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The Minimal Obstruction Problem

Abstract

The problems of symplectic embeddings have found applications in as far-reaching areas as combinatorics. One aspect
of this paper will be to describe the tools used to solve symplectic embedding problems. Those tools are Embedded
Contact Homology (ECH) and ECH capacