) X is a smooth, compact manifold-with-boundary;
(2) dpis a symplectic form on ¥;;

(3) the vector field X defined by ¢x,d3 = 3 points transversely out of 9%.

We call X the Liouville vector field for (X1, ().

Once again, our definition works in any dimension, but we will focus on 2-dimensional

Liouville domains.

Definition. Let (M, ) be a contact 3-manifold and let (X, 5) be a 2-dimensional Liouville
domain. A Liouville embedding i: (X, 8) — (M, §) is an embedding for which there exists
a contact form A on (M, §) satisfying i*A = 3. We call the image of a Liouville embedding a
Liouville hypersurface and denote it by (X, 3) C (M, ).

The standard example of a Liouville hypersurface is the positive region of a convex
surface. The following result says that these regions are in fact the source of all Liouville

hypersurfaces.

Proposition 2.9 ([ Avd12, Proposition7.2]). A hypersurface X1, C (M, &) is Liouville if and only

if there is a convex hypersurface ¥ C (M, ) for which X1, is R (X) minus some collar neighborhood
of OR,(X).

Given a Liouville hypersurface (X, 3), Avdek constructs a symplectic handle (Hy,, , wg),

and we summarize this construction here. For full details see [Avd12].

The construction begins with a standard neighborhood NV(X.) of (X, 3) in (M, ¢). If
A is a contact form for (M, §) satisfying A|ry, = 3, then there is a neighborhood N(X;) =
[—€, €] x X with M| y(z,) = dz+ 3, for some sufficiently small e. This neighborhood will have
corners at {£e} x 9%, but an edge-rounding process produces N (X}), a neighborhood of

(X1, B) with smooth, convex boundary.
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With an abstract copy of this standard neighborhood in hand, consider the symplectic
manifold

(Hy,,wp) = ([-1,1] x N(X),d0 AN dz + dp),

where 0 and z are the coordinates on [—1, 1] and [—e, €], respectively. This is the symplectic
handle constructed from (X, 3). There is a vector field V3 = 20, + X3 which points
transversely out of 0Hy, along [—1,1] x ON(X) and whose flow dilates wg. This vector
field can be perturbed so that it also points into Hy,, along {£1} x NV (X;), making this

portion of 9H (X) concave while [—1, 1] x N (X}) is convex.

Remark. In the special case where (X, 3) = (T*S*, Acan), We refer to (Hy, ,w;) as a (four-

dimensional) round symplectic 1-handle.

Avdek’s construction generalizes the notion of a Weinstein 1-handle, which is produced
in dimension four by considering the Liouville domain (D?, %(p dq — qdp)), where D? has
coordinates p, g. We will also refer in this thesis to (4-dimensional) Weinstein 2-handles,
which are Liouville domains of the form (D? x D?, )\,), where the Liouville vector field
points transversely into the boundary along 9D? x D?, points transversely into the boundary

along D? x 9D?, and admits a Morse Lyapunov function.

Let us describe how Avdek attaches the symplectic handle (Hy, ,w;s) to a strong sym-
plectic filling (W, w). For this attachment to be possible there must exist a pair of disjoint

Liouville embeddings

il: (ZL75) — <M7 6) and i2: (ELaﬁ) — (M7§>7

where (M, §) is the boundary of (W, w). These embeddings admit standard neighborhoods
N(i1(XL)) and N (i5(X1)), each contactomorphic to NV (X). We form a sort of symplectic-
filling-with-corners W by removing N (i;(X1)) and N (ix(X1)) from (W, w) and attaching
Hy, along {£1} x N(X.). Because (W, w) is a strong filling of (M, ¢), there is a Liouville
vector field on W pointing out of OW. We glue (Hsy;, , wg) to (W \ (N (i1(XL))UN (i2(X1))), w)
in such a way that this vector field agrees with Vj along {+1} x N (). The edges of W"
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are then rounded to produce a new symplectic filling (W, w’). This new filling is the result

of attaching the handle (Hy, ,ws) to (W, w) along i1 (X;) and i5(3,).

2.6 Contact handles

In this section we briefly describe standard models for 3-dimensional contact handles
of index 1 and 2. Our goal is to interpret the bypass attachment operation described in
Section 2.4.1 using contact handles. This idea is due to Giroux, and details can be found in

[Ozbl1].

The models are given as subsets of (R?, ker ), where o = dz + y dz + 2x dy. For some
small € > 0 we have

Hy={(z,y,2) e R®|2” + 2> < ¢, y* <1}

and

Hy = {(z,y,2) € R’ |2” +2° < 1, y* < e}

Notice that Z = 2z 9, —y 0, + 2 0, is a contact vector field on (R? ker «), and is transverse to
0H, and 0H, away from corners. So 0H; and 0H, are convex surfaces, and their dividing
sets are given by

Our standard model for a contact 1-handle is then (H;, ker ), with attaching region 0H; N
{y = £1}. The attaching region is that portion of 0 H, where Z is inward-pointing. Similarly,
(Hj, ker ) is the standard model for a contact 2-handle, though it is attached using —Z, so
that 9H, N {a? + 2% = 1} is the attaching region.

Now suppose that (1, {) is a contact 3-manifold-with-boundary whose boundary is
convex. We attach a 1-handle to (), £) by identifying the attaching region of our standard
model with regular neighborhoods of a pair of points p, ¢ € 9M. We require this identifi-
cation to match the dividing sets of the regular neighborhoods with that of the attaching

region, so that the contact structure on (M, ) matches up with that on the standard model,
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yielding a new contact manifold. We analogously define contact 2-handle attachment.

In Chapter 3 we will need contact handle attachment to extend the contact form (and
not just the contact structure). One circumstance in which this can be accomplished is
when (M, £) carries the structure of a sutured contact manifold, as defined in [CGH11, Section
2]. In this case, there is a neighborhood U(I') C M of the dividing set I' C dM on which
the contact structure admits a standard form, and this standard form will match (H;, ker o),

allowing us to extend the contact form as desired.

Finally, we remark on the connection to bypasses. Suppose that D is a bypass disc
for a convex surface ¥ C (M, ). In Section 2.4.1 we described a neighborhood of ¥ U D
which is diffeomorphic to ¥ x [0, 1], with each surface 3; := ¥ x {i} convex, and with
the dividing set I'y;, obtained from I'y,, via the bypass attachment operation depicted in
Figure 2.2. Consider now a one-sided neighborhood N (X) = X x [0, €] of . We choose
the coordinates on N(X) so that ¢ has the form ker(dt + ), for some 1-form § on X. Then
the boundary components > x {0} and ¥ x {¢} are convex, with dividing sets I's; x {0}
and I's; x {e}. By attaching a contact 1-handle to N(X) along ¥ x {e} and then a contact
2-handle to the resulting neighborhood, we obtain the desired neighborhood ¥ x [0, 1].

2.7 Legendrian surgery diagrams

The overarching goal of this thesis is to classify the symplectic fillings of contact 3-manifolds.
In this section we introduce the construction which will define many of the contact 3-
manifolds of interest to us. This details of this construction can be found in a variety of

sources, including [OS13, Chapters 2 & 11].

2.71 Dehn surgery

Starting from the most basic closed 3-manifold, S?, we will use Dehn surgery to produce

more interesting smooth 3-manifolds. Dehn surgery removes a solid torus N C S® from S?,
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and then glues in a new solid torus S x D? via an orientation-reversing diffeomorphism
¢: O(S' x D?) — A(S*\ N).

The solid torus to be removed from 5* will be recorded by a choice of knot K C S%, with N
given by a tubular neighborhood N (K) of K. Additionally, one can show that the result of

Dehn surgery is determined up to diffeomorphism by the homology class
o.([{pt} x OD%) € H\(3(5* \ N(K)); Z).

So the data used for Dehn surgery consists of a knot K C S?, along with a homology class
ain H,(0(S*\ N(K)); Z).

In fact, we can represent a via a rational number. If we choose an orientation for K, we
have canonical choices for a meridian ; and longitude! A of K, which together give a basis
for Hy(0(S* \ N(K)); Z) = Z*. With this basis fixed, there exists a unique pair of relatively
prime integers p and ¢ such that a = p ;1 4+ g A\. These integers depend on the orientation we
have chosen for K: reversing this orientation reverses the signs of ;1 and A, and thus of p
and ¢. However, the ratio p/q (which may be infinite, if ¢ = 0) is orientation-independent.
So in fact the data fed into Dehn surgery consists of a knot K C S® and a (possibly infinite)

rational number p/q.

Definition. Givenaknot K C S° and a rational number p/q € QU{oo}, let S}, (K) denote
the smooth manifold

(S*\ N(K)) Uy (S* x D?),

where ¢: 9(5* x D?) — 9(53 \ N(K)) is determined by the fact that ¢,([{pt} x dD?)) =
p 114 A. Here ;i and ) are the meridian and longitude classes in H; (S?\ N(K)) determined
by K, with some fixed choice of orientation. We call the smooth manifold S? /,(K) the Dehn
surgery along K with slope p/q.

In general, a knot in a 3-manifold does not necessarily admit a canonical choice of longitude. But all
knots in S? are null-homologous, and therefore admit canonical framings.
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In case we have link L, each of whose components is decorated with a rational number,
we can tell this story again. Namely, we simply perform Dehn surgery along all of the
components simultaneously. We omit the details of this construction, but refer to the input

data (the decorated link) as a surgery diagram for the resulting 3-manifold.

Definition. A surgery diagram for a smooth 3-manifold M is a link L in S?, along with a
choice of rational number for each component of L, such that Dehn surgery with this input

yields a manifold diffeomorphic to M.

A landmark result of Lickorish and Wallace tells us that the construction outlined here

produces all reasonably nice smooth 3-manifolds.

Theorem 2.10 ([Lic62, Wal60]). Every closed, oriented 3-manifold can be obtained via integral

Dehn surgery on a link in S>.

Remark. By integral Dehn surgery, we mean that each rational number which appears in
the surgery presentation is an integer. Integral Dehn surgery is particularly important,
because it is equivalent to 4-dimensional 2-handle attachment. That is, if p/q is an integer,
then S} (K) can be realized as the boundary of B* U, X3, the 4-manifold obtained by
attaching a 2-handle to B* along K C S* = 9(B*) with framing p/q.

Remark. Theorem 2.10 tells us that every smooth 3-manifold M admits a surgery diagram,
but of course there is no reason that this diagram should be unique. In [Kir78], Kirby gives
necessary and sufficient conditions for distinct surgery diagrams to produce diffeomorphic

3-manifolds, but we will not concern ourselves with this question here.

2.7.2 Contact surgery

Because we will be working in the contact setting, we would like a notion of Dehn surgery
which produces contact 3-manifolds. Here our starting point is again S®, this time with the
standard tight contact structure £yq4. This construction can be carried out in essentially the
same generality as above: given a Legendrian knot L C (5%, £,4) and a rational number

p/q, we can perform (p/q)-surgery (measured with respect to the Thurston-Bennequin
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framing of K') on S* along K, and produce a contact structure on the surgered manifold.
However, in this section we give a somewhat less delicate treatment which addresses only

(—1)-surgery, as this is the case of most interest to us.

We mentioned in Section 2.7.1 that integral surgery diagrams allow us to see 3-manifolds
as boundaries of 4-manifolds: the diagram can be used to construct a 3-manifold via Dehn
surgery or a 4-manifold via 2-handle attachment, and the 3-manifold will bound the 4-
manifold. In the contact setting, we will only define (—1)-surgery, and will do so via
4-dimensional handle attachment, rather than Dehn surgery. We start with the well-known
fact that the boundary of a symplectic filling with a Weinstein 2-handle attached is smoothly

equivalent to the result of (—1)-surgery.

Theorem 2.11. Suppose that (W,w) is a symplectic 4-manifold which strongly (respectively, ex-
actly) fills its boundary, and that L C OW is a Legendrian curve with respect to the induced contact
structure. Let W Uy, X3 denote the 4-manifold obtained by attaching a 2-handle X35 to W along L
with framing —1 with respect to its canonical contact framing. Then w may be extended to W Uy, Xy

in such a way that W U X3 strongly (respectively, exactly) fills its boundary.

The upshot of Theorem 2.11 is that we can associate to any Legendrian link L C (5%, &a)
an exactly fillable contact manifold (S*(L),&.). This is because (B*, wsq) is an exact sym-

plectic filling of (53, £a), so we may define

(S3(L), &) = 0(B* U Xy, w),

where w is obtained from wyq via Theorem 2.11. As a smooth manifold, S*(L) is equivalent
to the result of surgery along L C S?, with the component L; of L given framing tb(L;)—1. It
is a well-known fact (c.f. [DG04]) that, up to contactomorphism, (S*(L), &) is determined

by the isotopy class of L.

Definition. A Legendrian surgery diagram for a contact 3-manifold (M, §) is a Legendrian

link L C (5%, &4a), identified up to Legendrian isotopy, such that (M, ) is contactomorphic
to (S%(L), £r).
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Of course many contact 3-manifolds do not admit Legendrian surgery diagrams, since
a surgered contact manifold (S®(L), ;) is necessarily fillable. But in this thesis our interest

will often be in contact manifolds constructed via this process.
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CHAPTER 3
Splitting symplectic fillings

When studying symplectic fillings of contact manifolds, one often wonders whether decom-
positions which exist for the contact manifold extend to its fillings. For instance, Eliashberg

proved the following result.

Theorem 3.1 ([ELi90, CE12]). Suppose that a 3-dimensional contact manifold (M, &) is obtained
from another contact manifold (M’, ") via connected sum. Then every symplectic filling of (M, £)
is obtained by attaching a Weinstein 1-handle to a symplectic filling of (M, &').

So the symplectic fillings of a contact manifold obtained by connected sum are deter-
mined by the fillings of the parties to the connected sum. Thus, one may attempt to classify
the symplectic fillings of a contact manifold (1, {) by identifying an embedded sphere
along which (M, ) decomposes as a connected sum, and then classifying the symplectic

tillings of the contact manifold(s) resulting from this decomposition.

Our goal in this chapter is to produce an analogue of Theorem 3.1 for surfaces of higher
genus. That is, if there is a surface of genus g > 1 along which our contact manifold (1, &)
decomposes, we would like to extend this decomposition to any filling of (A, £). This will
allow us to study symplectic fillings of (M, £) by instead analyzing fillings of the (hopefully
simpler) pieces into which (M, §) splits.

We call the surfaces which allow such a decomposition splitting surfaces, and will give a

precise definition in Section 3.1. The main result of this chapter is then the following.

Theorem 3.2. Let (M, &) be a closed, cooriented 3-dimensional contact manifold and let (W, w) be
a strong (respectively, exact) filling of (M., ). If (M, ) admits a splitting surface ¥ of genus g,
then there exists a symplectic manifold (W', w') such that
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(1) (W' ') is a strong (respectively, exact) filling of its boundary (M',&');
(2) there are Legendrian graphs Ay, Ao C OW' with standard neighborhoods N (A;), N (As3) such

that
2

M = (aW' -U int(N(Am) J(ON(A) ~ DN (A2)),

i=1
where the boundaries ON (A;) are glued in such a way that their dividing sets and meridians
are identified;
(3) (W,w) can be recovered from (W', w') by attaching a symplectic handle (Hg, (s),ws) con-

structed from the positive region of 3.

Remark. The genus 1 version of Theorem 3.2 first appeared in Michael Menke’s thesis,
[Men18], and will be the version we use in later chapters. The generalization to higher

genus is the result of joint work with Menke.

Our proof strategy for Theorem 3.2 follows in the tradition of Eliashberg’s "filling by
holomorphic discs," initiated in [Eli90]. A splitting surface ¥ C (M, €) of genus g gives
us two surfaces in M with genus 0 and g + 1 boundary components, each of which can
be lifted to a family of .J-holomorphic curves in the symplectization of M. If we have a
filling (W, w) of (M, &), these families can be extended to a single 1-dimensional family of
J-holomorphic curves in the completion (W\, &), and the geometric conditions on ¥ will
control the topology of this family. Removing a neighborhood of this family will lead us to

the new symplectic manifold (W', w’).

3.1 Splitting surfaces

In this section we define the splitting surfaces which appear in Theorem 3.2. An unsurpris-
ing condition on a splitting surface ¥ C (1, §) is that X should be convex; this ensures that
¥ admits a reasonably nice neighborhood in (1, £). Next, we want the regions R (X) to be
diffeomorphic to one another, as these will appear as the ends of a 1-parameter family of
J-holomorphic curves. Our remaining conditions are much more technical, though their

purpose should become apparent as we pursue the proof strategy outlined above.
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Figure 3.1: A splitting surface £, with dividing curves ey, ..., e,441, each of which is an
elliptic orbit with Conley-Zehnder index 1. Some of the attaching arcs are also depicted.

Definition. We call a closed, connected, oriented, convex surface ¥ C (M, ) of genus g a
splitting surface if

(1) the regions R (X) are planar, with g + 1 boundary components ¢, ..., ¢,41;

(2) there exist bypasses D",...,D¥ C (M,¢), attached to X along Legendrian arcs

af, e a;t, with af straddling c; and having its endpoints on cy1;
(3) fori=1,...,g,thereisan arc a; C ¢,41 which contains the endpoints of «;" and «;,

and contains no endpoints of 04]-i for j #i;
(4) thebypasses D, ..., D/ areattached from one side of ¥ and the bypasses D, ..., D,

g

are attached from the other side.

A mixed torus is a splitting surface of genus 1.

Because of their appearance throughout the rest of this thesis, we point out that a mixed
torus can equivalently be defined to be an embedded convex torus 7' C (M, &) admitting
a virtually overtwisted neighborhood of the form 72 x [0, 2], where T is identified with
T? x {1} and each of 7% x [0, 1] and T? X [1, 2] is a basic slice. The notion of splitting (M, &)
along T is described as follows. Let s; denote the slope of T? x {i}. The identification of
T? with R?/Z? may be normalized so that sy = —1 and s; = co. With this normalization,
Theorem 3.2 will produce a filling of (A/’, {’), the contact manifold obtained from (1, §) by

splitting along 7" with slope s, for some integer 0 < s < sy — 1. We define

M/ = SO Uwo (M\T) U¢1 51,
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where each §; is a solid torus and v;: 9S; — T; is chosen so that the image of a meridian
in 0S; has slope s in T;. Notice that the dividing set is vertical, and thus s must be an
integer. We define ¢’ to agree with £ on M/ \ T, and on S; C M’, {' is the unique tight contact

structure determined by the characteristic foliation of 9.5;.
Having introduced this language for mixed tori, we may state the genus 1 version of

Theorem 3.2 somewhat more succinctly.

Theorem 3.3 ([Men18, Theorem 1.1.1]). Let (M, &) be a closed, cooriented 3-dimensional contact
manifold, and let (W, w) be a strong (exact) symplectic filling of (M, £). If there exists a mixed torus
T2 C (M, €), with normalized embedding T* x [0, 2], then there exists a (possibly disconnected)
symplectic manifold (W', w'") such that:

o (W' W) is astrong (exact) filling of its boundary (M',&');
o (M' &) is the result of splitting (M, &) along T with some slope 0 < s < s9 — 1;

o (W, w) can be recovered from (W', w') by round symplectic 1-handle attachment.

We also point out the first application of Theorem 3.3, which will be of use to us in later

chapters.

Theorem 3.4 ([Menl18, Theorem 1.1.3]). Let L C (M,&) be a Legendrian knot in a contact
3-manifold, and let (M’ £') be the result of contact surgery on (M, &) along S;(S_(L)). Then every
strong (exact) symplectic filling of (M',£") may be obtained, up to diffeomorphism, from a strong
(exact) symplectic filling of (M, &) by attaching a Weinstein 2-handle along S (S_(L)).

3.2 Proof of Theorem 3.2

Throughout this section we take (1M, £) to be a contact manifold satisfying the hypotheses
of Theorem 3.2. Let (W, w) be a strong filling of (M, £) and X, a splitting surface of genus g,

with dividing set I'y,, = ¢; U - - - U ¢y41. There are attaching arcs oL, a;t and associated
bypasses D7, ..., D¥ as described in the definition of splitting surfaces.
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We will denote by (W,D) the completion of (W, w), obtained by attaching the positive
end ([0, 00) x M, d(e'«)) of the symplectization of M. We take J to be an almost complex
structure on W adapted to the contact form « for (M, £). That is, J is translation invariant,
J¢ = ¢, and JO, = R,, where t is the [0, co)-coordinate on the symplectization and R, is

the Reeb vector field for a.

We will prove Theorem 3.2 by adapting the proof of [Men18, Theorem 1.1.1]. Specifically,
our goal is to use ¥, to construct a 1-parameter family S which sweeps out a properly
embedded handlebody in (W, ). Removing this handlebody from (W, w) will leave us
with the desired manifold (W’ w').

Because our proof is adapted from [Men18], many of our lemmas are arbitrary-genus
analogues of lemmas found there. Some of these require new proofs, while others, such
as the following standardization of the contact form on )/, are genus-independent and

therefore survive unaltered.

Lemma 3.5 (c.f. [Menl18, Lemma 1.3.1]). There is a choice of contact form on a neighborhood of
¥ such that the components I's,, are non-degenerate elliptic Reeb orbits of Conley-Zehnder index 1

with respect to the framing induced by 3.

Denote the Reeb orbits constructed in Lemma 3.5 by ey, ..., e,41, with e, containing
the endpoints of a7, ..., and ¢; the dividing curve straddled by «;". Menke’s proof of
Lemma 3.5 produces an explicit model for ¥, with these orbits comprising the dividing

set, and this model is depicted in Figure 3.1.

Lemma 3.6. Let X, C (M, §) be a splitting surface of genus g > 1, with dividing set e; U- - -Ueg4q

and bypasses DY, . . ., D as described above. There is a one-sided neighborhood
N=N(,UuD;U---UDy)

and an extension of the contact form « chosen in Lemma 3.5 to N. This neighborhood contains
contact 1-handles N, contact 2-handles N3, and surfaces with corners X', X% . | of genus g and

+ 1), respectively, fori = 1, ..., g. Moreover,
(g p v g
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(1) the boundary ON is given by ¥, and ., where ¥ is another convex surface of genus g, with
dividing set given by elliptic orbits €, ..., €441,

(2) ) =Yg, andfori=1,...,9—1, %, meets S in the orbits €y, . . . , &;, meets 3, in the orbits

€it1, - -, eq and has dividing set given by these orbits, along with an elliptic orbit e}\};
(3) fori=1,...,gwe havea neighborhood
N(Sg'UDf) =Ny Ui | Ny,
with 33X, containing the orbits éy,...,¢;_1,¢;, ..., eq esth, as well as the elliptic orbit &;

(4) all of the elliptic orbits listed have Conley-Zehnder index 1;
the Reeb vector fie o 18 positively (negatively) transverse to the positive (negative) region
5) the Reeb jeld R, is positively (negatively he positi qati Qi
of each of the surfaces listed;
there are hyperbolic orbits hi . h; in Ni and Ni, respectively, which have Conley-Zehnder
6) th hyperbolic orbits by, |, h; in Ni and N;, resp ly, which have Conley-Zehnd
index 0 with respect to ¥,

(7) if v is any other Reeb orbit in N and 7 is any of e;, hi,,,, or hs, then
A7) < Aley), Ale)) < AW),

for all j. In particular, A(v) is sufficiently large as to prohibit the existence of a pseudoholo-
morphic curve in the symplectization of M from having v among its negative ends while its

positive ends form a subset of the curves listed.

Proof. Our goal is to extend the neighborhood of 3, identified by Lemma 3.5 to a bypass
neighborhood; we accomplish this by succesively attaching to our neighborhood pairs of

contact 1- and 2-handles, and extending a over each of these handles.

We write X, x [0, €] for (half of) the neighborhood produced by Lemma 3.5. Within this
one-sided neighborhood, we find N/, a neighborhood obtained by "thickening %, away
from ¢,." The boundary ON|  has two components, which we call ¥, x {0} and ¥, x {e},
and which meet along the elliptic orbit ;. Conflating e,.; with a parallel copy in ¥, x {€},

we see that each of e; and e, is a dividing curve for the convex surface ¥, x {¢}, and we
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Figure 3.2: We construct N} _ by first thickening ¥, away from ey, as on the left. Conflating
eg+1 With a parallel copy, we perform a convex-to-sutured modification, which introduces
the hyperbolic orbit h; +1, as seen on the right. Though not drawn, the Reeb orbit e,
persists on the right, becoming part of the interior of N7 .

know that the bypass D} has endpoints on ¢, ;. According to [CGH11, Lemma 4.1], we
may modify Nj by introducing a canceling hyperbolic orbit i}, for ey, as depicted in
Figure 3.2. Following this modification, we attach a contact 1-handle to N along a pair of
points in h; , ;, extending the contact form « as we go, to yield the neighborhood N|. This
neighborhood has boundary components X, and X}, ,, where X, | is a surface of genus
g + 1 with dividing curves e;, €, 63 41,and eg, ..., e,. We choose our extension of « so that

: = 2 1 1
the actions of €, and ¢}, are much larger than those of e1,¢,,,, and ;.

We have now produced N} C N(X, U D), as depicted in Figure 3.3. Attaching a
topologically canceling contact 2-handle to N} along ¥, will give N(X, U DY), allowing
us to identify N;. An understanding of the Reeb dynamics of N, is given by viewing N, as
the result of attaching a contact 1-handle to N, C ¥, % [1 —¢,1] C N(3, U Df"). We now
repeat this process for i = 2, ..., g to obtain the neighborhood N. The fact that all other
Reeb orbits intersecting N have sufficiently large action as to be irrelevant follows from

[Vaul5, Theorem 2.1]. O

A schematic of the neighborhood N (X! U D;") is depicted in Figure 3.3.

As stated above, we will build a 1-parameter family of holomorphic curves in W that
will sweep out a handlebody of genus g. The splitting surface ¥, will help us do this by
providing targets R, (%,) for which our family can aim at its ends. That is, our 1-parameter

family will have its ends in the symplectization part [0, c0) x M of W, and we want the
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Figure 3.3: Orbits in the neighborhood N (X)~' U D;"). The heavily shaded curves represent
the walls identified in Lemma 3.9. The segments on the far left and right are included in

¥i-1, %%, and ¥} , ;. The middle (dashed) segment is included only in ¥ , ,, while the dashed

segments in the upper left and lower right are also included in X} ~! and ¥}, respectively.
projection 7: [0,00) x M — M to take the ends of our family to the regions R (%,). The
first step towards building our 1-parameter family is then to lift R, (%,) to embedded

holomorphic curves

us: S\ A{p1,...,pgr1} — [0,00) x M.

We can obtain these lifts by employing the following strategy: foreach 1 <i < g+ 1 we

construct a holomorphic half-cylinder
u;: [0,00) x ST — R x M

which is positively asymptotic to e;. These half-cylinders project under 7 to collar neighbor-
hoods of ey, ..., 411 in Ry (X,), the deletion of which leaves R/, a 2-dimensional Weinstein
domain. Our lifting problem is then solved if we can lift R, to a holomorphic curve in
R x M and then glue the holomorphic half-cylinders uy, ..., u,4+1 to the boundary. The

following lemma, proved in [Men18], allows us to lift R/,.

Lemma 3.7 (c.f. [Men18, Lemma 1.3.4]). Let (B, 5 = —df o J) be a 2-dimensional Weinstein
domain, where f: B — R is a Morse function such that OB is a level set of f, and let o = dt + 3 be
a contact form on [—e, €] x B, where t is the coordinate on [—e, €|. Then there is an adapted almost

complex structure on R x [—e, €| x B such that we can lift B to a holomorphic curve by the map

u(x) = (f(x),0,x).
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The construction of the holomorphic half-cylinders u, . .., u441 and the gluing of these

to our lifts is also carried out in [Men18]; this establishes the following result.

Lemma 3.8 (c.f. [Menl8, Lemma 1.3.5]). There are embedded holomorphic curves

Uy : 52\{p1,...,pg+1}—> [0,00) x M

such that

(1) both are Fredholm regular with index 2 and positively asymptotic to e, . .., eg41;

(2) under the projection 7: [0, 00) x M — M we have im(m o uy) = Ry (X,).

The same holomorphic half-cylinder strategy is used in [Men18] to prove the next result
that we will need. Because ¥, is a splitting surface, it admits collections of bypasses D and
D_ from opposite sides, and Lemma 3.6 describes the orbits that appear in a neighborhood
N(X,UD; UD_). Specifically, Lemma 3.6 gives a list of relevant orbits in N (X, UD.),
and produces a corresponding list in NV (3, UD_). We distinguish the orbits in N (X, UD_)
from those in N (X, U D) with a prime (e.g., €, instead of ¢;). Some of these orbits are
represented diagrammatically in Figure 3.4. In Lemma 3.6, the attachment of the bypass
D was accomplished by attaching the contact handles N} and N3; we use the handles
(N3)" and (N})' to attach D; . The same approach used to prove Lemma 3.8 produces a
collection of holomorphic curves which project to N (X, U D, UD_) and will be useful to

us in constructing our 1-parameter family.

Lemma 3.9 (c.f. [Menl8, Lemma 1.3.6]). Fori = 1,..., g, there are embedded holomorphic

curves
Us i Wyt S*\Ap1, .- pgy2} = [0,00) x N(S,UuD, UD_)
and
Uiy @y S\ A{p1, .- pgr1} = [0,00) x N(Z,UuD_UD_),
all Fredholm regular of index 2, all positively asymptotic to é:,...,€,_1, €11, ..., e, and addition-
ally
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Figure 3.4: Orbits in the neighborhood N (X, U Df U D). The heavily shaded curves
represent some of the walls identified in Lemma 3.9.

(1) s, is positively asymptotic to e;, &;, and e}};
(2) ., is positively asymptotic to e;, &, and (ej})’;
(3) s, is positively asymptotic to & and et}

(4) ., is positively asymptotic to & and (e)}})'.

Curves with the same asymptotic ends are distinguished by whether their projections to ¥, C M

agree with R, (X,) or R_(%,).

The holomorphic curves given by Lemma 3.9 serve as "walls" between the contact
handles that have been attached to 3, and will be used to enumerate certain holomorphic
curves appearing in the symplectization R x M. Some of these walls are depicted as heavily

shaded curves in Figure 3.4.

Let M(ey, ..., ey41) be the index-2 moduli space of curves u: S\ {p1,...,pg41} = Rx M
which are positively asymptotic to ey, ..., e,41 and homologous to either u, or u_. This

space admits an obvious translation action by R, and the following lemma describes the

compactification of M(ey, ..., ez41)/R.
Lemma 3.10. The compactification M(ey, ..., e, 1)/R contains a pair of closed intervals Ny such
that

(1) N contains the equivalence class of u..;
(2) the boundary ON. contains a two-level holomorphic building with top level v, 4 a cylinder
positively asymptotic to ey, and negatively asymptotic to h;. ,, and with bottom level v, +

positively asymptotic to ey, . .., e, h; U
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(3) the other boundary element of ONx is a two-level holomorphic building with top level v} . a
cylinder positively asymptotic to ey, and negatively asymptotic to (h, )", and with bottom

level vy, .. positively asymptotic to ey, ..., eq, (hy, ;).

Proof. We assume that A(e;) = A(ez) = --- = A(eg41); we will use this action information
as well as a description of the homology classes of the relevant curves to determine ON.
Consider

H(N(Z,uD,UD.)) ~ H,(%,) ~ Z*,

and notice that we may choose curves by, ...,b, C ¥, so that [e1],...,[eg], [b1],. .., [b,] forms
a basis for H,(%,). Moreover, the curve b; is chosen so that if the attaching arc o is
joined with (a subarc of) the arc a; identified in the definition of a splitting surface, then
the resulting closed curve is homologous to b;. After orienting the curves b4, ...,b,, we

compute the following homology classes!

o] =le]— Yl [ =[] + Y bl and [&]=B)  31)

where e; 41 = eg+1. The equation on the left is valid for 1 < i < g, the right is valid for

2 <i<g+1,and werecall that e, = egﬁ. Similarly,

g—1 g—1
@) = led + ) _lbasel, [(eh)] = [(epzh) T+ > [bis], and  [E]] = —[b], (32)
k=1 k=1
with the same conventions. Of course [hg,,] = [(hy,1)'] = [eg41], while [}, ] = [e},,] and

(
[(hi 1)) = [(e},,)] for 2 < i < g. We also have [h;] = [¢;] for 1 < i < g. Now suppose we
have a (k + 1)-level holomorphic building wy, Uwg_1 U- - - Uwg in ON, with top level wy, and
bottom level wy. Let w;r and w; denote the sets of Reeb orbits to which w; is positively and
negatively asymptotic, respectively. We denote by A(w;") the sum of the a-actions of the
Reeb orbits in w;" and by [w}] the sum of their homology classes. Of course we must have

A(w;) < A(w;") and [w; ] = [w]]. We also point out that the curves @ ;, @, ;, G+, and @,

!The curves by, ..., by are not canonically oriented, but we fix their orientations according to equation 3.1.
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are all disjoint from the curves v, and hence, by the positivity of intersections, from our
holomorphic building. In particular, these curves are disjoint from each level w;. Moreover,
the projections of these curves to M remain disjoint, so for each i, the image of 7 o wj is

contained in a neighborhood Ny or (Nj)’, for some j.

Now because u is positively asymptotic to ey, e, . . ., €441, we know that

W C{enea .. eg}

We now consider the neighborhoods N{ or (Nj)' in which 7 o w;, might land. First, suppose

that o wy C Ny for some j > 2. Because ¥)~' meets ¥, in the curves ¢;, .. ., e, we have
+ - j J+1
wy C {€j> < 769} and wy, C {6]', -e ey €gs e]v 6g—&-l? g+1> g-i-l}

The action bounds of Lemma 3.6 allow us to exclude other curves from w, . From equa-
tion 3.1 we see that the homological requirement [w; ] = [w; ] can only be satisfied if we
have w = w; , and this of course violates the action requirement A(w;) > A(w; ). We
conclude that 7 o w;, cannot be contained in N7 if j > 1. A completely analogous argument

shows that 7 o w;, cannot be contained in (N])’ when j > 1.

So T o wy, is contained in either N} or (N, )'. In the first case we see that
- - = 12
wy CHer, .. eg) and  wy CHer, . egi1, €1, 00,6501

again using the action bounds of Lemma 3.6. The homological requirement [w;"] = [w,
& g g q k k

then leads us to

wy = (Wi \ {egrn ) Udhgn} or wy = (i \{egn}) U{Ereg s}

The latter case is ruled out by part (7) of Lemma 3.6 and the fact that A(w;, ) < A(w;). So
if 7 o wy, is contained in N, then w;, = (w; \ {eg41}) U {hy,,}, and similarly if 7 o wy, is

contained in (N3)’, then w; = (w; \ {eg41}) U {( hyi1)'}
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An important observation at this point is that w;; contains either hj,, or (h;,,)’, and
thus so does w; ;. As with 7 o wy, 7™ o w;_; must be contained in a neighborhood of the
form N/ or (N])'. Indeed, if hl,, € w;_,, then 7 o w,_; C N} and if (hl,,)" € w;_,, then

mowg_1 C (N;)". We now consider these two cases.

If 7 o wy,_ is contained in N{, then

— - 1 2
Wy, _4 g {617 -+ €941, €1, hg+17 69+1}.

Now wj_, must contain &, ,, must be homologous to w;_,, and must satisfy A(w,_,) <

A(w;"_,). The first two conditions are satisfied if
=1 hl .} d w,_,=0
wy_; ={e1,...,egh,} and  w,_,

or if

wi_y = {hg 1} U@ and w_, = {e, 6§+1} Uw

for some w C {ey, ..., e,}. However, the latter case is prohibited by the action bound, so
we conclude that w,_; = (), meaning that our building has height two. All that remains is
to verify that the top level of our building is a cylinder. To see that this is the case, notice
that wy_; must be connected, since w;_, = {e1,..., ey, hy,, } and the only null-homologous
combination of these positive ends is e; + --- + ¢, + h; +1- So if wy, has more than one
negative end, then the building w;, U w;_; has nonzero genus. Of course this is impossible,
since all of the curves in M(ey, ..., e441)/R are planar. So wy, is a cylinder with positive

. 1 .
end e, and negative end b, as desired.

If instead the image of 7 o wy,_ is contained in (V3 ), then the same considerations lead
us to conclude that wy, is a cylinder with positive end ¢,,, and negative end (%, ,,)’, and
that wy,_, is positively asymptotic to ey, .. ., ¢, h;,,, with no negative ends. We thus define
vo+ = wy_1 and vy + = wy, in the case that T owy,_; is contained in N} and define Vg = We—1

and v} ; = wy, in the case that m o wj,_; is contained in (N}Y. -

35



Now let M (e1, ..., g, hy ) be the index-1 moduli space of holomorphic curves in W
which are positively asymptoticto ey, . . ., ey, h,,, and represent the same homology class as
o+ Or v, the curves identified (up to translation) in Lemma 3.10. The following lemma
will allow us to use this moduli space to interpolate between vy , and vy _, producing what

will serve as the middle part of our 1-parameter family.

Lemma 3.11. One component of the compactification Mg (e1, ..., eq, hj,,) is a closed interval I

with 01 = {’Uo7+, U(),_}.

Proof. We denote M (e1, ..., g, ;) by My and investigate the objects that could ap-
pear in the boundary of the compactification of My;. Because this is an index-1 family,
the compactification will not contain any nodal curves, and the only possible boundary
elements are holomorphic buildings in the symplectization end of W, Suppose we have
such a building, and let

w: S\ {p1,...,pe} = Rx M

be its topmost level. As in the proof of Lemma 3.10, the curves @ ;, @t} ;, U+, and @ ;
are all disjoint from elements of My; and hence, by the positivity of intersections, from
w. So the image of the projection 7 o w must be contained in one of the neighborhoods
N, Nj, (N]Y,(N}) identified above. We claim that this is only possible if w is positively
asymptotic to ey, ..., ¢y, b, ., and has no negative ends.

We first show that 7 o w cannot be contained in a neighborhood of the form Nj or (N7)'.
To this end, suppose that 7 o w is contained in NJ. Then

wt C{ey,...,e,p and w” C{ey,... ,eg,éj,éj,flj,e;ﬂ )

But the homology classes computed in equation 3.1 tell us that curves chosen in this way
can only satisfy [w;] = [w; ] if in fact w} = w,. Of course this violates the inequality

A(w}) > A(wy), and we see that 7 o w cannot be contained in Nj for any j. The same

reasoning shows that 7 o w also cannot be contained in a neighborhood of the form (N7)'.

Just as in the proof of Lemma 3.10, the projection 7 o w of the topmost level w cannot be
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contained in N7 or (Nj) if j > 1. These leaves two possibilities — either 7 o w is contained

in N{, or in (N; )’ — which we now consider.

Suppose that the image of 7 o w is contained in N}, meaning that
+ C hl d -C hl = 2
w" CA{er, ... 69 b, and  wT CHer, ... egq1, by, 61,05}

Again we must have [w']| = [w~]. Because we could have [w*] = 0, it is possible that w™ is
empty, and we have a holomorphic building of height one. Suppose this is not the case.
Because [h) ] = [e2,,] + [€1] = [e441], one homological possibility is that as we move from
w™ to w™ we replace the curve h}, with e,,; or with €2, , and €. That s, if w™ # {, then

either w™ = w™,

wt={h;, }Uw and w ={eg1}UW
for some w C {ey,...,e,}, or
wt={h; ;}UwW and w ={e @} Uw.

However, all of these possibilities are prohibited by the action requirement A(w~) < A(w™).
The first possibility obviously violates this requirement, while the second and third do so
because A(h,,,) < A(eg1) < A(eZ,,) + A(e). From all of this we conclude that w™ = ()
and thus w cannot be the topmost level of a building of height greater than one. The same
reasoning shows that if 7 o w is contained in (N;)' then w™ = . So in any case, w™ is empty,

and 7 o w is contained in either N} or (N))". But if 7 o w is contained in (N.}), then
wt C{ey,...,e4,

so we cannot have [w™] = 0. So in fact the image of 7 o w lies in N}, and w has no negative

ends.

So w is a holomorphic curve in the symplectization end of w positively asymptotic to

€1,...,eq, h; +1- In Lemma 3.10 we showed that there are precisely two such curves — vy
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and vy _ — so w must be one of these two. We conclude that

OM(er,. .. eq, by 1) = {vo+,v0,—}-

So Mg (er, ..., ey, by, ) contains the desired component 1. ]

Lemma 3.12. There is a 1-parameter family
S={uy: S*\ {p1,---, g1} — W | dugoj = J odu}er

of embedded pseudoholomorphic curves in (/V[7, W) such that

(1) fort>> 0, the images of u, and u_, are contained in the symplectization part of W;
(2) fort > 0, the image of m o uy, is Ry(X,), where w: [0,00) x M — M is the obvious
projection;

(3) the images of u;, and u,, are disjoint whenever t, # ts.

Proof. Consider the interval I given by Lemma 3.11. We take this interval to be the "middle
part” of S and for ¢ > 0 we take uy, to be v 1, translated by ¢ + c in the symplectization
end [0, 00) x M, where c is some constant. Property (1) follows immediately. Because v .
is positively asymptotic to h;,, and not e, 1, we must isotope ¥, to ensure that R+ (%,) =
im(m o vg 4 ) and thus satisfy property (2). Finally, notice that if ¢, # ¢, are large then
the images of u;, and u,, are disjoint; the positivity of intersections and the homotopy
invariance of the intersection number tells us that in fact v;, and w,, are disjoint for any

b # to. O

Lemma 3.13. The map v: R x (S*\ {p1,...,pg+1}) = W defined by
Ut ) = uy(x),

with w, as identified in Lemma 3.12, is an embedding of a genus-g handlebody into W,

Proof. For an arbitrary ¢ € R the curve v, is an embedding and thus each curve u,, for ¢’

near t, can be thought of as a section of the normal bundle N,,,. We can compute the first
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Chern number of this bundle according to
Cl(NUt) = Cl(urT/W) - X(SQ \ {p17 cee 7pg+1}> = Cl(u:T/W) + g — 17

but first we must compute ¢, (u;“T/I/I?) For this we appeal to [ Wen10a, Equation 1.1], which

says that
201(ufT/I/I7) = ind(us) + x(S*\ {p1, -, Pgs1}) — poz(uy),

where the last term is a signed count of the Conley-Zehnder indices of the orbits to which

u, is asymptotic. Then
2¢,(u;TW) =1+ (1 —g) —g =2 2g,

so ¢1(ut) = 1 — g and it follows that ¢, (N,,) = 0. So sections of N,, are zero-free, meaning

that ¢ is an embedding. O

The stage is now set for the construction of (W', w'), the symplectic manifold promised
by Theorem 3.2. This construction proceeds exactly as in [Men18], with small changes to the
statements of the lemmas found there. The strategy is to remove from W the handlebody
H C W embedded by ¢ in Lemma 3.13. This is done in stages. First W is enlarged to
Wg =W U ([0, R] x M), with R chosen large enough that there exists some 7" > 0 such
that im(u47) is contained in W \ W, with im(7 o uyr) equal to Ry (X,) minus a small collar
neighborhood. From W we remove N(I's, ), a small tubular neighborhood of {R} x I's; ,

leaving us with W5, := Wx — N(I'y, ). This allows us to decompose W7, into its horizontal

part
g+1

O W, = OWp, — 0Wgr ~ | |(S" x D?) (3.3)

=1
and its vertical part 9,W; = 0W} — 9,Wp. Note that the deletion of N(T's;,) from Wg
removes small collar neighborhoods from { R} x Ry, leaving us with {R} x R/.. We now

begin modifying H in preparation for its removal from W7,.

Lemma 3.14 (c.f. [Men18, Lemma 1.3.10]). There exists an embedding ¥;, x [-T,T] — W},
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so that
(1) X is a compact surface with genus 0 and g + 1 boundary components;
(2) 2 x{£T} ={R} x R,

(3) using the identification given in equation 3.3 we have

g+1

ox x {t} = | [(S" x y(t)) C oWV},

i=1
fort € [T, T, where y(t) is the straight arc from (—1,0) to (1,0) in D>

We denote the embedded copy of ¥, x [-T,T] by H" C W} and endow it with the
obvious coordinates (x,t). The following two results are proven in [Men18] and allow us

to cut W, along H’ to obtain a symplectic manifold (W’,w’) that strongly fills its boundary.

Lemma 3.15 (c.f. [Men18, Lemma 1.3.11]). Let B = [T, T| x [—¢, €] with coordinates (t,w).
After slight adjustments of H' and W7, there exists a neighborhood N(H') ~ H' x [—¢, €] C W
and a 1-form A = Ag + Ay, on N(H') such that
(1) Xp x {£T} x [—€,€¢] C O,Wgand (0X) x B C W,
(2) Ay, is the Liouville form for R’ ;
(3) A\p =tdw;
(4) d\ is the symplectic form on Wp,;
)

(5) A agrees with the Liouville form on Wy, near OW,.

Lemma 3.16 (c.f. [Men18, Lemma 1.3.12]). There exists a modification
N =\ +d(tw) = 2t dw +w dt + Ay, ,

whose Liouville vector field Z' = 2t0, — wo,, + Zy,, points into N(H') along w = +e.

At last we define W' := Wy, — N(H') and v’ := d)\" and from Lemma 3.16 we conclude
that (W', w’) strongly fills its boundary. In case our original symplectic filling was exact we
ask the same of (W', w’). Once again we may appeal to [Men18], where the proof of the

following lemma is genus-independent.
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Figure 3.5: The removal of N(H') from W},. On the right, 9W’ has two connected compo-
nents.

Lemma 3.17 (c.f. [Men18, Lemma 1.3.13]). If (W, w = df3) is an exact filling, then there exists
a 1-parameter family of Liouville forms (3., T € [0, 1], on W}, such that fy = S and p; = N on
N(H)YN{—€/2 <w <¢€/2}.

Let us give an informal summary of the relationship between OW’ and M. The first step
in constructing W’ was to consider Wy, whose boundary is contactomorphic to M. From
Wr we deleted a neighborhood of the dividing set of ¥,. This provided a decomposition
of OW7}, into its horizontal and vertical parts, but the overall effect on 0Wy was trivial. The
last step in our construction — deleting N(H’) from W}j, — made the most substantive
changes to the boundary. We first identified H’, a handlebody in W}, which picked out
for us two copies of ¥, in 0Wy. Namely, H' distinguished the Liouville hypersurfaces
Y x{xT} = {R} x R/,. Then N(H’) is a neighborhood of H’, part of whose boundary lies
in OWp,. The part of 0N (H') lying in the interior of W}, consists of two disjoint copies of H’,
and the part lying in OW}, includes X, x {+7'}. So deleting N (H') from W, cuts 0W}, open
along the Liouville hypersurfaces ¥; x {+7'} and glues in two handlebodies modeled on

H'. This process is depicted in Figure 3.5.

All that remains is to use symplectic handle attachment to recover W from W’'. To
this end we observe that the neighborhood (N(H'),d)\) we have removed from W7, is
precisely the abstract symplectic handle (Hsx, ,wy, ) constructed from the Liouville domain
(X, Ax,). That is, we have obtained W’ from W by removing a symplectic handle, and

thus may recover W by reattaching said handle as described in Section 2.5.
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CHAPTER 4

Virtually overtwisted lens spaces

In this chapter we use Theorem 3.3 to classify the symplectic fillings of virtually overtwisted
contact structures on lens spaces up to diffeomorphism. We will define lens spaces via their
surgery diagrams, and recall the classification of tight contact structures on lens spaces due
to Giroux and Honda. The strong symplectic fillings of universally tight lens spaces were
classified by Lisca in [Lis08], and the main result of this chapter, Theorem 4.2, reduces the

analogous classification for virtually overtwisted structures to the universally tight case.

From the perspective of Dehn surgery, lens spaces give a very simple class of smooth

3-manifolds.

Definition. For any relatively prime integers p > ¢ > 1, the lens space L(p, q) is the smooth

manifold obtained via Dehn surgery on the unknot in S%, with framing —p/q.

With an eye towards Legendrian surgery diagrams, we prefer to present L(p, ¢) as the

result of integral surgery on a link in S®. First, let us write

b L 1
——:[ao,al,...,an] = ag — s
q 1
a; —
1
a2 —_ . e e ——
Qnp,
for some uniquely determined integers ao, a1, . . ., a, < —2. Then it is well-known that the

surgery diagram in Figure 4.1 produces the lens space L(p, ¢). One obtains this diagram

from the (—p/q)-framed unknot via a sequence of slam dunks.
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Figure 4.1: Handlebody diagram for a filling of L(p, ¢). We produce a contact structure on
L(p, q) by putting each of the unknots in Legendrian position and stabilizing appropriately.

4.1 Tight contact structures on lens spaces

From the surgery diagram for L(p, ¢) found in Figure 4.1 we can produce contact structures
on L(p,q). We do so by putting the link L = L, U L; U - - - U L,, into Legendrian position
in (S, &a), with tb(L;) — 1 = a;. In (S?, &a), the unknot is Legendrian simple, and thus
its Legendrian realizations are determined up to isotopy by their Thurston-Bennequin
invariants and rotation numbers. With the Thurston-Bennequin invariant fixed at tb(L;) =

a; + 1, there are |a; + 1| possibilities for the rotation number:
r(Li) € {a;i+2,a; +4,...,a; + 2[a; + 1]}

In this way, we produce |(ag + 1)(a; +1) - - - (a, + 1)| distinct Legendrian surgery diagrams
for L(p, q). For instance, the nine diagrams associated to L(24,7) are seen in Figure 4.2.
We make the important observation that all of the resulting contact structures are, by

construction, symplectically fillable.

This construction of contact structures on L(p, ¢) leaves open the questions of whether
structures corresponding to distinct Legendrian surgery diagrams are in fact distinct, and
whether there are any other fillable contact structures on L(p, ¢). These questions were

answered independently by Giroux and Honda.

Theorem 4.1 ([Gir00],[Hon00a, Theorem 2.1]). There are exactly |(ap+1)(a1+1) - - (an+1)|
tight contact structures on L(p, q), up to isotopy, all obtained via the surgery diagrams described

above.

Remark. Because symplectically fillable contact structures are tight, Theorem 4.1 tells us

that L(p, ¢) admits no fillable structures other than those we have constructed.
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Figure 4.2: Legendrian surgery diagrams for L (24, 7)

Now that we are discussing the contact structures on L(p, ¢) in terms of their Legendrian
surgery diagrams, it will be convenient to identify these diagrams by their stabilizations.
Namely, we obtain a Legendrian surgery diagram for L(p, ¢) by first drawing a chain of
Legendrian unknots, each with tb(L;) = —1. We then perform |a; + 2| stabilizations on
L;, and the rotation number of L; will be given by the difference between the number of

positive stabilizations and the number of negative stabilizations.

We point out that Honda also proved in [Hon0Oa] that the universally tight contact
structures on L(p, q) are precisely those which have Legendrian surgery diagrams featuring
stabilizations of just one sign. Any Legendrian surgery diagram for L(p, ¢) which features
both positive and negative stabilizations will produce a virtually overtwisted contact
structure. For example, the top-left and bottom-right Legendrian surgery diagrams in
Figure 4.2 produce universally tight contact structures on L(24, 7). We refer to the structure
whose Legendrian surgery diagram has only positive stabilizations as the standard contact

structure on L(p, q).

4.2 History of the filling problem

Having produced a large class of contact manifolds with relatively simple topology, we
naturally wonder whether or not the symplectic fillings of these contact manifolds may be
classified. The earliest results in this direction were obtained before the work of Giroux

and Honda. For instance, Eliashberg showed in [Eli90] that the standard tight contact
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structure on S* has a unique minimal symplectic filling, given by B* with its standard
symplectic structure. Next, McDuff showed in [McD91] that the standard contact structure
on L(p, 1) has a unique minimal symplectic filling, provided p # 4. For L(4, 1) she showed
that the standard contact structure admits exactly two such fillings. Because the standard
structure is related by orientation-reversing diffeomorphism to the structure obtained with
only negative stabilizations, McDuff’s classification settles the filling problem for both
universally tight contact structures on L(p, 1), p > 2. (The lens space L(2,1) = RP? admits

just one tight contact structure, up to isotopy.)

Arguably the most substantial progress in the classification of symplectic fillings of lens
spaces was made by Lisca in [Lis08]. For any relatively prime integers p > ¢ > 1, Lisca
constructs a finite list of minimal symplectic fillings of (L(p, q), &sa), and shows that in fact
any minimal symplectic filling of (L(p, q), {sa) is diffeomorphic to one of these. As noted
above, &.q is universally tight and, up to isotopy, —&q is the only other universally tight
contact structure on L(p, ¢). (If ¢ = p — 1, —&a is isotopic to &q.) Lisca’s classification then

settles the symplectic filling problem for all universally tight lens spaces.

Following Lisca’s work, the symplectic filling problem remained open for virtually
overtwisted lens spaces. The first result in this direction was given by Plamenevskaya
and van Horn-Morris in [PV10], where it is shown that any virtually overtwisted contact
structure on L(p,1), p > 2, has a unique (up to symplectic deformation equivalence)
minimal symplectic filling. As a result, the symplectic filling problem has been solved for
all contact structures on L(p, 1). The techniques used by Plamenevskaya and van Horn-
Morris — developed by Wendl in [Wen10b| — were pushed further by Kaloti in [Kal13]
to solve the symplectic filling problem for lens spaces of the form L(pm + 1, m). Further
progress in the virtually overtwisted case was made by Fossati in [Fos19] and [Fos20],

using the work of Wendl as well as Theorem 3.3.
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4.3 Fillings of virtually overtwisted contact structures

4.3.1 The classification statement

In this section, we complete the classification of symplectic fillings of tight contact structures
on lens spaces, up to diffeomorphism. In particular, we reduce the classification problem for
a given virtually overtwisted lens space to the same problem on a corresponding collection

of universally tight lens spaces.

Theorem 4.2. Let £ be a virtually overtwisted tight contact structure on the lens space L(p, q), with
p > q > land (p,q) = 1. Then every strong (respectively, exact) symplectic filling of (L(p, q), &) is
obtained by attaching a sequence of Weinstein 2-handles to a strong (respectively, exact) symplectic

filling of a connected sum of universally tight lens spaces.

Remark. This result appeared in [CL20], joint work with Y. Li, and independently in [ ER20],
work of Etnyre-Roy. Etnyre-Roy more thoroughly examine the consequences of this classi-

fication result.

As noted, the virtually overtwisted contact structures on L(p, ¢) are those whose Legen-
drian surgery diagrams feature at least one stabilization of each sign. If any given knot K in
the diagram has been stabilized both positively and negatively, then we may immediately
apply Theorem 3.4 to conclude that all fillings of (L(p, ¢), £) result from attaching a Wein-
stein 2-handle to (L(p/, ¢'), & )#(L(p", ¢"),£"), the connected sum that remains when K is
removed from the diagram. Thus the work of proving Theorem 4.2 is reduced to the case
where each knot in the Legendrian surgery diagram for (L(p, ¢), ) features stabilizations of
only one sign, but for which these signs do not all agree. In such a case we are still able to
find a mixed torus (as Menke does when proving Theorem 3.4), but the contact manifold
J(W',w'") which results from applying Theorem 3.3 to a filling (W, w) of (L(p, q), &) is not

uniquely determined. We will obtain Theorem 4.2 by enumerating the possibilities.
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4.3.2 Proof of Theorem 4.2

For the duration of this chapter, we consider a fixed lens space L(p, q), with virtually
overtwisted contact structure ¢ obtained from a Legendrian surgery diagram as described

above. Namely,

b
— = [ao,al,...,an]

for uniquely determined integers a; < —2, and the stabilizations applied to the knots in
Figure 4.1 do not all have the same sign. We will prove Theorem 4.2 by showing that every
strong or exact symplectic filling of (L(p, ¢), &) can be obtained by attaching a Weinstein

2-handle to a filling of a connected sum of the form

(L(p/’q/)7§/)#<L(p//, q//)’5/1)7

obtained by deleting a single knot from the diagram describing (L(p, ¢),&). Beginning
with an arbitrary filling of (L(p, ¢), £), this decomposition may be inductively applied (in
conjunction with Theorem 3.1) until we have a symplectic filling of a connected sum of the

form
¢

s (L(Pi,%'),fz’)a

i=1
where each (L(p;, ¢;),&;) is a universally tight lens space. To produce a complete list of the
fillings of (L(p, q), &), we consider the fillings of all connected sums of this form which may

result from (L(p, q), §).

We noted above that the case where one of the knots in Figure 4.1 has been stabilized
both positively and negatively is easily dispatched. We now focus on the case where no
knots have been stabilized both positively and negatively. In this case we may identify knots
K, and K_, each of which has been stabilized at least once, with all stabilizations being
positive or negative, respectively. Moreover, we may choose K, and K_ to be adjacent, in
that none of the knots between them have been stabilized. Finally, our argument loses no

generality by assuming that K is to the right of K_ in Figure 4.1.

47



We now define
/

p
—?:[ao,...,an,l,an—l—l], (41)
where we identify [ao, . . ., ap_1, a,+1] with [ao, . . ., ap—2, a,—1 +1] if a,, = —2. Now [HonO0a,

Section 4.6] allows us to write L(p, ¢) = V;, U4 V3, where V{, and V; are solid tori with a map
A: 0Vy — 0Vj, the dividing curves of 0V} are vertical, and the dividing curves of 9V; have

slope —p'/q'. Moreover, we may decompose V; as

with Vi \ N = T2 x I, such that sy = —1 and s; = —p'/¢. Here we denote by s; the slope of
the dividing curves of 7% x {i}, fori =0, 1.

The thickened torus 72 x I has a basic slice decomposition which we now describe. Let
0<y <t <<y <n

be the indices for which a;;, < —3. Then T? x I decomposes into ¢ continued fraction blocks,

with a total of

(@i, + 2)(ai, +2) -+ (a5, + 2)]

basic slices. The basic slices in each continued fraction block will all be of a single sign,
and the continued fraction blocks corresponding to K, and K_ will be adjacent, and of
opposite sign. We immediately see that the boundary convex torus 7' sitting between the
continued fraction blocks associated to K, and K _ is a mixed torus, sandwiched between

basic slices S, C K, and S_ C K_ of opposite sign.

Let —p/q; be the slope of the dividing curves on 7', and let —p),/¢5, —p,/q; be the
opposite slopes of S, S_, respectively. We would like to normalize this neighborhood of

T. After observing that

@py —Pige =1 and  qp) —ppg; =1,
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we see that applying the transformation

1 0 _p/ _ql
Yo esLez)
Pado — @GPy —1 1) \ b ¢
leaves us with the slopes
so=—1, s1=00, $2=phqy—qspp— L.

According to Theorem 3.3, applying the symplectic JS] decomposition to a filling of
(L(p,q), &) will produce a filling of (M’,¢’), obtained from (L(p, q), &) by splitting open
along 7" with slope 0 < s < piq) — ghpy — 2.

We now claim that piq), — ¢hpy, — 2 = m + 1, where m is the number of unstabilized
knots between K and K_ in Figure 4.1. According to [Hon00a, Lemma 4.12], the slopes
of the basic slice decomposition of 72 x I are obtained by incrementing the last entry of

the continued fraction expansion of —p’/¢’ (as in 4.1) until we have —1. In particular, we

may write
/ m+1
a0, 2,2
qs
for some k < n with a; < —3 and then see that
p/
—L —[ag, an, ..., ax + 1]
5l
and
2 o
—=2 =[ag,ar,...,ap +2], ifar, < —4 or —=2=lag,a,..., a1+ 1], if az = —3.
qo !

We can now verify our claim inductively. If a;, < —4 we have

m—+1

[ak+2]=—ak+2 and [ag, —2,...,—2 _ _(m+2a,+(m+1)

1 —(m+2)
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Figure 4.3: Every filling of the top lens space L(89,24) with the given contact structure
is obtained by attaching a round symplectic 1-handle to a filling of the disjoint union
S3 L L(24,7) below; the round 1-handle is attached along the dashed knots. Fillings of
L(24,7) can be further decomposed as seen in Figure 4.4.

and observe that
(=D)((m+2)ar, + (m+1)) — (—=(m+2))(ax +2) =m+ 3.

If we instead have a;, = —3, then

m—+1
ai—1 + 1 (2m + 5)0@,1 + (m + 2)
— 1,3, —2,...,—2|=—
) and [ak 1 3a 3 9 _(2m + 5) 3

a1 +1] =
SO
(—=D)((2m+5)ak—1 + (m+2)) — (—(2m+5))(a-1 +1) =m+ 3.

In either case, we may now apply the following inductive step. If a/b and a'/b’ satisfy

abl — a’'b =m + 3, then

ar —b ar ="V

and [r,d'/V] =

[, a/b]

a/

satisty
(ar —b)a' —a(a'r =) =ab — ba’ = m + 3.

This proves our claim, so we see that every filling of (L(p, ¢), ) is obtained by attaching
a round symplectic 1-handle to a filling of a contact manifold which is obtained from

(L(p, q), &) by splitting along 7" with slope 0 < s < m + 1.

It is now straightforward to check that splitting along 7" with slope s = 0 produces a
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disjoint union of lens spaces, obtained from Figure 4.1 by deleting K, and realizing the two
resulting chains of unknots in separate diagrams. Attaching a round symplectic 1-handle
to this disjoint union corresponds to first attaching a Weinstein 1-handle — which produces
the connected sum these lens spaces — and then attaching a Weinstein 2-handle along K, .
Similarly, splitting (L(p, q),€) along 1" with slope s = m + 1 corresponds to deleting the
knot K_. Each intermediate slope corresponds to deleting an unstabilized knot between
K. and K_. In any case, we see — as claimed above — that every filling of (L(p, ¢), ) can
be obtained by attaching a Weinstein 2-handle to a symplectic filling of a connected sum of
lens spaces which is obtained by erasing a single knot from Figure 4.1. If the constituent
lens spaces in this connected sum are virtually overtwisted, we may repeat this process

until we have a connected sum of universally tight lens spaces. This proves Theorem 4.2.

Theorem 4.2 and its proof provide a recipe for classifying the fillings of a virtually
overtwisted lens space (L(p, q), ). Given a depiction of the lens space as in Figure 4.1,
we can produce a tree whose leaves are disjoint unions of universally tight lens spaces,
and every filling of (L(p, ¢), ) can be obtained by attaching a specified sequence of round
symplectic 1-handles to a filling of one of these disjoint unions. An example of such a tree
is given in Figure 4.3. The root of our tree is (L(p, ¢), £), and we move to a new level of the
tree by applying the decomposition described in this section. If the mixed torus leading
to the decomposition comes from a knot which has been stabilized both positively and
negatively, we have a single branch. If the mixed torus is associated to a pair K, K_ of
adjacent knots with opposite signs, then we have m + 2 branches, where m is the number

of unstabilized knots between K, and K _.

We observe that this argument recovers Fossati’s classification of fillings for virtually
overtwisted structures on lens spaces which result from contact surgery on the Hopf link
([Fos19, Theorem 1]). Consider —p/q = [a1, as], for some ay,a; < —2, and let &, be a
virtually overtwisted contact structure on L(p, ¢). Our decomposition tells us that every
filling of (L(p, q), £vot) is obtained by a specified Weinstein 2-handle attachment to a filling
of either L(—ay, 1) or L(—as, 1), with a particular (not necessarily virtually overtwisted)

contact structure. With the exception of a universally tight structure on L(4, 1), each lens
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Figure 4.4: Applying the JS] decomposition to a filling of L(24, 7) with the contact structure
seen in Figure 4.3 yields a filling of one of the three disjoint unions seen here. We recover a
filling of L(24,7) by attaching a round symplectic 1-handle along the dashed knots.

space L(—a;, 1) has a unique exact filling. Moreover, we see from our decomposition that
attaching a Weinstein 2-handle to such a standard filling in the manner prescribed will

always yield the standard filling of (L(p, ¢), &vot). So we have the following corollary.

Corollary 4.3 (c.f. [Fos19, Theorem 1]). Let (L(p, q), &vot) be a virtually overtwisted lens space,
with —p/q = [a1, az], for some ay, ay < —2. Then (L(p, q), &vor) has

o a unique exact filling, up to diffeomorphism, if ay # —4 and ay # —4, or if at least one of

a1, ag is —4 and the corresponding knot has been stabilized both positively and negatively;

e precisely two exact fillings, up to diffeomorphism, if at least one of a1, as is —4, and the

corresponding knot has stabilizations of a single sign.
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CHAPTER 5

Virtually overtwisted torus bundles

In this chapter we reduce the problem of classifying strong symplectic fillings of virtually
overtwisted contact structures on torus bundles to the same problem for tight lens spaces.
The tight contact structures on torus bundles which fiber over the circle were completely
classified by Honda in [HonOOb ], and thus a natural next step is to ask geography and
botany questions about their symplectic fillings — which of these contact structures is
fillable, and what are their fillings? By construction, convex tori are abundant in torus
bundles; in case our contact structure is virtually overtwisted, we find a mixed torus which
is isotopic to a fiber of the bundle, and use Theorem 3.3 to decompose our contact manifold

and its fillings.

5.1 The classification

Given an element A € SL(2,7Z), we define the mapping torus
My = (R*/Z? x I)] ~,

where (x,1) ~ (Ax,0). We call M, the torus bundle with monodromy A, and notice that the
diffeomorphism type of M4 depends only on the conjugacy class of A in SL(2,7Z). We will
say that M, is

o cllipticif [tr A| < 2;
e parabolic if | tr A| = 2;
o hyperbolic if [tr A| > 2.
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This trichotomy will be used in the statement of our classification result, as will generators

0 1 1 1
S = and T =
-1 0 01

of SL(2,Z). It is known (c.f. [Hon00b, Lemma 2.1]) that every conjugacy class of SL(2,7Z)

can be represented by one of
o A=45;
o A= 4T85 £(T719)%

A=4+T" necZ;

A=4Tm8Tms.. 'TTkS, < —=2,7r9 < —2.

In the last case, the choice of conjugacy class representative is not unique, but in all cases
the £ sign is unique. We will refer to the monodromy A as positive or negative depending

on sign of its conjugacy class representative(s).

Ours is not the first study of symplectic fillings for contact torus bundles. In [DG01],
Ding-Geiges showed that every torus bundle admits an infinite family of weakly-but-not-
strongly symplectically fillable contact structures, all of which are universally tight. In
[BO14], Bhupal-Ozbagci show that for certain parabolic and hyperbolic torus bundles,
there are precisely two isotopy classes of Stein fillable contact structures, and along the
way they construct a Stein filling for every tight contact structure on a torus bundle with
positive hyperbolic monodromy. Golla-Lisca, in [ GL15], construct Stein fillable structures
on a large family of torus bundles, with many of these structures being universally tight.
One of these constructions provides a Stein filling for each virtually overtwisted tight
contact structure on a torus bundle with negative hyperbolic monodromy. In [DL18],
Ding-Li consider the question of strong symplectic fillability for some contact structures
on negative parabolic and negative hyperbolic torus bundles, and construct a Stein filling

for the negative parabolic torus bundle with monodromy —7™, n < —1.
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In the present chapter, we use Theorem 3.3 to obtain a classification result for fillings of
virtually overtwisted contact structures on torus bundles. Combined with (non-)existence
results previously established in [BO14], [GL15], and [DL18], our main result is the

following.

Theorem 5.1. Let M be a 3-dimensional torus bundle, § a virtually overtwisted tight contact

structure on M.

(A) If M is an elliptic torus bundle, then (M, &) is not strongly symplectically fillable.

(B) If M is the positive parabolic torus bundle with monodromy T™ (n > 2), then (M, §) is not
strongly symplectically fillable. If M is any other parabolic torus bundle, then (M, £) admits
a unique strong filling up to symplectic deformation equivalence and blowup.

(C) If M is a hyperbolic torus bundle, then there is a nonempty, finite list

(L(p1,q1),81)5 -+, (L(Pms Gim) s §m)

of tight lens spaces such that every strong (exact) symplectic filling of (M, &) can be obtained
from a strong (exact) symplectic filling of (L(pi, ¢;), &), for some 1 < i < m, by attaching a
round symplectic 1-handle. In particular, (M, §) is fillable.

Remark.

(1) As noted above, some of the existence statements in Theorem 5.1 are not new. In-
deed, (A) is weaker than [EHO02, Theorem 1.1], which says that virtually overtwisted
structures on elliptic torus bundles are not even weakly symplectically fillable. For
the parabolic torus bundles, Ding-Li established the existence of a symplectic filling
for the unique virtually overtwisted torus bundle with monodromy —7™, n < —1,
in [DL18]. The existence statement for hyperbolic torus bundles was established in
[BO14] and [GL15].

(2) The proof of Theorem 5.1 produces explicit attaching data for the round symplec-
tic 1-handles that appear in (C). Namely, we identify Legendrian knots L’ , L', in
(L(pi, 4i), &) so that attaching a round symplectic 1-handle to a filling of (L(p;, ¢:), &)
along standard neighborhoods of L’ and L', yields a filling of the torus bundle (}, ¢),
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for each 1 < i < m. Moreover, for 1 < i < m — 1, we obtain (L(p;+1,Gi+1),&+1) from
(L(pi, ¢:), &) by performing (+1)-surgery along L’ and (—1)-surgery along L" .
(3) While the tight contact structure ¢ is virtually overtwisted, the structures ¢, ..., &,

could be either universally tight or virtually overtwisted.

In Section 5.3.3 we will give an explicit construction of the list of lens spaces specified

by (C) of Theorem 5.1. We will see that if M/ has monodromy
A=4T78T"S - TS, (5.1)

with rg < —3 and r; < —2for 1 < i <k, then each lens space in the list has the diffeomor-

phism type of L(p, q), where

P _ P _
—= =[rg,...,r1] O  — = =1 1,752,y 70, Thy Tkl - - - s Tjt1
q q
for some 1 < j < k. By [ao, . .., a;] we mean
1
ag, ..., ag] == ag — ,
1
ay —
1
a2_-.-_
ak
as in Chapter 4.

This list of lens spaces (along with their contact structures) can be encoded diagramati-
cally as follows. Per [BO14] and [GL15], the standard filling of a tight torus bundle with
monodromy given by (5.1) is obtained from that of (S x 52, £,4) by attaching Weinstein
2-handles along the link A C S* x S? depicted in Figure 5.1. (The knots in this link are
stabilized according to the contact structure £.) To each 1 < i < k we associate a tight
lens space (L;, §;), with a filling obtained from Figure 5.1 by erasing the 1-handle and the

unknot K.
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Figure 5.1: The natural filling of (17, £), which has positive monodromy with coefficients
(10,71, ..,7%), is obtained by attaching Weinstein 2-handles to the unique filling of (S* x
S?% &4aq) along the Legendrian knots Ky, ..., Kx C (S* x 5?,&uq). Foreach 0 < i < k,
the knot K; is stabilized to ensure that th(K;) = r; + 1, and that r(X;) is determined by
the contact structure £. If the monodromy of M is negative, we modify A by requiring
Ik(Ko, Ki) = —1.

Now let

O:i1<i2<"'<im§k

be precisely those indices for which r;, < —3. Then (M, {) decomposes into m continued
fraction blocks, with a continued fraction block associated to each i;. Because ¢ is virtually
overtwisted, (M, £) admits a mixed torus 7" C (M, ), and we use 7" to build a list £ of tight
lens spaces from whose fillings the fillings of (), ¢) will be obtained. If 7 is interior to the
continued fraction block associated to i;, for some 1 < j < m, then £ has just one element
— the lens space (L;;, &;;). Otherwise, T sits at the intersection of two continued fraction

blocks, say, associated to i; and i,,, for some 1 < j < m. (Here i,,+; = ¢;.) In this case

£ - ((Lijagij)a (Lij+17 gij-l-l)a SR (Lij+17§ij+1))-

In words, each lens space in L is obtained by deleting the 1-handle and an unknot from
Figure 5.1. For each continued fraction block that 7" meets, £ contains the corresponding
lens space, as well as the intermediate lens spaces obtained by deleting (—2)-framed unknots.
Our result says that every filling of (M, &) is obtained from a filling of some (L;,&;) € £ by
attaching a round 1-handle. For the standard filling of (L;, §;), obtained from Figure 5.1
as described, this round 1-handle is attached along knots K7, K" C (L;,&;) obtained from

Figure 5.1 by replacing each of the 3-balls with a cusp. See Figure 5.2.

If th(K;) # —1, there remains the ambiguity of how we distribute the stabilizations

of K, among K and K, but this is resolved by the mixed torus we are using. Namely,
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Figure 5.2: A diagram for the standard filling of (L;,¢;), obtained from Figure 5.1 by
deleting the 1-handle and the knot K;. Weinstein 2-handles are attached to (B, wstq) along
Ki1,..., K1 C (5% &sa), but not along the dashed knots K/, K. These are obtained from
the knot K in Figure 5.1 by replacing the 3-balls with cusps, with the stabilizations on K]
and K determined by our choice of mixed torus. Attaching a round symplectic 1-handle
to this filling along K], K yields the standard filling of (M, &).

the continued fraction block associated to K; decomposes into basic slices, each of which
we think of as either positive or negative, and the stabilizations of K; correspond to these
basic slices. The stabilizations of K; are then distributed among K’ and K according to
the number of basic slices on either side of our mixed torus. In particular, if the mixed
torus lies at the boundary of two continued fraction blocks, then all of the stabilizations of
K; will lie on one of K or K|, with the other being a Legendrian unknot with Thurston-
Bennequin number —1. In all cases, attaching a round symplectic 1-handle along K; and
K corresponds to attaching a Weinstein 1-handle along p; € K| and p; € K, followed by
a Weinstein 2-handle attachment along K. The resulting filling of (), {) is the standard

filling depicted in Figure 5.1.

For each torus bundle (), £) that we consider, our classification will follow the same
basic recipe. We begin by identifying a fiber-isotopic mixed torus ¥ C (M, §). To identify
this torus, we realize M as the result of identifying the boundary components of 7% x [
via some monodromy A. In each case, the contact structure £ on M lifts to a (perhaps
non-unique) tight contact structure on 72 x I, which we also denote by £. We then use the
fact that (M, §) is virtually overtwisted to find basic slices of opposite sign on either side of

T? x {0} (perhaps after a contact isotopy), making 7% x {0} a mixed torus.

Having identified a mixed torus in (M, {), we suppose that (IV,w) is an exact filling
of (M,¢) and turn to Theorem 3.3. This produces (W', w’), an exact filling of a contact
manifold (M, ¢’), and tells us how to obtain (W, w) from (W', '), as well as providing a

relationship between (M, £) and (M, £'). Specifically, because our mixed torus is the fiber
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T? x {0}, the decomposition theorem allows us to write

M/:SOLJ(TQXI)USl

for some identifications 9S; — T2 x {i}, where Sy and S are solid tori. That is, M’ is a lens
space. Moreover, Theorem 3.3 tells us that we can recover M from M’ by removing the
interiors of Sy and S; and identifying the dividing curves and meridians of the resulting
boundary components. At the level of fillings, this corresponds to attaching a round
symplectic 1-handle to a filling of the lens space along the cores of the solid tori — for the
lens space (L(p;, ¢i), &) produced by Theorem 5.1, these core curves are the Legendrian

knots L’ and L.

The dividing curves of 0.5, and 0.5, have slopes sy and s, respectively, determined by the
contact structure on 772 x I. If the meridians of Sy and S, are denoted g, 11, then Apy, = pg.
These meridians are not a priori determined by Theorem 3.3, but by investigating different
choices for the meridian j;, we are in many cases able to either completely determine

(M’,¢'), or able to show that no exact filling of (M, £) exists’.

Our primary technique for ruling out possible meridians /; involves an analysis of the
slopes of p, p11, To, and 'y, where I'; is the dividing set of 7% x {i}. Because (M’, ¢') is fillable,
¢ must be a tight contact structure. Now consider a family of convex tori in M’, beginning
with the boundary of a tubular neighborhood of the core of S; C M’, passing through the
fibers of T2 x I C M’, and tending towards the boundary of a tubular neighborhood of the
core of Sy C M'. Each torus in this family has a pair of dividing curves, and the slopes of
these curves will vary from the slope of 1, to s; to s to the slope of 1, as we traverse the
family. Because ¢’ is tight, the total angle through which these dividing curves pass cannot
exceed 7. We will rule out many possibilities for the meridian y; by showing that these

choices would cause this last condition to be violated.

! As noted, the material in this chapter first appeared in [Chr21]. At the time of writing that paper, the
portion of Theorem 3.3 which limits the contact manifolds which may result from applying the symplectic JS]
decomposition had not yet been developed. Now that this statement has been added, the analysis contained
in this chapter could be abbreviated; we leave the analysis intact, as it may help to illuminate the slope
analysis in the proof of Theorem 3.3.
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Type Monodromy # of VOT structures
- A=S 1
Elliptic (|tr A| < 2) A= (T-18)2 5
A=T? 1
, B A=T"n>2 2

Parabolic (|tr A| = 2) A=T" <2 n—1]—2
A=-T",n<0 1
Hyperbolic (|tr A| >2) | A=T7ST"S--- TS | |(ro+1)---(rp+1)]—2
(TOS_?),T/L'S_Q) A:—TTOSTTIS"'TTkS ‘(T’U—l-l)(’f'k—'—l)’

Table 5.1: Virtually overtwisted contact structures on torus bundles over S*

5.2 Tight contact structures on torus bundles

The contact manifolds of central interest in this chapter are forus bundles over S*. These are
smooth 3-manifolds whose tight contact structures were classified by Honda in [Hon00b].
The tight contact structures on the torus bundle M, are given in terms of the monodromy

A, and are each identified as being either universally tight or virtually overtwisted.

Honda’s classification is contained in Table 5.1, omitting torus bundles which admit
only universally tight contact structures. We continue to use the generators S and T of

SL(2,7) identified in Section 5.1.

Honda constructs each of the contact structures figured in Table 5.1 by thinking of
(Ma, €) as a thickened torus (7% x I, £), with the ends T2 x 91 identified by the monodromy
A. (We will thus rely on the discussion in Section 2.4.2 of tight contact structures on 7% x 1.)
When the monodromy A is negative (in the sense described above), this identification will
induce a change of sign, leading some universally tight contact structures on 72 x [ to

induce virtually overtwisted contact structures on M 4. See [Hon00b | for full details.

5.3 Proof of Theorem 5.1

In this section we use Theorem 3.3 to prove Theorem 5.1. We treat the elliptic, parabolic,

and hyperbolic cases separately.
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5.3.1 Elliptic torus bundles

There are two elliptic torus bundles which admit a virtually overtwisted contact structure
— one with monodromy A = S, and the other with monodromy A = (T-'5)%. In both
cases we obtain a virtually overtwisted structure by starting with a minimally twisting
tight structure on 72 x I with boundary slopes s; = 0 and sy = oo and then passing to
the torus bundle M. There are two such structures on 72 x I, and they become contact

isotopic on M4 when A = S. When A = (T~'5)?, the structures remain distinct.

So there are three virtually overtwisted, elliptic torus bundles. None admit a strong

symplectic filling.

Proposition 5.2. Let (M, &) be a virtually overtwisted, elliptic torus bundle. Then (M, &) is not
strongly symplectically fillable.

Proof. As stated above, there are three contact manifolds (1, £) which satisfy the hypotheses
of this proposition, and all three are obtained from a tight (77 x I, £) with boundary slopes

s1 =0, s9 = oo. We consider the case A = S; the case A = (T~15)? is similar.

Our first claim is that the image of the fiber 7% x {0} in (M, ¢) is a mixed torus, and
our proof of this fact mimics Honda'’s proof of the fact that ¢ is an overtwisted contact
structure. (c.f. [HonOOa, Section 4]). In particular, we begin with a tight contact structure
£on T? x [0,1] with boundary slopes s; = 0 and sy = co. Because these slopes are Farey
neighbors, (7% x [0,1],€) is a basic slice, and there are precisely two possibilities for &,
distinguished by their relative Euler classes. As in [Hon00a, Section 4.7], we compute these

relative Euler classes to be

PD(e(€,s)) = (o1 — v0) = £((1,0) - (0,1)) = £(1, 1) € Hy(T* Z),

where vy and v; are minimal vectors in Z? representing the slopes s; and s;, respectively.

Now we may decompose T2 x [0, 1] into a pair of basic slices

(N; =T % [0,1/2],& :=¢|n,) and  (Ny:=T% x [1/2,1],& = &|n,)
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with boundary slope s;/2 = 1, since 1 is a Farey neighbor of both 0 and cc. The relative

Euler classes of these basic slices are then
PD(G(&, 3)) = i(1)1/2 - ’Uo) and PD(e(fz,S)) = i(vl — ’111/2),

where vy, = (1,1). Because these basic slices glue to form the basic slice (72 x [0, 1],£),

their signs agree.

Now because the ends of 7?2 x [0, 1] are identified to form M, we may also view N, as
T? x [—1/2,0] by applying the monodromy A. Applying the monodromy alters the relative

Euler class:
PD(@(&Q, 8)) = :l:A('Ul — U1/2) = :E(A’Ul — AUl/Q) = :I:(—UO — (Ul — U(])) = Fv;.

Here we are using the fact that A = S is a rotation by —m/2. So the basic slice (77 x
[—1/2,0], &r2x[—1/2,0) has a sign which is necessarily opposite that of the basic slice (77 x
[0,1/2], &72470,1/2)), making the fiber 77 x {0} sandwiched between them a mixed torus.

In [HonOOa ], Honda uses this relative Euler class computation to show that (M, €) is
virtually overtwisted. An analogous computation for the monodromy 4 = (7'5)? allows
us to distinguish between the two virtually overtwisted tight contact structures on this

torus bundle, and to see that the fiber 72 x {0} is a mixed torus in each of them.

As outlined in our strategy, we now suppose that (17, £) is fillable, with strong symplectic
filling (W, w), using the notation from Section 5.1. Theorem 3.3, applied to (W, w) and
T? x {0} C (M,¢), produces a strong filling (W', w’) of (M, '), with

M' ~ Sy U(T?* x I)U S,

Because s; = 0 and sy = oo, the dividing sets I'; of 0.5; can be represented by
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(a) A= S. (b) A = (T'5)2

Figure 5.3: Slope analysis for virtually overtwisted, elliptic torus bundles.

The shortest integer vector representing the meridian p; must form an integral basis with

I, for Z?, and we have uy = Auy. So we have representatives

,u‘l - and /,LO =

for some m € Z.

Notice that if m > 0, then a counterclockwise rotation from /i, to I'; passes through an
angle of at least 7/2, and a counterclockwise rotation from I'; to I'y takes us through an
angle of precisely 7/2. The rotation from I'y to /i is then non-trivial, and we see that our
dividing curves pass through an angle in excess of 7 as we move from the core of S; to
T? x I, and on to the core of Sy. The same rotation occurs when m < 0. In fact, this rotation

is always 37 /2 — regardless of the value of m — as can be seen in Figure 5.3a.

The case A = (T'5)? is not much different. The dividing curves will rotate through an
angle of 37 /2 — 6(m), where 6(m) is the acute angle between (1,m)” and (1, —m — 1)7. In
particular, the dividing curves rotate through an angle greater than 7. The case m = 2 is

depicted in Figure 5.3b.

In either case, we see that (M’ ¢’) contains a thickened torus with non-minimal twisting
which may be completed to a solid torus S’ strictly containing S;. The non-minimal twisting
means that (57, {|s) is overtwisted (c.f. [Hon00a, Section 2.3]), and thus so is (M’, {’). Note
that this is the case no matter the value of m. But of course this contradicts the fillability of

(M’ &), so we conclude that no strong symplectic filling (W,w) of (M, &) exists. O
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5.3.2 Parabolic torus bundles

Topologically, the parabolic torus bundles admitting virtually overtwisted contact structures
are all circle bundles, with base either the torus or the Klein bottle. The virtually overtwisted

structures on these manifolds then fall into three families.

For n > 2, the monodromy A = T™ produces a circle bundle over T? with Euler number
n. This bundle admits a unique virtually overtwisted contact structure if n = 2, and admits
two such structures if n > 2. These structures are exceptional in that they are the only
virtually overtwisted contact structures on any torus bundles which fail to be minimally

twisting. We will show that these structures are not strongly symplectically fillable.

Proposition 5.3. Fix n > 2 and let M,, be the torus bundle with monodromy A =T". Let { be a

virtually overtwisted contact structure on M. Then (M, §) is not strongly symplectically fillable.

Proof. Per the classification in [Hon00a], there are two tight contact structures on 7% x [
with boundary slopes sy = s; = 0, and these pass to tight contact structures on M,,. In
[HonOO0b |, Honda shows that these structures are distinct when n > 2, and for n > 2 give
all virtually overtwisted contact structures on M,,. Let ¢ be one of these structures on 772 x I,

passing to ¢ (via notational abuse) on M.

Because (T? x I,§) is not minimally twisting, the dividing curves rotate through an
angle of 7 as we move from 72 x {0} to 7% x {1}, and thus all slopes are achieved by some
boundary-parallel torus. We take 72 x {1/2} with slope s; /2 = co. Because oo is connected
to 0 by an edge of the Farey tessellation, each of 77 x [0, 1/2] and T x [1/2, 1] is a basic slice,

and the fact that their union 7% x I is not universally tight makes 7% x {1/2} a mixed torus.

Now suppose that (M, {) admits a strong symplectic filling (W, w), and let (M’, ') be
the strongly symplectically fillable manifold that results from applying Theorem 3.3 to
(W, w), using the mixed torus 72 x {1/2}. In order to split (M, ) open along 77 x {1/2},
we think of this torus bundle as the result of identifying the ends of (T2 x [-1/2,1/2],¢)
via the monodromy. Then, as above, M’ results from gluing solid tori S_; /5 and S}/, to

the boundary components of 7% x [—1/2,1/2], and we are left to determine the meridians
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F1/2 /’L1/2 /“’671/2

[y

(@)m > 1. (b)ym < —1.

Figure 5.4: Slope analysis for a VOT torus bundle with monodromy 7", n > 2.

fi—1/2, f1/2. Notice that the dividing curves I'_; , and I'; » have slopes s_;,» = 1/n and
s1/2 = 00, respectively. Because the shortest integer vectors representing I'; , and 1, , must
form an integer basis for R?/Z?, we may represent 1> by the vector (1,m)”, for some

m € 7.

Suppose we have m = 0, so that y1/5 = (1,0)”. Then p_;/» = A(1,0)" = (1,0), so the
counterclockwise rotation from ji; /5 to I'y /2 to I'_; /5 to ji_y 5 takes us through an angle of

27, and we find that (M, ¢’) is overtwisted. So m # 0.
Next, suppose m > 1, meaning that ;1_; 2 is represented by A(1,m)" = (1 + mn, m).
Because n > 2, we have

0<

1
< —<m< oo,
14+mn n

which is to say that

0 < slope(fi—1/2) < slope(I'_1/2) < slope(ft1/2) < slope(T'y2).

In this case, the dividing curves rotate through an angle in excess of 37/2, and again (M’, ')

is overtwisted. So m < 0.

But if m < 0 then we find that

slope(ft1/2) < 0 < slope(I'_y2) < slope(fi—1/2) < slope(I'1/2),
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sincem < 0 < 1/n < m/(1+ mn). In this case, counterclockwise rotation from /i, /5 to I'y
to I'_1 /5 to ju_1 /5 takes us through an angle of 37 /2, for any choice of m < 0 and n > 2, and
again we find that (M’,¢’) is overtwisted. Because there are no suitable choices for the
meridian /i /2, we must conclude that (1, £) does not admit a strong filling (W, w). The

overtwistedness when m # 0 is seen in Figure 5.4. O

When n < —2, the monodromy A = 7™ will again give us a circle bundle over 7%
with Euler number n, but in this case we have |n — 1| — 2 virtually overtwisted structures.
These bundles admit a unique strong filling, up to symplectic deformation equivalence
and blowup, for any virtually overtwisted structure. As a corollary, the exact fillings of

these bundles are unique up to symplectomorphism.

Proposition 5.4. Fix n < —2and let M,, be the torus bundle with monodromy A = T". Let  be a
virtually overtwisted contact structure on M,,. Then (M, &) admits a unique strong filling, up to

symplectic deformation equivalence and blowup.

Proof. Consider a tight contact structure &’ on 7% x I with boundary slopes sy = — and
s; = —1. Honda showed in [Hon(00a] that there are 1 — n such structures, distinguished
by the number £ of positive basic slices they have in a continued fraction block. Concretely,

each such structure ¢’ admits a decomposition into —n basic slices

R = A

and we can identify ' by counting the number of these basic slices which are positive.

These structures remain tight and distinct when we pass to M,,, and if k is neither 0 nor
1 — n, the resulting structure is virtually overtwisted. If k = 0 or £ = 1 — n, the basic slices

above all have the same sign, and the structure on M,, is universally tight.

Let ¢ be a virtually overtwisted structure on M, induced by a structure ¢’ on 77 x I.
Because ¢ is virtually overtwisted, the basic slices in the decomposition (5.2) do not all

have the same sign. In particular, we may shuffle the basic slices so that that the first and
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last basic slices have opposite sign, ensuring that the image of 77 x {0} in (M, &) is a mixed

torus.

Now suppose that (W, w) is an exact filling of (M,,, {) and let (W', w’) be the symplectic
manifold-with-boundary produced by splitting (1, w) open along our mixed torus. This

manifold exactly fills its boundary (M’ ¢’), and we may write
M =Sy U(T?*x I)US,

where the boundary slopes of 72 x I are sy = — and s; = —1. Denote by I'; and p;
the dividing curves and meridian, respectively, of 05;, for : = 0,1. Then I'y and I'; are
represented by the vectors (n—1,1)" and (1, —1)7, respectively. Because the shortest integer
vectors representing ; and I'; must form an integral basis for Z?, we may represent p; by
(m, k)", withm > 0 and k& = +1 — m. It follows that i is represented by

m +n —m(n—1)

A —
+1—m +1—m

We now begin ruling out candidate values for m.

First, m must be positive. Indeed, if m = 0 then the slopes of ;;; and 1 are given by
oo and 1/n, respectively. It follows that as we move a convex torus from the core of S,
to T? x {1}, then to T? x {0}, and finally on to the core of S, the dividing curve slopes
will range from oo to —1 to =~ and on to 1/n, rotating through an angle greater than
7, as indicated in Figure 5.5a. This would mean that (M’, ) is overtwisted, violating its
fillability.

Next, we must have k = 1 — m. To this end, notice that for n < —2 and m > 1 we have

—1-m —1-m -1
<-1< < :
m —n—m(n—1) 1-—n
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Figure 5.5: Slope analysis for the monodromy A = —-7",n < —lor A=T",n < —2.

This tells us thatif £ = —1 — m, then

slope(u1) < slope(I'y) < slope(uo) < slope(Ty),

and again the dividing curves pass through too great an angle for (M’, {’) to be tight. This
rotation is seen in Figure 5.5b. So k = 1 — m and ., is represented by a vector of the form

(m,1—m)T, withm > 1.

Finally we show that m = 1. If m > 2 then we have

1—m -1 1—m

m l-n n—m(n-1)

SO

slope(I'y) < slope(u1) < slope(I'y) < slope(uo),

and yet again the counterclockwise rotation from y; to I'; to Iy to p takes us through an

angle in excess of 7. This rotation can be seen in Figure 5.5c.

So the meridians are given by u; = (1,0)” and py = (1,0)7, meaning that M’ ~
5% x S'. This determines &', since S? x S* has a unique tight contact structure &4, and in
fact determines (W', w’), since (S* x S, {4q) has a unique strong filling up to symplectic
deformation equivalence and blowup. Because we have a recipe for reconstructing (W, w)
from (W', w') — namely, by attaching a round symplectic 1-handle to (1V’,w’) along Sy and
S1 — we see that this filling is uniquely determined by (1/,,, ). O
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Finally, for n < —1 we consider the monodromy A = —7", which produces a non-
orientable circle bundle over the Klein bottle. This bundle admits a unique virtually
overtwisted contact structure, and in [DL18], Ding and Li constructed a Stein filling for this
structure. We show that Ding-Li’s filling is the unique exact filling of this torus bundle, up to
symplectomorphism. Indeed, theirs is the only strong filling, up to symplectic deformation

equivalence and blowup.

Proposition 5.5. Fix n < —1 and let (M,,&) be the virtually overtwisted torus bundle with
monodromy A = —T™. Then (M, £) admits a unique exact filling, up to symplectic deformation

equivalence and blowup.

Proof. As mentioned, Ding and Li construct a Stein filling of (M,,, ) in [DL18]. We use
the mixed torus approach to show that no other exact fillings exist. Honda showed in
[HonOOb] that the 1 — n distinct tight contact structures on 72 x [ with boundary slopes
Sp = ﬁ and s; = —1 all descend to £ on M,,. Each of these structures on 72 x [ is divided

into —n basic slices

R ) Y G ) R G )

and the contact structure on 7? x I is determined by the number of positive basic slices

in this decomposition. If n < —2, then there are —n > 2 basic slices, and we can choose a
structure on 72 x I for which the basic slices 72 x [0, 2] and T2 x [2=*, 1] are positive. The
change of sign induced by A will then cause the image of 77 x {0} in (M, ) to sit between

basic slices of opposite sign — that is, 7% x {0} will be a mixed torus.

In case n = —1, either of the contact structures on 72 x [ with s; = —1 and s, =
—1/(1 —n) = —1/2 is a basic slice. There is some t, € I so that the convex torus T? x {t,}
has slope s;, = —2/3, so we may further divide 77 x I into a pair of basic slices

T? x I = (T% % [0,t0]) U (T? x [to, 1])

each with the same sign. As before, the change of sign produced by the monodromy allows
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us to realize 7% x {0} as a mixed torus, sitting between the basic slices 7% x [0, ] and

T? x [ty — 1,0] of opposite sign. In any case, 7% x {0} is a mixed torus.

Once again we suppose that (W, w) is an exact filling of (M, ) and let (M’, ') be the
exactly fillable contact manifold produced by Theorem 3.3. We write

M = Syu(T? x 1)U S,

and let I';, ;1; denote the dividing curves and meridian of 9.5;, for i = 0, 1. Because s; = —1,
Iy is represented by (1, —1)" € T? = R?/Z*. The shortest integer vectors representing I';
and y,; form an integral basis for Z?, so p1 = (m, k)", where k = £1 — mand m > 0. It
follows that s is represented by
p m _ +n —m(n—1)
1 —-m 1 —-m

Our first claim is that m > 1. If m = 0, then the meridians y; and (i are represented by
(0, £1)7 and (+n, £1), respectively. Thus the counterclockwise rotation from y; to 'y to T
to 119 takes us from a slope of oo to a slope of —1 to a slope of =, and then on to a slope
of 1/n. In particular, the dividing curves of tori in (M’, ') rotate through an angle greater

than 7, and (M’, ¢’) is overtwisted. The case m = 0 is depicted in Figure 5.5a.

Next we claim that £k = 1 — m. Notice thatform > land n < —1,

—1—-m 1+m -1
<-1< < < 0.
m n+mn—1) 1—n

Soif k = —1 —m, then

slope(p1) < slope(I'y) < slope(uo) < slope(I'g) < 0.

As before, this tells us that the contact planes of (M’, {’) will rotate through an angle in
excess of m, making (M’, {’) overtwisted. The case k = —1 — m is depicted in Figure 5.5b.
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Finally, we claim that m = 1. If m > 2 and n < —1, then

1—m -1 1—m
1< < < <0,
m l-n n—m(n-1)

which is to say

slope(I'y) < slope(u) < slope(I'y) < slope(ug) < 0,

since k = 1 — m. Once again, this causes ()M’, {’) to be overtwisted. See Figure 5.5c.

At last we see that m = 1 and k = 0, so that u, is represented by (1,0)”. Then y is
represented by A(1,0)” = (—1,0)", and M’ ~ 5% x S'. But 5% x S! admits a unique tight
contact structure, and this structure has a unique strong symplectic filling up to symplectic
deformation and blowup. That is, the output (W', w’) of Theorem 3.3 is independent of the
filling (W, w) of (M,,, £) with which we start. Because the decomposition recovers (W, w)

from (W', w'), the filling (W, w) is unique. O

5.3.3 Hyperbolic torus bundles

Hyperbolic torus bundles represent the generic case for torus bundles, where the mon-

odromy A has | tr(A)| > 2. The monodromy has the form
A=+TST"S .. TS,

where rp < —3and r; < —2for 1 <i < kand S, T are the generators of SL(2,Z) identified
in Section 5.1. Honda showed in [Hon00b | that the torus bundle with this monodromy
admits |(ro + 1) - - - (rx, + 1)| minimally twisting tight contact structures. If the monodromy
is positive, then two of these structures are universally tight; otherwise they are all virtually

overtwisted.

We will find it convenient to change our monodromy by a conjugation, and to relabel

our coefficients. Given a < —3 and 7 > 0, set

Cor =T S(T2S) T
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We determine the monodromy A by choosing integers ay, ...,a; < =3 and 7,..., 7 > 0

and setting

A=4Coyry -+ Coprp = £TOHS(T28)0 ... T% S(T28) T

Then T—' AT has the form identified above. Notice that with this notation the count of tight
contact structures is |(ag + 1) - - - (ax + 1)|. The primary benefit to this new notation is that
we may easily identify a basic slice decomposition of (), ). Namely, our decomposition

will have |ag + - - - + a; + 2(k + 1)| basic slices, divided into k£ + 1 continued fraction blocks.

With this notation established, we may state more explicitly our result for hyperbolic

torus bundles.

Proposition 5.6. Let M be a hyperbolic torus bundle and let £ be a virtually overtwisted tight
contact structure on M. Then there is a nonempty, finite list (L1,&1), ..., (L, &n) of tight lens
spaces and a corresponding list L, ..., L'" of Legendrian knots L', C (L;,&;) such that every
strong (exact) symplectic filling of (M, &) can be obtained from a strong (exact) symplectic filling

of (L;, &), for some 1 < i < m, by attaching a round symplectic 1-handle along L',.. Moreover,

(1) if (M, &) has a virtually overtwisted continued fraction block, we have m = 1;
(2) if the monodromy of M has coefficients ay, ay, . ..,a; and 7y, ..., T, then we have m <

2 + max{7; }.

Remark. The lists (L1,&1), ..., (Lm,&y) and LY, ..., L are determined by the choice of a
mixed torus in (M, £). We will construct this list for each mixed torus in (M, £), and prove
the last two statements of the proposition by showing that (M, ¢) admits a mixed torus

leading to a list of the desired length.

As in the previous cases, our strategy is to identify a mixed torus in (), ), and then
to determine which lens spaces may result from cutting (1, £) open along this torus and
gluing on solid tori. We then use Theorem 3.3 to conclude that all fillings of (), {) result
from fillings of these lens spaces via round symplectic 1-handle attachment. Notice that

Theorem 3.3 specifies the attaching regions for these lens spaces. We will follow Honda
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[HonO0b] in identifying M with a quotient of 77 x I, where T? x {1} has slope s; = co. The
basic slice decomposition of 72 x I will then have k + 1 continued fraction blocks, with a
block corresponding to each coefficient a;. The continued fraction block associated to a; will
consist of |a; + 2| basic slices, and will have |a; + 1| tight contact structures, distinguished

by the number of basic slices in the block which have positive Euler characteristic.

Because there are |a; + 1] tight contact structures on the continued fraction block associ-
ated with a;, we see that there are |(ag + 1) - - - (ax + 1)| tight contact structures on 72 x [
with the desired boundary slopes. Honda shows in [Hon00b | that these pass to distinct
tight contact structures on M. Exactly two of the structures on 72 x I are universally tight
— those two for which every basic slice has the same sign. If our monodromy is positive,
these two structures remain universally tight when we pass to M; if A is negative, these

structures become virtually overtwisted.

Our basic slice decomposition of M shows us that there are ¢ = |ag+ - - - +a; +2(k +1)|
tori which appear along the boundary of a basic slice. If (M, §) is virtually overtwisted,
then at least one of these ¢ tori sits between basic slices of opposite sign, and is thus a mixed

torus. We choose such a torus 72 x {t,} and call it 7%.

Now A has an oriented eigenbasis {v;,v,} with associated eigenvalues A\; > 1 and

0 < Ay < 1. These vectors are necessarily irrational, and we denote their slopes by
A® :=slope(v;) and A" := slope(vs).

These are the stable and unstable slopes, respectively. On the Farey tessellation, the slopes
corresponding to the dividing sets of fibers of our 7% x I are located in the counterclockwise

arc connecting A“ to A*. In particular, slope(7?) and slope(AT?) are in this sector.

The slopes slope(7%?) and slope( AT?) will play the roles played by s; and sy, respectively,
in previous cases. Namely, the lens space (M’, ¢’) that results from Theorem 3.3 will have
the form

Sy, U(T? X [to, to + 1]) U Siyr1,
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with boundary slopes s;,.1 = slope(7?) and s;, = slope(AT?). We now identify the possible
slopes for the meridian  of Sy, 41. Certainly s(x) must be connected to s;,+1 by an edge on
the Farey tessellation, since the shortest integral vectors representing these slopes form an
integral basis for Z2. Our next claim is that s(x) must not lie in the same sector of the Farey

tessellation as T2 x I.

Lemma 5.7. On the Farey tessellation, s(j) lies in the counterclockwise arc connecting A° to A"

Proof. As in the previous cases, rotating from s(u) to sy 41 to sy, to s(Ap) must not take us
through an angle in excess of =, lest (A", ¢’) be overtwisted. On the Farey tessellation, this
means that the counterclockwise path connecting these slopes (in this order) must not
overlap itself. Now if s(u) lies on the counterclockwise arc [s(T?), A*] between s(T?) and A*,
then s(Au) lies on [s(u), A®]. But then the arc [s(u), s(T?)] contains s(Apu), meaning that the
rotation described above is through an angle greater than 7, and (M’, ¢’) is overtwisted. On
the other hand, if s(u) lies on [A%, s(T?)], then s(Ap) is contained in [s(u), s(AT?)]. Again
this means that our path of slopes overlaps itself, and (M’, ') is overtwisted. We conclude

that s(u) lies on [A®, AY]. O

With Lemma 5.7 in hand, we quickly obtain the finite list (L1, &), ..., (L, &) guaran-
teed by Proposition 5.6. Indeed, suppose we have a sequence (s(y;)) of meridian slopes
connected to s(7?) on the Farey tessellation (as all candidate meridian slopes must be).
Then this sequence converges to s(7%), and thus only finitely many of the slopes are con-
tained in [A*, A¥], since s(T?) is not contained in this interval. So there are only finitely
many possible meridians y for Sy, 11, and hence only finitely many lens spaces to which M’
could be diffeomorphic. Notice that the contact structure £’ on M’ is determined by ¢, so
we now know that we have a finite list of tight lens spaces. Moreover, each of these lens
spaces has a pair L', C (L;,&;) of distinguished Legendrian knots, along which we attach
symplectic 1-handles to produce fillings of (1, £). Each of these is constructed along with
its lens space as the core curves of Sy, and S;,+1, respectively. We will obtain parts (1) and

(2) of Proposition 5.6 by examining the slopes which appear in a continued fraction block.
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Figure 5.6: The interval [A®, A" for A = C_5 . Notice that s; = oo is connected to 0,1, 2, 3,
while 0 is the only element of [A®, A%] to which either of —1 or —1/2 is connected.

Lemma 5.8. Choose a < —3 and 7 > 0, and let A = C,, ,, with stable and unstable slopes \°
and A“. Let (T? x I,£) be tight and have boundary slopes s, and s, corresponding to (0,1)" and

A(0,1)T, respectively, and let T*> C T? x I be a boundary component for a basic slice. Then

(1) if T? is not a boundary torus, there is exactly one slope s connected to s(T?) in the arc [A*, A¥]
on the Farey tessellation;

(2) if T? = T* x {1}, there are T + 2 slopes connected to s(T?) in the arc [A*, A].

Proof. First, note that the boundary torus 72 x {1} has slope oo, and that (7 x I, £) contains
la 4 2| basic slices. In particular, there are |a 4+ 3| non-boundary tori which lie between

basic slices, and these have slopes

~1,-1/2,...,1/(a+3).

We will prove this lemma by showing that 0 is the only value in [A*, A*] that is connected to

any of these slopes on the Farey tessellation, and by counting the values in [A®, A*| which
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are connected to co. Note that expanding A gives

A —7—(t+1)(1+a) a+2

—(t+1) 1

and thus 77 x {0} has slope —5. In particular, since [A®, A*] C [so, 51], we have —5 < A®.

Similarly, because

-1 1 —a— 2
T+1 —1—(7+1)(1+a)

A710,1)T has slope 1 + 7 + ﬁ > A". At the same time,

1 1
A =A
e A*

for some 0 < A < 1. An explicit calculation shows that

1
A =S +7+ V472 +40+7)/la+2]) > 1+7

Sol+7<A* <147+ |a—}r2‘ < 2+ 7. Similar reasoning shows that 15 < A* < 0. On
the Farey tessellation, oo is connected only to integers, and we see that [A®, A%| contains
precisely 7 + 2 integers: 0,1,...,7,1 + 7. So s; is connected to 7 + 2 slopes in [A®, AY],
proving part (2). We also notice that each of the slopes —1, —1/2,...,1/(a+ 3) is connected
to 0 on the Farey tessellation, and, with the exception of —1, is connected only to rational
numbers p/q < 1/(a + 2). In particular, 0 is the only value in [A®, A%] to which any of the
slopes —1,—1/2,...,1/(a + 3) is connected. See Figure 5.6. This proves part (1). O

While the precise slopes identified by Lemma 5.8 change when we compose to obtain
A= :tcao,m T Cakﬂ'k7

the counts do not. Indeed, each C,, ,, is an element of SL(2,Z) and will therefore pre-
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serve connections and order on the Farey tessellation. So while the finite list of slopes
sp = 00,—1,—-1/2,...,1/(a+ 3),1/(a + 2) = s and the interval [A°, A*] will change af-
ter composition, the connections between the former and elements of the latter will be

unaltered.

In particular, if (M, £) has a virtually overtwisted continued fraction block, then there
is a mixed torus 72 which is interior to this block. According to Lemma 5.8, applying
Theorem 3.3 along this mixed torus leaves us with precisely one possible meridian 4 for
Sto+1. Another possibility is for (M, £) to be virtually overtwisted, but to have continued
fraction blocks which are all universally tight. In this case we find a mixed torus 72 which
lies between two continued fraction blocks. Lemma 5.8 tells us that s(7?) is connected to at
most 2 + max{r; } distinct slopes in [A®, A¥], and thus there are at most 2 + max{r; } distinct
lens spaces which may result from applying Theorem 3.3 along 7. This completes the

proof of Proposition 5.6.

Example 5.9. Let M be the positive hyperbolic torus bundle with coefficients (ag, a;, az) =
(—4,—5,—4) and (19, 71, 72) = (0,2,0). That is, M has monodromy

119 —-83
—43 30

A=T1ST2ST 28T 28T~*S =

According to the classification of tight contact structures on torus bundles ([Hon00b]),
the tight contact structures on M are in one-to-one correspondence with the tight contact
structures on 7% x I which have boundary slopes sy = —1 and s; = [—4, —2, —2, —5, —3] =
—119/36. Each such tight structure decomposes into seven basic slices, distributed among

three continued fraction blocks, visualized as follows:

1 -2 -3 = S B 5
[ | T | | T | ]
L ! 1 ! ! 1 ! i
0 1

The long tick marks at slopes —1, -3, —33/10, and —119/36 indicate divisions between
continued fraction blocks. The tori 7% x {0} and 77 x {1} (whose dividing sets have slopes
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Ky K Ky K, Ko l.

—4 -2 -2 -5 —4
Figure 5.7: The standard filling of any tight structure on the torus bundle with positive
monodromy coefficients (rg, 1,72, 73,74) = (—4,—5, —2, —2, —4) is obtained from Legen-
drian surgery along the above link in (S' x S?, {4q4). Each knot K; is stabilized so that
its Thurston-Bennequin number exceeds its framing by 1, and the rotation numbers are

determined by the tight structure £ on M. The lens spaces produced by Theorem 5.1 may
be obtained by erasing the 1-handle and an unknot, leaving a link in (5%, £).

—1 and —119/36, respectively) will be identified by the monodromy A.

We now determine a tight structure on M by decorating each basic slice with a sign,
indicating the sign of the relative Euler class of the tight structure when restricted to this
basic slice. Because basic slices may be shuffled within a given continued fraction block,
there are 3 - 4 - 3 = 36 tight contact structures on M. As observed by Bhupal-Ozbagci in

[BO14], each of these structures admits a Stein filling, depicted in Figure 5.7.

Each of the three continued fraction blocks in M has a corresponding tight lens space.
Stein fillings of these lens spaces may be obtained from Figure 5.7 by erasing the 1-handle
along with one of the unknots K, K1, or K4. So the lens spaces associated to the continued
fraction blocks have topological types L(43,13), L(37,10), and L(49, 34), respectively. The
tight structure on the resulting lens space is determined by Figure 5.7. If a given continued
fraction block in (M, €) is virtually overtwisted, then (17, {) admits a mixed torus interior
to this continued fraction block, and each exact filling of (M, £) may be obtained from an

exact filling of the corresponding lens space by round 1-handle attachment.

There are eight tight contact structures on M which are virtually overtwisted, but for
which all three continued fraction blocks are universally tight. In these cases, (M, £) admits
a mixed torus which lies at the boundary of two continued fraction blocks, and the list of
lens spaces produced by Theorem 5.1 consists of the lens spaces corresponding to these
two continued fraction blocks, as well as all lens spaces between these. These extra lens

spaces are obtained from Figure 5.7 by deleting the round 1-handle and an unknot with
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a —2-framing. For instance, if we have a mixed torus of slope —33/10 — sitting at the
boundary of the second and third continued fraction blocks — then the list of lens spaces

produced by Theorem 5.1 has topological type

(L(37,10), L(123,26), L(127,71), L(49, 34)).

A mixed torus between the first and second or third and first continued fraction blocks
will yield a list of exactly two lens spaces, as there are no intermediate lens spaces in these

cases.

The following diagram summarizes this example:

~1 9 3 -+ = 5o i 5

[ | 1T | | 1T | H

L ' L ' ' L ' _J

1

L(4£9,34) L(43,13) L(43,13) L(37,10) L(37,10) L(37,10) L(49,34)

L(43,13) L(37,10) L(123,26)
L(127,71)
L(49, 34)

If € is a virtually overtwisted tight contact structure on M, then there must be a mixed torus
at one of the seven slopes above. (Because T* x {1} is identified with 7% x {0}, we need
not consider this torus separately.) Below each slope we see the diffeomorphism types
of the lens spaces produced by Theorem 5.1 when a mixed torus occurs with this slope.
As mentioned above, the tight structures on these lens spaces will be determined by ¢, as

depicted in Figure 5.7.

5.4 Distinct decompositions of fillings

Even with the classification of fillings of lens spaces completed in Chapter 4, the only
immediate consequence of Theorem 5.1 is a recipe which is guaranteed to construct all
fillings of such a torus bundle, but these constructions need not be unique. Indeed, if

(L(p1,q1),&1), - - s (L(Pm, Gm), &m) is the list of lens spaces provided by Theorem 5.1 for some
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hyperbolic torus bundle (1, €), it is possible that there are fillings (W;,w;) of (L(pi, ¢), &)
fori =1,...,m, each of which yield the same filling (W, w) of (M, &) after round 1-handle

attachment.

To fully explicate such overcounting of the fillings of (M, £) will require a detailed
understanding of the fillings of (L(p1,¢1),&1), - - -, (L(Pms @m), &m)- The proof of Theorem 5.1
establishes a relationship among the lens spaces (L(p1,¢1),&1), - - -, (L(Pm, Gm), &n) that al-
lows us to identify one source of overcounting. In particular, the construction associates to
each lens space (L(p;, ¢;),&;) a pair of distinguished Legendrian knots L* , L', C (L(p;, ¢:),&:)
which arise as the core curves of the solid tori which are glued onto 7% x {0} and 7% x {1},
respectively, after (M, §) is cut open along its mixed torus. For 1 < i < m — 1, we obtain the
lens space (L(pit1, gi+1), &i+1) by simultaneously performing (+1)-surgery along L’ and
(—1)-surgery along L" .

This relationship between the lens spaces gives us an algorithm for building fillings of
(L(pit1,Git1), Eiv1) from fillings of (L(p;, ¢;), &). If (Wi, w;) is a strong symplectic filling of
(L(pi, ¢;), &) in which L%, bounds a Lagrangian disc, then we may remove a neighborhood
of the disc from (V;, w;) to obtain a symplectic manifold strongly filling its boundary (c.f.
[CET21, Theorem 3.1]), and the effect on the boundary is to perform (+1)-surgery along L, .
We may then attach a Weinstein 2-handle to this new filling along L* , and at the boundary
this has the effect of performing a (—1)-surgery along L’ . The result is (W;;1,w;11), a
strong symplectic filling of (L(pi+1, ¢i+1),&i+1), and Proposition 5.10 will tell us that this

filling leads to the same filling of (), {) as does (W, w;) after round 1-handle attachment.

To make the statement of Proposition 5.10 less cumbersome, we establish some no-
tation. Suppose we have a strong symplectic filling (X, w) of a contact manifold (/,§),
with Legendrian knots Ly, L; C (M, §). Moreover, suppose that Ly is the boundary of a
Lagrangian disc D C (X, w) which meets 0X transversely. As alluded to above, we may
identify a neighborhood N C X of D with a neighborhood of the cocore of a Weinstein
2-handle, and remove this neighborhood to obtain a new symplectic filling (X, ). (The
existence of such a neighborhood is proven in Theorem 3.1 of [CET21].) With (X,w), D,

Ly, and L, understood, we denote by (X', w’) the strong symplectic filling which results
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from attaching a Weinstein 2-handle to (X,0) along L,. Each of L; and L, has a natural
Legendrian pushoff in 9(X’,w’), given by the boundary of the core and cocore of the asso-
ciated 2-handle, respectively, which we denote L{ and L). With this notation in hand, we

have the following result.

Proposition 5.10. Let (X, w) and (X', w') be strong symplectic fillings related by the construction
above. Let (W, wy) be the strong symplectic filling obtained by attaching a round symplectic 1-
handle to (X, w) along Ly, Ly, and let (W', wj,,) be the analogous filling for (X', w"). Then (W, w)
and (W', wyy,) are symplectomorphic fillings of (M, §).

Our strategy for proving this result is to realize round symplectic 1-handle attachment as
a sequence of Weinstein handle attachments, and then to reorder the Weinstein handles. The
decomposition of a round 1-handle into Weinstein handles is explained in great generality

in [Avd12, Section 7.2], but the precise statement we need here is the following.

Lemma 5.11. Fix a strong symplectic filling (X,w) of a contact 3-manifold (M, &), and identify
Legendrian knots Lo, Ly C (M, &). Consider the following symplectic fillings:

(1) (X,,w,), obtained by attaching a round symplectic 1-handle to (X, w) along the knots Ly, L1 C
(M, €);

(2) (Xy,w), obtained by attaching a Weinstein 1-handle to (X, w) along points p; € L;, i = 0,1,
and then attaching a Weinstein 2-handle to the resulting filling along the knot L obtained by

surgering Ly and Ly along po and ps.

Then (X, w,) is symplectomorphic to (X, wy).

Before providing a proof of Lemma 5.11, let us say what we mean by surgering L, and L,
along py and p;. A 4-dimensional Weinstein 1-handle /7; admits a Lagrangian submanifold-
with-boundary A C H; to which the Liouville vector field on H; is tangent, and such
that this vector field gives A the structure of a 2-dimensional Weinstein 1-handle. We
then have Legendrian submanifolds 9,,A C 0;,H; and 0t A C 0o H1. Now we attach H,
to (X, w) along pg, p1 by choosing a contactomorphism from the attaching region 0;,, H;

to a neighborhood of the points py, p;. This contactomorphism can be chosen so that
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OinA C 05 H, is mapped to arcs ay, a; of the Legendrians L, L;. In the boundary of the

symplectic filling that results, we will have a Legendrian knot
L= (LO \ ao) U aoutA U (Ll \ al),

and it is this knot that we consider to be the result of surgering L, and L; along p, and p;.

Proof of Lemma 5.11. Once we identify our round symplectic 1-handle with a symplectic
handle in the sense of Avdek, this fact follows from the discussion in [ Avd12, Section 7.2].

We will present Avdek’s argument in our particular case.

As mentioned in Chapter 2, Avdek defines an abstract round symplectic 1-handle as
follows. Let (X, 3) = (D*S', A\can) be the unit disc bundle in (7*S5*, A\, ), and consider the

contact manifold

(N(Z) = [—¢,] x 8, a = dz + f), (5.3)

where z is the coordinate on [—¢, €]. Avdek rounds the edges of N(X) to obtain N (X), and

then defines the symplectic manifold

(Hs,ws) = ([=1,1] x N(2),d0 A dz + dp), (5.4)

where 6 is the coordinate on [—1, 1]. After more edge-rounding, this is an abstract copy of
a round symplectic 1-handle, to be attached along the ends {£1} x N (X). In particular, we
have the Liouville form

Ay = —0dz —2z2d0 + 3,

and (Hy, As) carries a Liouville vector field Z which points into Hy, along {£1} x N (X)
and out of Hy, along [—1, 1] x N ().

Now (3, 8) has an obvious handle decomposition as a Weinstein domain, given by

attaching a Weinstein 1-handle to a Weinstein 0-handle, and yielding the filtration

(D%, Asta) = (Zo, Bo) C (Z,8)
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of (X, ). By carrying out the constructions of (5.3) and (5.4) for (£, 5y), we obtain

filtrations
(D?, ) = (N(Z0), ) € (N(2), ) and  (Hs,, \s,) C (Hs, As),

and it is clear that (Hy,, Ay, ) is symplectomorphic to a Weinstein 1-handle. It remains to

verify that we obtain (Hy, \y) from (Hy,, Ay, ) by attaching a Weinstein 2-handle.

To this end, we identify a Legendrian ribbon (3¢, 5*) of L; C (M, ) with (X, ), using the
filtration of (X, 3) to define (X}, 8%) C (X%, %), for i = 0, 1. Now the Liouville hypersurfaces
(20, 8% and (X!, 8') admit standard neighborhoods N (XY), N(X!) C (M, €) along which a
round symplectic 1-handle may be attached to (X, w) to yield (X, ,w,). On the other hand,
let (X, w;) denote the result of attaching the Weinstein 1-handle (Hy,, As,) to (X,w) along
N (X)) and N(X}). By definition, we obtain (X, w,,) from (X;, w;) by attaching a Weinstein
2-handle, but the filtration (Hy,, \s,,) C (Hx, As) above allows us to view (X7, w;) as living
inside of (X,,w,). We will use this perspective to see (X, w,) as the result of attaching a
Weinstein 2-handle to (X1, w;) and thus obtain the desired symplectomorphism.

Fori=0,1,let A; C L; C (X, 3°) be the core disc of the 1-handle attached to (3}, /3}) to
yield (X7, 8"). This is a Legendrian chord in the boundary of (X, w:), and we identify A;
inside of N(X?) as

A ={2=0} x A; C[—e, ¢ x T = N(X).

At the same time, consider the disc

A=[-1,1] x A C (Hg \ int Hy,),

where A C (%, §) is the analogous chord in . Viewing (X;,w;) as a subset of (X,,w,),
we see that (X7, w;) N A= Ao U A4, and that A represents the core disc of the Weinstein
2-handle (Hy \ int Hy,, As). The latter statement follows from the fact that A is the core

disc of the Weinstein 1-handle (X \ ¥, ), meaning that § vanishes along A, and thus As
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vanishes along A. Up to smoothing, this disc has boundary
ON = Ao U ([=1,1] x OA) U Ay C (X, w1),

which is the result in (X;,w;) of surgering L, to L,. So (X,,w,) is obtained from (X, w;)
by attaching a Weinstein 2-handle along this surgered knot, as desired, and thus round 1-
handle attachment may be realized as Weinstein 1-handle attachment followed by Weinstein

2-handle attachment. O
We are now prepared to prove Proposition 5.10.

Proof of Proposition 5.10. We continue using the notation established before the statement
of Proposition 5.10. In particular, we have a symplectic filling (X,w) with Legendrian
knots Ly, L; C 9(X,w) such that (X, w) and (X’,w’) are obtained from (X,®) by attaching

a Weinstein 2-handle along L, and L,, respectively.

Now since Lemma 5.11 tells us that round symplectic 1-handle attachment consists
of a Weinstein 1-handle attachment followed by a Weinstein 2-handle attachment, we
see that (W,w) and (W', ') are each obtained from (X,w) by a sequence of Weinstein
handle attachments. In particular, we obtain (W, w) by attaching a Weinstein 2-handle
along L, then attaching a Weinstein 1-handle along points in Ly, L; C 9(X,w) — knots
which are Legendrian pushoffs of Ly, L; — and then attaching a Weinstein 2-handle along
the resulting surgered knot. By considering L, instead of L, we obtain (W', w’). In either
case, we may reorder our handle attachments so that the round symplectic 1-handle is
attached first to produce a filling (X', @), leaving us to attach a Weinstein 2-handle along
either fg or L, — these being Legendrian pushoffs of the corresponding knots in (X,w).
But since we have attached a round symplectic 1-handle along L, L, their pushoffs are
Legendrian isotopic in 8(X', @), with the isotopy being witnessed by a cylinder in the
boundary of the round 1-handle. So (W, w) and (W’,«’) are obtained from (X,w) by the

same sequence of Weinstein handle attachments, and thus are symplectomorphic. O

The practical upshot of Proposition 5.10 is this: for 1 < i < m — 1, the lens space
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(L(pi, ¢:), &) produced by Theorem 5.1 comes with distinguished Legendrian knots L* , L, C
L(p;, ¢;) which are used to produce (L(p;+1, ¢i+1),&i+1) as described above. Proposition 5.10
says that if we have a filling of (L(p;, ¢;), &) in which L’ bounds a Lagrangian disc, then the
filling of (M, §) produced by round 1-handle attachment is also obtained from the corre-
sponding filling of (L(p;+1, ¢i+1), &+1). In particular, if we are using Theorem 5.1 to tabulate
the fillings of (M, &), then any filling of (L(p;, ¢;), &;) in which L?, bounds a Lagrangian disc
may be ignored, as there is a filling of (L(pi+1, gi+1), &i+1) which will produce the same

filling of (M, £). Concretely, we have the following corollary.

Corollary 5.12. Let (M, &) be a virtually overtwisted hyperbolic torus bundle, and let

(L(ph%)vgl)v tr (L<pmaqm>7’£M)

be the list of tight lens spaces produced by Theorem 5.1, with distinguished Legendrian knots
LY LY, .. L™ L7 Forl <i<m—1,if (W;,w;) is a strong symplectic filling of (L(p;, ¢;), &) in
which LiL bounds a Lagrangian disc, then there is a strong filling (W11, wi+1) of (L(Di+1, Git1), Eiv1)
such that (W;, w;) and (W, 11, w;1) yield symplectomorphic fillings of (M, £) after round symplectic

1-handle attachment along L* , L' or L'™", L'},

Corollary 5.12 provides just one answer to the following question: under what con-
ditions do fillings (W;, w;) and (W41, wit1) of (L(pi, ¢;), &) and (L(pi+1, ¢iv1), &it1), TESPEC-
tively, yield the same filling of (M, £) after round symplectic 1-handle attachment? A full
answer to this question will complete the classification of fillings for virtually overtwisted

contact structures on torus bundles.
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CHAPTER 6

Surgeries on Legendrian negative cables

In this chapter we aim to classify symplectic fillings for spaces obtained from (S, &a)
via contact surgery along certain Legendrian knots. Theorem 1.1.3 of [Men18] is the first
instance of such a result, showing that these surgeries have unique fillings (up to diffeo-
morphism) when the Legendrian knot has been stabilized both positively and negatively.
In this section we study fillings in the case that our knot is a Legendrian negative cable of a

Legendrian with stabilizations of opposite sign.

6.1 The result

First defined in [Ng01], a thorough study of Legendrian satellite knots can be found in
[EV18], some notation of which we now recall. We consider a contact manifold (V,&y)
defined by V' = D7 , x Sj, & = ker(dz — y df). Any Legendrian knot L C (S?,&4q) has a
neighborhood (L) which is contactomorphic to (V, {y ), and given any Legendrian knot
Q) C V, we denote by Q(L) C v(L) the image of ) under this contactomorphism. We
pay special attention to the case where () C V is a Legendrian (p, ¢)-torus knot, for some
coprime p, ¢ with ¢ > 0, in which case we call (L) a Legendrian cable of L. We point out that
if @ is a (p, ¢)-torus knot and K is the knot type of L, then the knot type of @ is KCp1qb(L).q/
that of a smooth (p+ ¢ th(L), ¢)-cable of L. The reason for this is that the contactomorphism
between v(L) and V identifies the product framing on V' with the contact framing on v(L);

see [EV18, Section 5] for more details.

We will also need a particular embedding of (V, £y ) into itself. Notice that the core C of

V' is a Legendrian curve, and that (V) = v(C) is a standard neighborhood of C. We may
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stabilize C' to obtain S (C) C V and identify a standard neighborhood v (S5, (C)) C V of the
stabilization. We have a contactomorphism between v(C') = (V. {y) and v(54.(C)) C (V, &),
giving us an embedding (: (V,&y) — (V. &y).

Next we point out that a Legendrian knot () C V which is smoothly a (p, ¢)-torus knot
can be used to determine a tight contact structure £, on L(¢?, pg — 1). The construction
is as follows: let S = (D? x S, &q) be a tight solid torus, glued to V' in such a way that
VUS = (8% x S &a). Then (L(¢% pg — 1),&p) is the result of Legendrian surgery on
(8% x St &qa) along C(Q).

Our final preparation before stating the result of this chapter is to explain how we may
represent a Legendrian knot L C (5%, &q) as a knot in (L(¢?, pg — 1), &g). First, consider
the knot K = {pt} x S'in (5% x S',&4a4); we take K to be disjoint from @ C S? x S'.
By performing the contact connected sum (5% x S, &) #(S?, &sa) along points z € K
and y € L, we obtain K#L as a Legendrian knot in (S? x S, &q). Finally, we perform
Legendrian surgery on (S? x S1, &q) along ((Q), and K+#L passes to a Legendrian knot in
(L(¢*,pq — 1),&g). Abusing notation, we call this Legendrian knot L.

We are now prepared to state our result.

Theorem 6.1. Let L C (S?, ya) bea Legendrian knot with smooth knot type K, and let Q (S, S_(L))
be a Legendrian negative cable of S.S_(L), the smooth knot type of which is K, ,. Suppose
that the Thurston-Bennequin number of QQ(S4+S_(L)) is maximal among such Legendrian knots,
and let (M, &) be the contact manifold which results from Legendrian surgery on (S®, &wa) along
Q(S+S-(L)). Then every strong symplectic filling of (M, ) may be obtained, up to diffeomor-
phism, by attaching a Weinstein 2-handle to a strong symplectic filling of (L(q*,pq — 1), &g) along
S_(L) C L(¢* pq —1).

Remark.

(1) Because Q(S5+S_(L)) has the smooth knot type K, ,, this knot is a Legendrian (p +
q(2 —tb(L)), q¢)-cable of S.S_(L). Since Q(S+S_(L)) is a Legendrian negative cable,
p < q(tb(L) —2).

(2) According to [EV18, Theorem 5.16], the Thurston-Bennequin number of Q(S+S_(L))
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is pq, and thus M is the result of (pg — 1)-surgery along K, ;. By [Gor83, Corollary
7.3], this surgery is diffeomorphic to (pq — 1)/¢*-surgery along K.

6.2 Proof of Theorem 6.1

Throughout this section we let L C (5%, &4q) be a Legendrian knot with smooth knot type
IC, and let Q(S+S_(L)) be a Legendrian negative cable of 5. 5_(L) with smooth knot type
Kb, < q(tb(L) — 2). We suppose that the Thurston-Bennequin number of Q(S,S_(L))
is maximal among such knots, and we let (), ) be the contact manifold obtained by

Legendrian surgery along Q(S;5-(L)).

We may use the stabilizations on S 5_(L) to identify a mixed torus in (1, §). In par-
ticular, let N(S_(L)) C (S?,&«a) be a standard neighborhood of S_(L). We let V; be the
solid torus obtained from this neighborhood via Legendrian surgery along Q(SS-(L)),
and let Vo = S® \ N(S_(L)). Then M = V; U V;, and we claim that the common boundary
0Vi = ON(S_(L)) = 0V, is a mixed torus. Indeed, consider the three convex tori ON (L),
ON(S_(L)), and ON(S+S_(L)). The tori ON(L) and ON(S_(L)) cobound a negative ba-
sic slice in M. The tori ON(S_(L)) and ON(S,+S_(L)) cobound a positive basic slice in
N(S_(L)), but this may not survive to a basic slice in M, since Q(S;+5_(L)) may not be
disjoint from ON(S;5_(L)). However, we can subdivide this basic slice to find a boundary
parallel convex torus cobounding a positive basic slice with N (S_(L)) (c.f. [EHO01, Lemma
3.15]). So ON(S_(L)) sits between basic slices of opposite sign, and is therefore a mixed

torus.

Now because of our assumptions that p < ¢(tb(L) —2) and that the Thurston-Bennequin
number of Q(S;S_(L)) is maximal, [EV18, Theorem 5.16] tells us that th(Q(S+S-(L)) = pgq.
So the Legendrian surgery used to produce V; from N (S_(L)) is smoothly (pg — 1)-surgery.
According to Lemmas 7.2 and 7.3 of [Gor83], V; is then a solid torus D? x S' whose

meridional curves have slope (pg — 1)/¢* in the coordinates of 9N (S_(L)) given by the
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Figure 6.1: If the slope of ;15 were negative, then V; U S would be overtwisted; if the slope
were positive, then V5 U S would be overtwisted. So pug is horizontal.

meridian ;. and the preferred longitude A\. We now apply

( 1 0)
€ SL(2,7)
1—th(L) 1

to the coordinates of N (S_(L)). In the original coordinates, the dividing curves of dN(L)
and ON(S_(L)) had slopes 1/ tb(L) and 1/(tb(L) — 1), respectively. In our new coordinates
we find that ['yy(z) has slope 1, I'yn(s_(1)) is vertical, and the meridional slope of iy, is

represented by the vector (pg — 1+ ¢*(1 — tb(L)), ¢*) in Z>.

Having made these preparations, we now suppose that (I, w) is a strong symplectic
filling of (M, £). Applying Theorem 3.3 to this filling yields (W', w’), a strong symplectic
filling of its boundary (M’, ¢’), which we may write as

M' = M, UM, :=(ViuS)u (VU S),

for some identifications 95 — 9V;, where S is a solid torus. The gluing maps 95 — 9V,
identify dividing curves, but the meridian pg of S could in principle take any number of
values. Our first observation is that, because I'y; is vertical, us = (1, m) € Z? for some
m € Z. Next, the fact that (M’,¢’) is fillable means that each of M; and M, is tight. On

M, we see that as we move from the core of S to 0V, and then towards the core of 1/,
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the contact planes rotate from the slope of 15 towards that of I'y,, and finally towards the
slope of py,. Because of our assumption that p < ¢(tb(L) — 2), we find that —1 < py, < 0.
Tightness demands that the total rotation of the contact planes is through an angle smaller
than 7, meaning that m > 0. See Figure 6.1. On M, we see that the contact planes rotate
counterclockwise from 1, the slope of I'sn (1), to the slope of I'sn(s_ (1)), and finally to the
slope m of j1g. Because this rotation must be smaller than 7, we see that m < 0. So we

conclude that m = 0.

Because the solid torus S is attached with slope m = 0, we find that M; = L(¢? pq — 1)
and M, U S = S3. Moreover, we see from the definition of M; that M, results from surgery
on (S? x S*, &a) along ¢(Q), as described in Section 6.1. So M; = (L(¢?, pq — 1),&g); on S?
we have the unique tight contact structure £q. Now Theorem 3.3 tells us that we recover
(W,w) from (W', ") by attaching a round symplectic 1-handle along the cores of the two
copies of S — one in M; and the other in M,. In M; this core is given by K, the image of
{pt} x ST C (5% x S', &qa) after performing surgery along ((Q) C S? x S*. In M, the core
is given by S_(L). We attach the round symplectic 1-handle by first attaching a Weinstein
1-handle along a pair of points x € K and y € S_(L), and then attaching a Weinstein
2-handle along the resulting knot K#S_(L). That is, we obtain (W, w) from (W', w’) by
attaching a Weinstein 2-handle to

(L(¢®,pg — 1), £Q)#(S?, &ua) = (L(¢% pg — 1),&0)

along K#S_(L) = S_(L), proving Theorem 6.1.
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CHAPTER 7

Seifert fibered spaces

In this section we apply Theorem 3.3 to large classes of contact structures on spaces which
are Seifert fibered over S?, with at least three singular fibers. Our results reduce the
classification of fillings of these spaces to the classification problem for lens spaces — a
problem which is settled by Theorem 4.2. We will first consider Seifert fibered spaces
whose Euler number e, is non-negative, and then consider spaces with ¢y < —3. Here the
Euler number of a Seifert fibered space M(ry,...,r,) over S5? is defined to be ¢y := X|r;].
Starkston [Stal5] and Choi-Park [CP19] have previously studied fillings of small Seifert
tibered spaces satisfying ey < —3, but we consider a distinct collection of contact structures

on these spaces.

On small Seifert fibered spaces — those with precisely three singular fibers — the contact
structures satisfying ey > 0 or ¢y < —3 have been classified by Ghiggini-Lisca-Stipsicz
[GLS06] and Wu [Wu04], and we will see that Theorem 3.3 applies to a great many of
these structures. For Seifert fibered spaces over S? with more than three singular fibers,
the tight structures have not been fully classified, but we can construct large classes of tight

structures for which Theorem 3.3 applies.

7.1 The results

We present our results in two sections, depending on the Euler number e.
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7.1.1 Thecaseey > 0

We now consider a Seifert fibered space over S? with n > 3 singular fibers. Choose coprime

integers ¢;,p; > 0,7 =1,...,n, which satisty ¢; < p; fori =1,...,n — 1. We may construct

a tight contact structure { on M = M (£, ... | 4) by realizing M as the boundary of a Stein
P Pn

domain with handlebody description as in Figure 7.1. Here

— = =lag,ay,...,a] fori=1,...,n, (7.1)
for some uniquely determined integers
al <—1 and a,...,a ' adl, ... a < 2.

We obtain a Stein structure on the handlebody in Figure 7.1 by putting each unknot in
Legendrian position with clockwise orientation and stabilizing until the framing coefficient
becomes —1 with respect to the contact framing. It is possible for distinct choices of
stabilizations to lead to the same tight contact structure on A/ — that is, there are equivalence
relations among the handlebody diagrams. For small Seifert fibered spaces, Ghiggini-Lisca-

Stipsicz show in [GLS06] that there are precisely

3 3
<H(a0 Ha%)HH a; +1)
=1 i=1 j=1

positive tight contact structures on M, up to isotopy. If M has four singular fibers, Medetogullari

shows in [Med10] that the number of distinct Stein fillable contact structures is between

‘(ﬁ(a0+1 ﬁa)Hﬁa+1 and 2

=1 =1 =1 j=1

(H (ah + 1) Ha) l_l(a;—kl)

i1 i=1 i=1 j=1

Generally, if n > 4, then M contains incompressible tori and therefore admits infinitely
many tight contact structures according to work of Colin [Col01a, Col01b] and Honda-
Kazez-Mati¢ [HKMO02].
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Figure 7.1: Handlebody decomposition of a Stein filling of M = M(Z,---, *). A contact
structure is produced on M by putting each of the knots in Legendrian position and
stabilizing appropriately.

Our first result for spaces M which are Seifert fibered over S? applies to tight contact
structures which are thoroughly mixed, a notion we will define precisely in Section 7.2. The
definition is designed so that each singular fiber of M admits a tubular neighborhood
whose boundary is a mixed torus. Applying Theorem 3.3 to a filling of (), &) will then
leave us with a boundary connected sum of fillings of lens spaces. In Section 7.2 we will
also define lightly mixed tight contact structures, in which all but two singular fibers admit

mixed tori. With these provisional definitions, we may state our results.

Theorem 7.1. Let £ be a tight contact structure on the Seifert fibered space M = M (L, ... 1),
P Pn
for some n > 3 and coprime positive integers q;, p; with ¢; < p; for 1 <i < mn —1andp;, > 2
for 1 < i < n. If € is thoroughly mixed, then there are tight contact structures &; on L(q;, —p;)
fori = 1,...,n and Legendrian knots L; C (L(q;,—p;),&), Li C (L(giv1, —piv1),Eir1) for
i =1,...,n—1such that every strong symplectic filling of (M, £) is obtained from a disjoint union
of strong fillings of (L(q1, —p1),&1)s - - - (L(qn, —Pn), &) by attaching a round symplectic 1-handle

along L, fori=1,...,n— 1.

Several families of tight lens spaces are known to have unique exact fillings, and from

93



these we obtain families of tight Seifert fibered spaces with unique exact fillings.

Corollary 7.2. Let £ be a thoroughly mixed tight contact structure on M = M <g—1, SEIN Z—:), with
¢ <piforl <i<n-—1landp;, > 2and gced(q;,p;) = 1for1 <i < n. If any of the following
conditions hold, then (M, £) admits a unique exact symplectic filling, up to diffeomorphism:

((Z) q; S {17273}/
(b) for some b(()i) - 2> bgi) >2and my,...,Mp_1 > 2, m, > 1, we have

¢ b6y + 1

pi om0V + 1) — b

fori=1,...,n;
(c) for some béi), bgi) >5and my,...,mp_1 > 2, m, > 1, we have
G b — 1
pi mi(b§b — 1) — by
fori=1,...,n

Proof. Theorem 7.1 provides a recipe for constructing any exact filling of (1, §) from fillings
of (L(g:, —p:), &), so this is simply a matter of observing that if any of these conditions
hold, then (L(q;, —p;), &) is uniquely fillable. If condition (a) holds, then either L(g;, —p;) =
L(g;,1) or L(g;, —p;) = L(3,2). In either case, the tight contact structures on L(g;, —p;) are
all uniquely fillable by work of Eliashberg [Eli90], McDuff [McD91], and Plamenevskaya—
Van Horn-Morris [PV10]. When condition (b) holds, we are considering tight contact
structures on L(b((f) bgi) + 1, b§i)). Universally tight structures on such a lens space were
shown to be uniquely fillable by Lisca [Lis08]. In particular, we have p = b6 + 1 and
q= bgi), SO

p oY 1

p—q b 41— Y

=2,...,2,0% 4+ 1],

where the number of copies of 2 at the start of this continued fraction is b(()i). In Lisca’s
notation, it follows that the unique exact symplectic filling of L(p, q) is W, ,((1,2,...,2,1)).

The virtually overtwisted structures on L(béi)bgi) +1, bgi)) are uniquely fillable according to
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work of Kaloti [Kal13, Theorem 1.10]. Similarly, condition (c) produces lens spaces of the
form L(bg)bgi) -1, bgi)), the fillings of which are known to be unique by work of Lisca [Lis08]
in the universally tight case and Fossati [Fos19, Theorem 1] in the virtually overtwisted

case. The relevant continued fraction for applying Lisca’s work to these lens spaces is

10RO 1
Sl = 2,...,2,3,2,...,2),
which begins with 6\ — 2 copies of 2 and ends with b\ — 2 copies. Once again, the unique

exact filling is given by W, ,((1,2,...,2,1)) in Lisca’s notation. The observation that

allows us to apply Fossati’s result. O

Strong symplectic fillings of lightly mixed contact structures on Seifert fibered spaces
may also be decomposed into lens space fillings, though one of the lens spaces will have a

slightly more complicated expression.

Theorem 7.3. Let { be a tight contact structure on the Seifert fibered space M = M (-, -, =),
for some coprime positive integers q;, p; with ¢; < p; for1 <i<n—1landp, > 2for1 <i <n.
Let each —p; /q; have continued fraction as above. Suppose that & is lightly mixed about K; and K,
and let

_ i i J J J
- [ali,...,al,ao—I—ao,al,...,alj].

Then there exist (1) a tight contact structure & on L(qx, —px), for each k # i,j; (2) a tight
contact structure " on L(p', q'); (3) Legendrian knots K}, in #y.4; :(L(qr, —pr), &) # (L', 4), (')
for k # 1,3, such that every strong (exact) symplectic filling of (M, §) is obtained from a strong
(exact) symplectic filling of

# (L(qr, =), &) F# (LW, 4), ()

ki
by attaching a symplectic 2-handle along each K, k # i, j.
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As with Theorem 7.1, we may use Theorem 7.3 and the classification of strong fillings
of some lens spaces to identify families of tight Seifert fibered spaces whose strong fillings

we may classify. One example of such a family is given by the following corollary.

Corollary 7.4. Choose p1,ps,ps > 2. If £ is a tight contact structure on M = M (p—1 ' oo p%)
which is lightly mixed about K,y and K., — where subscripts are labeled modulo 3 — and

Pi—1 + pit1 # 4, then (M, £) admits a unique exact filling, up to diffeomorphism.

Proof. Applying Theorem 7.3 to such a filling leaves us with a filling of S*#L(p;—1 + pi41,1),
with some tight contact structure. By work of Eliashberg [ Eli90] this filling must be the
boundary connected sum of a filling of (S?,&sq) with a filling of (L(p;—1 + pit1,1), ().
Because p;_1 + p;i+1 is not equal to 4, results of McDuff [McD91] and Plamenevskaya—Van
Horn-Morris [PV10] show that (L(p;—1 + pi+1, 1), () is uniquely fillable, as is the case for
(93, &a)- So (M, €) is uniquely fillable. O

We will see in Section 7.2 that there are precisely six tight contact structures on M (p—1 oo pig
which are neither lightly nor thoroughly mixed, and we will show that each of these struc-
tures is universally tight. According to Corollaries 7.2 and 7.4, these six are the only tight

1

structures on M (p—1 ) P p—s) which we cannot conclude have unique exact fillings if, say,

P1,D2,P3 = 3.

Corollary 7.5. Choose integers py,p2,p3s > 2, no two of which sum to 4. If £ is a virtually
overtwisted tight contact structure on M = M (— ) P p—) then (M, &) admits a unique exact filling

(W, w), up to diffeomorphism. Moreover, W is simply connected, and has Hy(W') = Z2.

Proof. The uniqueness of the filling (W, w) follows from Corollaries 7.2 and 7.4. To see
that TV is simply connected and has Hy(W) = Z?, consider the handlebody diagram for
W given by Figure 7.1. This diagram consists of a single 1-handle, with three 2-handles
attached along parallel knots K, K5, K3 which pass over the 1-handle. We may handleslide
K, and K3 over K; and then cancel K; with the 1-handle to obtain a handlebody diagram
for W which consists of two 2-handles attached to a 0-handle. Such a handlebody is simply
connected, with Hy (W) = Z2. O
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Wrapping up loose ends, we have the following result.

Theorem 7.6. Let £ be a tight contact structure on a small Seifert fibered space M, with surgery
diagram as in Figure 7.1. If any of the horizontal links have both positive and negative stabilizations,
then every strong symplectic filling of (M, ) can be obtained from a disjoint union of a filling of a
universally tight small Seifert fibered space, along with fillings of universally tight lens spaces, by

attaching a sequence of round symplectic 1-handles.

7.1.2 Thecasee¢y < —3

Finally, we discuss Seifert fibered spaces over S? with Euler number ¢y < —3. In particular,

we consider M = M (— ,—Z—:) withp; > 2,¢; > 1,and (p;,q;) = 1 fori =1,...,n. The

P1

Euler number is then given by

We have continued fraction expansions

qi i i
—= = lag, ..., a; ],
for some uniquely determined integers satisfying af, = —( [£]+1) and a < —2forj > 1.

Then M admits a surgery diagram as in Figure 7.2. Notice that ey = X7 af.

We may construct contact structures on M by putting the knots in Figure 7.2 into
Legendrian position and stabilizing until the framing coefficient becomes —1 with respect

to the contact framing. We see that there are

L

60—|—1 HHCL —|—1

=1 j=1

choices for these stabilizations, and in case we have a small Seifert fibered space, Wu shows
in [Wu04] that each such choice leads to a distinct contact structure up to isotopy, and

indeed all tight contact structures on M can be constructed in this way.
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Figure 7.2: A surgery diagram for M(—;—i, s —g—:), ep < —3.
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Figure 7.3: The plumbing graph associated to the surgery diagram in Figure 7.2.

Definition. Let M = M(—1,.-- ,—1*) be as above, and construct a tight contact structure
¢ on M by putting the knots of Figure 7.2 into Legendrian position. We say that (), {) is
centrally mixed if the central knot of Figure 7.2 is stabilized both positively and negatively.

Remark. Notice that if (M, &) is centrally mixed, then ¢, < —4.

Our Seifert fibered space M admits a canonical contact structure as the boundary of a
plumbing 4-manifold. The 4-manifold is a plumbing of disc bundles of 2-spheres, with
plumbing graph as in Figure 7.3. Each node of the graph corresponds to a symplectic
2-sphere, and each edge represents an orthogonal intersection between them; in this way
we produce a symplectic structure on the plumbing 4-manifold, and a canonical contact
structure on its boundary M. The fillings of this canonical contact structure were studied
by Starkston [Stal5] and Choi-Park [CP19], each under some additional assumptions on .

Starkston provided topological restrictions on the strong symplectic fillings of dually positive
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Seifert fibered spaces over S?. In some cases, these restrictions produce classifications up
to diffeomorphism of minimal strong symplectic fillings. Choi-Park classified all minimal
symplectic fillings of small Seifert 3-manifolds M (-2, — £, —2) with ¢y < —4 and with
the canonical contact structure. An infinite family of Seifert fibered spaces with canonical
contact structure and e, = —3 also saw their fillings classified by Schonenberger in [Sch07,

Theorem 4.4].

We point out that the canonical contact structure is not centrally mixed. Indeed, the
Legendrian surgery diagram for the canonical contact structure has all of its stabilizations

of a single sign.

Proposition 7.7. Let M = M (—Z—i, cee —Z—Z) have canonical contact structure & as described
above, and Legendrian surgery diagram as in Figure 7.2. All the stabilizations in the Legendrian

surgery diagram are of a single sign.

Proof. As described above, there is a symplectic 4-manifold (W, w), obtained by plumbing
disc bundles of 2-spheres, which fills (M, ¢). For each symplectic sphere 57, the adjunction
formula takes the form

(e (W), [S7]) = [S7] - [S7] + 2.

At the same time, S/ corresponds to surgery along the Legendrian knot K7 in Figure 7.2,
and thus
[57] - [87] = fi(K]) = th(K]) — 1.

So (1 (W), [S?]) = tb(K7) + 1. Finally, [Gom98, Proposition 2.3] allows us to compute the

rotation number of K7:
r(K) = (o (W), [S7)) = th(K?) + 1.

This rotation number can only be obtained by taking every stabilization to be negative. Note
that taking all stabilizations to be positive gives a contactomorphic (though not isotopic)

contact structure. O]
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A straightforward consequence of the definition of centrally mixed and Theorem 1.1.3

of [Men18] is the following.

Proposition 7.8. Let M = M(—g—i, . —;—Z), with p; > 2, ¢; > 1, withn > 3. If € is a centrally
mixed tight contact structure on M, then every strong (respectively, exact) symplectic filling of

(M, &) may be obtained from a strong (respectively, exact) symplectic filling of
# (i ), &)

by attaching a symplectic 2-handle in a specified manner, where —% =[a, ..., a} ] and & is a tight

i

contact structure determined by &.

More generally, we have the following result for any contact structures constructed

from Figure 7.2.

Theorem 7.9. Let M = M( -, — ) be as above, and let £ be a tight contact structure on M

_a ..
p1’
obtained by putting the knots of Figure 7.2 into Legendrian position. Then every strong symplectic
filling of (M, £) can be obtained by attaching a sequence of round symplectic 1-handles to a disjoint
union of fillings of universally tight lens spaces and a Seifert fibered space with canonical contact

structure.

This result will be made more precise through a sequence of propositions in Section 7.3.2.
We point out that, together with Lisca’s classification of fillings for universally tight lens
spaces and Choi-Park’s classification of fillings for the canonical contact structure on
M (—Z—i, —Iq)—z, —Z—i), eg < —4, Theorem 7.9 allows us to classify the minimal symplectic

fillings of any contact structure on M (-1, — £, —2) ¢, < —4.

7.2 Mixed contact structures on Seifert fibered spaces

In this section we define what it means for a tight contact structure £ on a Seifert fibered
space M = M([,-- - =) to be thoroughly or lightly mixed, and we identify the universally

p1’

tight contact structures on small Seifert fibered spaces. As in Section 7.1, we take n > 3,
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¢, pi > 0 coprime, and assume that ¢; < p; fori = 1,...,n — 1. We also have continued

fraction expansions as in (7.1), and we denote by ¢ = | * | the Euler number of M.

To accommodate for the fact that we may have ¢, > p,, we introduce auxiliary coeffi-

cients by, ..., by defined by
—— =ag,af,...,a;] = [-1,-2,...,=2,b5 — 1O}, ... b} ],

where [}, = [, — e, so that these continued fractions each have length /,, + 1.

The thoroughly mixed tight contact structures will be those which result from a par-
ticular construction. We let ¥ be a planar surface with n boundary components, and

write

—IEx S =Ty +Ty +---+T,
for the torus boundary components of ¥ x S'. Now let  be an S'-invariant, virtually

overtwisted tight contact structure on ¥ x S* such that

(1) each T} is a minimal convex torus, with dividing curves of slope —1 for i < n and
slope —eg — 1 fori = n;

(2) adjacent to each T; is a positive basic slice L;, with 0L; = T; — T};

(3) each T is a minimal convex torus, with dividing curves of slope co.

Such a contact structure exists by [Hon00b, Section 5].

Foreachi=1,...,n — 1, we will attach —2 — aj, basic slices to (X x S, ¢), with slopes

1 1 1 1
Y 27 37""a6+17

starting at 7;. Similarly, we attach —2 — bj} basic slices, starting from 7;,, with slopes

1
—eg—1,—eg— =,...,— .
€o » —€0 9’ , —€0 T bg 41
Fori=1,...,n, we call the boundary of the outermost basic slice 7;’. Finally, we let V; be a

solid torus and choose a tight contact structure on V; such that 0V, is minimal, convex, and
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—60—1

Figure 7.4: The first layer of basic slices attached to ¥ x S*.

has dividing curves of slope

[ali,alﬁl, o an,a) + 1]

for1 <i <n—1, and slope
[}?n, Z_l,...,bg,b?+1]

for i = n. Notice that there are | Hé?:l(a;. + 1)| (respectively, |H§":1(b§b + 1)|) such tight
structures on V;, per Honda’s classification [Hon00a]. We then attach each V; to & x S*
by identifying the dividing curves and meridians of OV; with those of 7;’. The result is a
tight contact structure on M, and we call any structure resulting from this construction
thoroughly mixed. Note that this construction is not unique. For instance, we may shuffle
the order in which we attach basic slices within a given continued fraction block without
changing our contact structure. But the important feature is that by ensuring that the
innermost basic slice around each boundary component is positive, we may find n mixed

tori.

Lemma 7.10. In a thoroughly mixed tight contact structure, each torus T}, 1 < i < n, is a mixed

torus with vertical dividing curves.
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—60—1

Figure 7.5: Each torus 7} is mixed.

Proof. We show that T is mixed; the other tori are similar. In & x S?, consider a collection
Ay, ..., A, of vertical annuli as in Figure 7.5, with A; connecting 7; to 7;,,. Each annulus

will have parallel horizontal dividing curves, and we consider the neighborhood

N:N(T1UUTn,1UA1UUAn,2),

whose boundary is given by ON = 171 U --- UT,,_; UT". Here T" has dividing curves of
slope 1, measured in the coordinates of 7},. Because each of the basic slices L; is positive,
the toric annulus

(2 x SH\ (NUL,)

is a negative basic slice with boundary slopes oo and 1. So 7}, is sandwiched between basic
slices of opposite sign whose slopes are —e;, — 1,00, and 1, meaning that 7}, is a mixed

torus. O]

There are also tight contact structures on Seifert fibered spaces which are not thoroughly
mixed, but for which some of the tori 7; (not 7)) are mixed tori. Such structures are most

easily identified using the construction in Figure 7.1.
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(a) A thoroughly mixed contact structure. (b) A lightly mixed contact structure.

Figure 7.6: Contact structures on M (3, 3, 5).

Wl

Definition. Let ¢ be a tight contact structure on M (I, - - -, 2=). We will call ¢ lightly mixed
if £ is not thoroughly mixed, but admits a Stein filling as in Figure 7.1 for which at least n — 2
of K, ..., K, have been stabilized both positively and negatively. We say that ¢ is lightly
mixed about K; and K to indicate that £ admits a Stein filling for which each of K3, ..., K,

except K; and K; have been stabilized positively and negatively.

Remark. Every thoroughly mixed tight contact structure can be realized as in Figure 7.1 as
well, and the condition of being thoroughly mixed may be stated in terms of stabilizations.
In case ¢y = 0, { is thoroughly mixed if each of K7, . . ., K, has been stabilized positively (or,
equivalently, if each has been stabilized negatively). For ey > 0, K, has no stabilizations, so
¢ is thoroughly mixed if each of K7, ..., K,_; has been stabilized positively and the nearest
stabilized unknot adjacent to K, has also been stabilized positively (or, equivalently, each

of these stabilizations is negative). See Figure 7.6.

Consider the tight contact structures on a small Seifert manifold M = M (L, 2 1),
with p;, ¢; > 0 chosen as above, so that ey > 0. According to [GLS06], each of these can
be represented as in Figure 7.1. Let K3 be the nearest unknot adjacent to K3 which has
been stabilized — meaning that K35 = K3 if eq = 0. If each of K, K,, K3 has been stabilized
positively at least once (or, according to the classification in [GLS06], if each has been
stabilized negatively at least once), then the tight contact structure is thoroughly mixed.
On the other hand, if one of K, K5, K3 has been stabilized both positively and negatively

while the other two have stabilizations of a single sign (the signs on the two knots being

opposite), then the tight structure is lightly mixed. This leaves precisely 6[TI?_,IT_, (a + 1)|
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Figure 7.7: The surface 3 x S' sits inside of a Seifert fibered space M (&, 22, %) which is

neither lightly nor thoroughly mixed. This surface may be extended to X x S*, whose
boundary components have horizontal dividing curves.

tight contact structures on M which are neither lightly nor thoroughly mixed. In these
structures, each of K, K,, K has all of its stabilizations of a single sign, but the three knots
do not all use the same sign. If the stabilizations of adjacent knots in Figure 7.1 always
match, then the following lemma says that we have a universally tight contact structure;

note that there are precisely six such structures.

Lemma 7.11. Let £ be a tight contact structure on M (Z—i, Z—Z, g—i) for some 0 < g;, p;, with ¢; < p;

for i = 1,2, which is neither lightly mixed nor thoroughly mixed. If each of the horizontal links in

Figure 7.1 has stabilizations of only one sign, then & is universally tight.

Proof. Notice that the Euler number of M satisfies ¢y > 0. Per the classification of tight
contact structures due to Wu [Wu04] and Ghiggini-Lisca-Stipsicz [ GLS06] on such Seifert
fibered spaces, we may write
M=M (27 @7 q_g) =~ (2 xS UlprUpaugs) (Vi U V2 U V3),
p1 P2 P3

where each V; is a soid torus, —9(X x S1) = T} + Ty + T, and ;: OV; — T; is an orientation-
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preserving diffeomorphism. Moreover, we may take s;, the slope of the dividing curves of

T; = 0V, in the coordinates of T}, to satisfy

1 qi .
. <s;<——fori=1,2, and —eg+ < 53 < ——.
a6+1 i 0 b8+1 3 D3

Here o and b3 are as above. In particular, we have s, s; € (—1,0) and s3 < 0.

Continuing to follow [Wu04, Section 3.3], we may thicken each V; to a solid torus V;
such that 7] := 0V} is a minimal convex torus with vertical dividing curves when measured
in the coordinates of 7;. Now V;\ V; is a toric annulus bounded by 7; and 7 which we may
factor into basic slices. Because ¢ fails to be thoroughly or lightly mixed, all of the basic
slices between T; and 7] must have the same sign, but the signs for i = 1,2, 3 are not all the
same. For instance, Figure 7.7 depicts a case where the basic slices between 7; and 7} are
positive for ¢ = 1, 2, but negative for i = 3. Now consider attaching basic slices of matching
sign to each T} until we obtain ¥ x S!, whose boundary components all have horizontal
dividing curves. According to [Hon00b, Lemma 5.1], & x S* is universally tight; because
> x S* contains ¥ x S', we see that ¥ x S! is also universally tight. Each solid torus V; is
universally tight because the stabilizations used to produce the tight structure on V; are all

of one sign. Moreover, the homomorphism
iv: (8 x SY) — w1 (M)

induced by inclusion is a surjection. We conclude that M is universally tight. O

Following this observation, Corollary 7.5 follows from Corollaries 7.2 and 7.4.

Finally, we consider the remaining tight contact structures on M (-, 1) — those

which are neither thoroughly nor lightly mixed, and to which Lemma 7.11 does not apply.

All such contact structures are virtually overtwisted.

Lemma 7.12. Let & be a tight contact structure on M (4, 2 %) with surgery diagram as in
p1’ p2° pP3
Figure 7.1. If any of the horizontal links have both positive and negative stabilizations, then § is

virtually overtwisted.
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The proof of Lemma 7.12 will make use of the following topological fact about small

Seifert fibered spaces.

Lemma 7.13. Any small Seifert fibered space M admits a finite sheeted cover M such that the

induced Seifert fibration on M has no exceptional fibers.

Proof. In case the fundamental group 7 (M) is infinite, this follows from [Bri07, Lemma
2.4.22], so we focus on the case where 7, (M) is finite. The universal cover of a small Seifert

fibered space with finite fundamental group is 5%, so we have a diagram

3 LM

B—"5B
where B is S? with three cone points, 7: M — B is the Seifert fibration on M, p: S* — M is
the covering map, and 7: S® — B is the induced Seifert fibration on S®. Because 7, (M) is
finite, we have B = S%(a, b, ¢) for some (a,b,c) € {(2,2,n),(2,3,3),(2,3,4),(2,3,5)}. That
is, M is a platonic Seifert fibered space. The map 5: B — B is an orbifold covering map.
We notice that since B has positive orbifold characteristic, the same is true of B, and also
that B has at most two cone points, since B is the base of a Seifert fibration of S®. So 7 is a

positive orbifold covering map of the form S*(a’,b') — S*(a, b, ¢); such maps are classified

by [Boy18, Proposition 5.5], from which we conclude that B = S?(d, d) for some d > 1.

At the same time, we use [ GL18, Proposition 5.2] to write the Seifert fibration 7 as

M(0; (o1, B1), (a2, B2)),

for some natural numbers «; > ay and integers 3, 3, satisfying 0 < 51 < ay and a4 32 +
B = 1. The base of this Seifert fibration is S?(ay, o), so we conclude that oy = ap = d > 1.
But this means that d, + 5:d = 1, so we must have d = 1. We conclude that B = S2(1,1)

has no cone points, and thus 7 has no exceptional fibers. O

Proof of Lemma 7.12. Let us decompose M := M (L, £ %) a5 in the proof of Lemma 7.11,

p1’ p2’ p3
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writing

M = <Z/ X Sl) U(%UWU@DB) (‘/1/ U VQI U ‘/;3/)7

where —9(%' x S') = T] + T}, + T}, and the dividing curves on each T have slope co. For

i =1, 2,3, we may express the orientation-preserving diffeomorphism ¢,: 0V; — T; via

2
Pi )
—q¢ U

for some u;, v; satisfying p;v; — ¢;u; = 1. In the coordinates of 0V}, the dividing curves thus

have slope represented by

0 V; U 0 U;

1 4 Di 1 Di

So V/ is a solid torus whose boundary has dividing curves of slope p;/u;, for i = 1,2, 3.
If V' is virtually overtwisted, then lifting ¢|y- via the p;-fold cover V! — V! produces
an overtwisted contact structure on f/i’ . (See, for example, [Etn, Exercise 6.45].) Now
Lemma 7.13 allows us to construct a finite-sheeted cover p: M — M such that V/ lifts to
several copies of V/, for i = 1,2, 3. Because (M, £) has a horizontal link with both positive
and negative stabilizations, at least one of V/, V], and V5 is virtually overtwisted, and thus
a lift of this solid torus in M is overtwisted. We conclude that (M, p*¢) is overtwisted, and
thus that (M, £) is virtually overtwisted. O

Lemma 7.12 applies to any contact structure which is neither thoroughly nor lightly
mixed, and to which Lemma 7.11 does not apply. Lemma 7.12 also applies to all lightly
mixed contact structures and, if ey > 0, all but two thoroughly mixed contact structures.
If g = 0 and M(Z—i, Z—z, Z—z) does not have ¢; = p; — 1 for i = 1,2, 3, then each horizontal
link in Figure 7.1 has more than one stabilization, and the classification of tight contact
structures allows us to change the sign of one stabilization on each horizontal link to ensure

that Lemma 7.12 applies to at least one of these links. On the other hand, if ¢; = p; — 1

fori = 1,2, 3, then each horizontal link has exactly one stabilization, so Lemma 7.12 does
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Figure 7.8: In the handlebody diagram for (M,,_2, (,—2), both K; and K; pass over the
1-handle. To realize (M,_, (,—2) as a lens space, we slide K; over K; to produce K’, which
has framing a, + a}, and then cancel K; with the 1-handle.

not apply. Altogether, we see that if ¢y > 0 there are at most 8 universally tight contact

structures on M (£, £ %) while if ey = 0, there are at most 7 universally tight contact
p1’ P2’ p3

structures. If ) = 0 and ¢; # p; — 1 for some ¢ = 1, 2, 3, then there are precisely 6 universally

tight contact structures on M (2, 2 ).

7.3 Proofs

As we did when stating the results, we divide our proofs according to the Euler number ¢

of our Seifert fibered space.

7.3.1 Thecaseey > 0

Theorem 7.3 is a straightforward consequence of Theorem 1.1.3 of [Men18] and the defini-

tion of lightly mixed contact structures, so we prove this result first.

Suppose that M = M (I, - -, 2*) is a Seifert fibered space, for some n > 3 and coprime

positive integers ¢;, p;. If € is a lightly mixed tight contact structure on 1/, then we may
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realize (M, ) as the boundary of a Stein handlebody as in Figure 7.1, with n — 2 of the
horizontal knots K7, ..., K,, having been stabilized both positively and negatively. Without
loss of generality, we may assume that each of Kj,..., K,_» has been stabilized both

positively and negatively. Notice that (1, ) is obtained from the contact manifold

(L(gr, —p1), &) #(My = M(2 ... I )

b2 ’ Pn
by Legendrian surgery along K. Here we are using the fact that if —p;/¢; = [a, a}, ..., q]],
then
@ _ [ab,al, ... a}).
pi + aggi "

The contact structures £; and ¢; are the obvious ones, obtained from the Stein handlebody
diagram in Figure 7.1 by erasing K. According to [Men18, Theorem 1.1.3], every strong
symplectic filling of (M, §) is obtained from a strong filling of (L(q1, —p1), &1)# (M, (1) by
attaching a symplectic 2-handle along K;. In the language of round handles, we have
Legendrian knots L] C (L(q1, —p1),&) and LT C (M, ¢;) along which we may attach a
round symplectic 1-handle to a filling of (L(q1, —p1), &) U (M1, 1).

We have presented (M, (;) as the boundary of the Stein handlebody depicted in Fig-
ure 7.1, with the chain of knots with framings a}, as, . .., a;, deleted. By its construction,
(M, () is lightly mixed, with K, ..., K,_, having been stabilized both positively and
negatively. We may thus repeat the above procedure to decompose a filling of (M, &) into a
filling of

(L(q1, —p1), §1) U (L(g2, —p2), &2) U (M2, ).

We continue this procedure until we are left with

(L(q1, =p1), &) U= U (L(gn—2, =Pn—2), {n—2) U (M2, Gr—2),

where (M,,_2, (,—2) is as in Figure 7.8: there are two horizontal knots, neither of which has
stabilizations of both signs. This is a Seifert fibered space over S?, and thus a lens space.

Indeed, after sliding K, over K, we may cancel the 2-handle attached along K; with the
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Figure 7.9: If M (2, 2, 1) is thoroughly mixed, then 77 is a mixed torus.

1-handle. We are left with a chain of unknots whose framings are given by

i—1 i—1 _i—1 i+1 i+l i+1
Ay o0y 500 a0 sy A

and thus M,,_, = L(p/, ¢'), where

P i1 i-1 i—1 i+l it i+1
—==la, |,....ay Lag tagoar ]

See Figure 7.8. This proves Theorem 7.3.

There are some thoroughly mixed contact structures for which n — 1 of the knots
Ki, ..., K, have been stabilized both positively and negatively. For these, the proof of
Theorem 7.1 proceeds as did the proof of Theorem 7.3. But the condition of being thoroughly
mixed is more relaxed than this, and we will in fact use Theorem 3.3 directly in our proof,

rather than Theorem 3.4.

Our argument proceeds by induction on the number n of singular fibers. Consider
tirst the case where n = 3. Then, as depicted in Figure 7.9, we have a mixed torus 7] with

vertical dividing curves, sandwiched between basic slices whose other boundary tori have
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dividing curves of slope —1 and ¢; + 1, respectively. Theorem 3.3 would have us split

M = M(%, 2 1) open along this torus and attach a solid torus to each of the resulting
P17 p2’ p3

pieces. Because the dividing curves of 77 are vertical, the meridian x(5) of the solid torus

S must have slope m € Z. In fact, Theorem 3.3 tells us that we must have 0 < m < ¢, since

the slopes adjacent to our mixed torus are —1 and e + 1.

Now one of the two closed contact manifolds is L, = S Uy VY, a gluing of two solid
tori. The meridian of V{ has slope ¢;/p1, with 0 < ¢ < p;. We may consider a family
of tori 7% x [0,1] in Ly such that 72 x {0} C V/ has dividing curves with slope ¢ /p1,
T? x {1/2} =T/,and T? x {1} C S has dividing curves of slope m. As the dividing curves
rotate counterclockwise from ¢; /p; to oo to m, they must not rotate through an angle in
excess of 7, since L, is fillable and thus tight. This restriction is only satisfied when m = 0.

So we conclude that m = 0 and L; = L(qy, —p1). See Figure 7.10.

The other closed contact manifold produced by our application of Theorem 3.3 is
obtained from M by deleting the neighborhood V/ of a singular fiber and replacing it with
the solid torus S, glued in with horizontal meridians. The resultis M (2, 2, %) = M (2, %),

P2’ p3 P2’ p3
We may now apply Theorem 3.3 to this Seifert fibered space (which is in fact a lens space)
along the mixed torus 73. Arguing as before, we find that the solid torus which is glued in

at this stage must have horizontal dividing curves. The result of this decomposition is a

disjoint union of fillings of some contact structures on

0 ¢q
L(ga, —p2) and M (17—?)) = L(gqs3, —ps)-
D3

Altogether, we have decomposed a filling of M with a thoroughly mixed tight contact
structure into a disjoint union of fillings of L(g;, —p;), i = 1,2, 3, with some tight contact
structures, and Theorem 3.3 provides the Legendrian knots described in Theorem 7.1. This

establishes the base case of our induction.

For the inductive step, the analysis above proceeds as before. Splitting a filling of
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Hs .

Figure 7.10: Because 0 < ¢;/p; < 1, we must have m = 0.

M = M(%, ..., ) open along the mixed torus 7] produces symplectic fillings of

P

0 n
L((h,—Pl) and M (1 QQ ,q—> .
p2 Pn

The latter is a thoroughly mixed Seifert fibered space with n — 1 singular fibers, for which
we assume that Theorem 7.1 holds, and thus the decomposition may continue until we

have a disjoint union of filling of L(¢;, —p;), for i = 1,...,n. This proves Theorem 7.1.

At last, we address fillings of those contact structures on small Seifert fibered spaces
which have at least one horizontal link with both positive and negative stabilizations —
these structures are considered in Lemma 7.12. In this case, each of K, K5, and K3 has
stabilizations of a single sign, but these signs do not all agree. Here, as above, Kj is the
nearest unknot adjacent to K3 which has been stabilized, meaning that K3 = K3 if e = 0.
Fori =1,2,3, we let IA(Z denote the nearest knot adjacent to K; with a stabilization of a
different sign from those on K; (or K3%). By our assumption, at least one K; exists. Let us

write

M:M(}%,%,%) (2 x S <UUL])U<L:J1V> (7.2)

i=1j=1
where each V; is a solid torus, —9(X x S') = T} + Ty + T3, and each L;; = T* x [ is
a continued fraction block corresponding to a knot in the surgery diagram for (MM, ¢).

Specifically, let L; ;, be the continued fraction block corresponding to K;, fori=1,23.
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Figure 7.11: Decomposing a filling of a contact structure which is neither thoroughly nor
lightly mixed. The result is a filling of a disjoint union of a universally tight small Seifert
fibered space and some universally tight lens spaces.
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Then the boundary torus IA’Z between L; ;, and L; j,_; is a mixed torus, and each continued
fraction block preceding L; ;, has basic slices of a single sign, matching the stabilizations of
K;.

Notice that simultaneously splitting (M, ¢) along the mixed tori Ty, T, and Ty yields
a disjoint union of a universally tight small Seifert fibered space and three lens spaces,
independent of the slopes which are used to perform this splitting. It follows that by
applying the symplectic JS] decomposition to a strong symplectic filling of (M, ), we may
obtain this filling from a disjoint union of a strong filling of a universally tight small Seifert
fibered space with strong fillings of three lens spaces. By applying Theorem 4.2 to the three

lens space fillings, we prove Theorem 7.6.

Observe that for contact structures which are thoroughly or lightly mixed, the conclusion
of Theorem 7.6 follows from Theorems 4.2, 7.1, and 7.3. So, with the small number of
exceptions pointed out at the conclusion of Section 7.2, we have reduced the problem of
classifying strong symplectic fillings for small Seifert fibered spaces to the same problem
for universally tight lens spaces and for universally tight small Seifert fibered spaces. See

Figure 7.11.

7.3.2 Thecaseey < —3

Throughout this section, we will consider a Seifert fibered space M = M(-%, ... —1=)
with p; > 2,¢; > 1,and (p;,¢;) = 1 for i = 1,...,n. Every tight contact structure £ on M
that we consider will be constructed by putting the knots of Figure 7.2 into Legendrian
position and stabilizing appropriately.

In case ¢ is centrally mixed — meaning that the central knot of Figure 7.2 is stabilized
both positively and negatively — Proposition 7.8 tells us that the strong symplectic fillings
of (M, ¢) are obtained by attaching a sequence of round symplectic 1-handles to a disjoint
union of fillings of lens spaces. If £ is not centrally mixed, then the central knot has

stabilizations which are either all positive or all negative; notice that, since ¢y < —n < -3,

the central knot must have at least one stabilization. The following proposition considers
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the case in which the stabilizations of the central knot are all of a single sign.

Proposition 7.14. Let (M, £) be as above, with the central knot in Figure 7.2 having stabilizations
which are all of a single sign. Then every strong symplectic filling of (M, &) may be obtained by
attaching round symplectic 1-handles to a disjoint union of fillings of lens spaces and a canoni-
cal Seifert fibered space (M’,&"). Moreover, (M', ') admits a Legendrian surgery diagram as in
Figure 7.2, with each leg of the diagram having stabilizations of a single sign.

Proof. If the Legendrian surgery diagram for (1, €) is such that no leg has both positive and
negative stabilizations, then we have nothing to do — (M’, ¢’) is simply (M, €). Otherwise,
we lose no generality by assuming that the first leg of Figure 7.2 has both positive and
negative stabilizations. We will reduce to a case where the first leg does not have both
positive and negative stabilizations; by applying this argument to each leg of the diagram,

we obtain the desired result.

Note that if the first leg of our diagram contains a knot which is stabilized both positively
and negatively, then we may apply Theorem 3.4 to this knot, amputating from the diagram
this knot and all those below it in the leg. Thus we assume that each knot in the first
leg of our diagram has stabilizations of a single sign. We then have knots K} and K,
1 <1 < j < ¢, which have stabilizations of opposite signs, and are such that any knot
K}, with i < k < j, has no stabilizations. Let us assume that i and j are minimal among
such indices. (Here we are using the notation established in Figure 7.2.) We will identify a

mixed torus in (M, £) associated to this mismatch of signs.

To this end, we decompose (M, §) as
M = (3 x SN Urueupn ViU UV,

where
e X is a planar surface such that —9(X x S*) =Ty + -+ + T),;

e each T; is a minimal convex torus with dividing curves of slope [ |;
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qi — L%in

— P~ where
21

e each V; is a solid torus, and 0V; has dividing curves of slope —

pi >p;>0,¢>q >0and pq, —qp, =1;

e the gluing maps ¢;: 9V; — T, are defined by

o = pi D

a% 4
The solid torus (V1,&|y, ) may be further decomposed by peeling off basic slices until we
are left with a solid torus whose boundary has dividing curves of slope —1. In this decom-
position, we have a continued fraction block of basic slices for each knot K7, ..., K; which
has been stabilized. In particular, the knots K and K correspond to adjacent continued
fraction blocks. By assumption, these continued fraction blocks are universally tight and of
opposite sign, and thus their common boundary 7' is a mixed torus. We may normalize the
slope of the dividing curves on 7" to be oo, and on the opposite boundary of the negative
basic slice to be —1. As in previous iterations of this argument, the slope s on the opposite
boundary of the positive basic slice will depend on the number of unstabilized knots which

exist between K and K. In particular, s will be two more than the number of these knots.

We now apply Theorem 3.3 to a filling of (M, £) along 7. There are s contact manifolds
which might be produced by this decomposition, and these correspond diagrammatically
to deleting either K, K}, or one of the intermediate knots from Figure 7.2. In any case, the
contact manifold is a disjoint union of a lens space (whose surgery diagram is given by the
link below the deleted knot) and a Seifert fibered space (M’,¢’). The stabilizations in the
first leg of the Legendrian surgery diagram for (M, ¢’) — of which there may be none —
all have the same sign as those of K}. In particular, the first leg does not have both positive
and negative stabilizations. By applying this theorem to each leg with both positive and
negative stabilizations, we reduce to the case of lens spaces and Seifert fibered spaces each

of whose legs has stabilizations of a single sign. O

Proposition 7.15. Let (M, &) be as above, with the central knot in Figure 7.2 having stabilizations
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Figure 7.12: In this example, there are three contact manifolds which might result from the
JSJ decomposition for symplectic fillings. Notice that each consists of universally tight lens
spaces, and possibly a Seifert fibered space with canonical contact structure.

which are all of a single sign, and with each leg having stabilizations of a single sign. Then every
strong symplectic filling of (M, &) may be obtained by attaching round symplectic 1-handles to a

disjoint union of fillings of lens spaces and a canonical Seifert fibered space.

Proof. We lose no generality by assuming that the stabilizations of the central knot of (M, &)
are all positive — as noted above, the central knot must have at least one stabilization. If
the ith leg of the Legendrian surgery diagram for (), ) has negative stabilizations, we will
identify a mixed torus which allows us to amputate this leg. Now consider decomposing
(M, €) as

M 2 (3 x 8Y) Ugumpn) (ViU ---UT,),

as in the proof of Proposition 7.14. Namely, —0(% x S1) =Ty +---+T,, where each T} is a
minimal convex torus with dividing curves of slope | Z|. We claim that there is a positive
basic slice adjacent to 7; in ¥ x S 1. For ease of notation, let us assume that i = n. Then
we have a collection A, ..., A,_, of vertical annuli in ¥ x S, with A4, connecting 7; to T;,

(c.f. the proof of Lemma 7.10). Each annulus will have parallel, horizontal dividing curves,
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and we consider the neighborhood
N=NTuU---UT, UAU---UA, 1),

the boundary of whichis ON = T1U- - -UT,,_; UT. The minimal convex torus 7" has dividing
curves of slope —(n —2) — X! [#], and thus the toric annulus (X x S 1)\ N is a continued
fraction block with boundary slopes —(n — 2) — 2/} 2] and | **]. This continued fraction

block consists of

- Comn-g[2]) - eone g i) e

n

basic slices, each of which is positive, since the stabilizations of the central knot are all
positive. In particular, we have a positive basic slice adjacent to 7;,, whose opposite slope is

[#] — 1, measured in the coordinates of 7;,. We may normalize via the map

=] -1
— n
1-2&| 2

to obtain a positive basic slice with slopes —1 and co. The same holds for any 1 <i < n.

Finally, because the ith leg of our Legendrian surgery diagram has a negative stabi-
lization, we identify a negative basic slice in the solid torus V; which is adjacent to 9V;.
After gluing via ¢;, we see that T; = JV; is a mixed torus. The opposite slope s of the basic
slice in V; will depend as usual on the number of unstabilized knots (if any) which lie
between the central knot and the first stabilized knot of the ith leg. In particular, s will be
two more than the number of such knots. There are then s possible results of applying the
symplectic JS] decomposition along the mixed torus 7;, and these correspond to deleting
either the central knot of our surgery diagram, the first stabilized knot of the ith leg, or an
intermediate, unstabilized knot. Deleting the central knot leaves us with a connected sum
of lens spaces, while deleting a knot contained in the ith leg leaves us with a disjoint union

of a lens space and a Seifert fibered space whose ith leg has no stabilizations.
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Clearly the above argument may be applied to each leg with negative stabilizations
(still assuming that the central knot is stabilized positively), allowing us to reduce to the

case where all stabilizations in our surgery diagram have the same sign. O

From Propositions 7.14 and 7.15 we see that the problem of classifying strong symplectic
fillings for Seifert fibered spaces as in Figure 7.2 is reduced to the same problem for lens
spaces, and for canonical Seifert fibered spaces. Per above results, the lens spaces may be
turther reduced to universally tight lens spaces, and thus Theorem 7.9 is established. The
results of this chapter provide us with the usual diagrammatic calculus for reducing the

classification of fillings problem; see Figure 7.12 for an example.
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CHAPTER 8

Circle bundles

Our final application of Theorem 3.3 completes the classification of strong symplectic fillings
for virtually overtwisted tight contact structures on circle bundles over closed surfaces. We
let 7: M — X be a circle bundle over a closed Riemann surface ¥ of genus g, and we let £
be a tight contact structure on M. Honda [Hon00b] defines the twisting number t(S*) < 0
of £ to be the maximum non-positive twisting number achieved by a closed Legendrian
curve in M which is isotopic to the S*-fiber. Here the twisting number is measured relative
to the fibration framing, and is defined to be zero if M admits a fiber-isotopic Legendrian
curve with positive twisting number. In [Hon00a] and [Hon00b], Honda classifies the
tight contact structures on M, and in this chapter we classify the exact symplectic fillings

of M, provided ¢ is virtually overtwisted and ¢(S*) < 0.

8.1 The result

Theorem 8.1. Let M — ¥ be a circle bundle over a closed Riemann surface of genus g > 1, and
let & be a virtually overtwisted tight contact structure on M with t(S*) < 0. Then (M, &) admits a

unique exact symplectic filling, up to diffeomorphism.

Remark. The only circle bundles over S? which admit virtually overtwisted contact structures
have the form L(|e|, 1), where e < —2 is the Euler number of the circle bundle. Any
virtually overtwisted contact structure on such a lens space is uniquely exactly fillable, per
Plamenevskaya—Van Horn-Morris [PV10, Theorem 1.2], so the conclusion still holds. In
the g = 1 case we have a circle bundle over T?, which can also be realized as a parabolic

torus bundle over S*. This case is covered in Chapter 5, where we see that if e < —2, the
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conclusion continues to hold, but for e > 2 there are virtually overtwisted structures which

admit no strong symplectic fillings.

The only virtually overtwisted circle bundles not addressed by Theorem 8.1, Theorem 4.2
(specifically the special case covered by [PV10]), or Theorem 5.1 are those with ¢ > 1 and
t(S') = 0. In [LS02, LS03] Lisca-Stipsicz verify a conjecture of Honda, which says that
these structures are not symplectically semi-fillable, and thus are not symplectically fillable.

Altogether, we have the following corollary.

Corollary 8.2. Let M — X be a circle bundle over a closed Riemann surface, with virtually
overtwisted tight contact structure &, and let t(S') < 0 be the twisting number. If t(S*) = 0, then
(M, &) does not admit a strong symplectic filling; if t(S*) < 0, then (M, &) admits a unique exact
symplectic filling, up to diffeomorphism.

8.2 Proof of Theorem 8.1

We borrow the notation of [Hon00b, Part 2] here, letting 7: M — X be an oriented circle
bundle over a closed, oriented surface X with genus g. Once we have fixed a contact
structure on M, Honda defines the twisting number t(S') to be the maximum non-positive
twisting number among all closed Legendrian curves in M isotopic to the S'-fiber, relative
to the fibration framing. The twisting number is taken to be zero if M admits a fiber-isotopic
Legendrian curve with positive twisting number. We denote by e the Euler number of the

bundle 7: M — X.

If 29 — 2 > ¢, Honda shows that there are (2g — 1) — e tight contact structures on M with
t(S') = —1; of these, exactly two are universally tight. There are no virtually overtwisted
contact structures on M with ¢(S') < —1. There are some exceptional cases of virtually
overtwisted contact structures on circle bundles with ¢(S') = 0, but these are not subject to

Theorem 8.1. Instead, these exceptional cases are treated by Lisca-Stipsicz [LS02].

Theorem 8.1 follows immediately from Honda’s description of these virtually over-

twisted contact structures, as well as Theorem 1.1.3 of [Men18]. Namely, Honda constructs
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Figure 8.1: Stein handlebody diagrams for filling the tight contact structures on a circle
bundle 7: M — X with ¢(S') = —1. The diagram has 2g 1-handles, and the knot K has
2g — 2 — e stabilizations in the marked region.

stabilizations

each of the (29 — 1) — e tight contact structures on M by performing Legendrian surgery
on a knot K in (#%(S! x §?%), £4q) which has been stabilized (29 — 2) — e times. Here &4
is the unique-up-to-isotopy tight contact structure on #2(S! x S?). The universally tight
structures on M are precisely those for which all of these stabilizations have the same
sign, while each virtually overtwisted contact structure &, results from surgery along
a knot which has been stabilized both positively and negatively. According to [Men18,
Theorem 1.1.3], every exact filling of (M, &) is therefore obtained from such a filling of
(#29(S* x 5%), &a) by attaching a symplectic 2-handle along K. But (#%(S* x S?), £sq) has
a unique exact filling up to diffeomorphism, and thus the same is true of (M, ,,). This

proves Theorem 8.1.
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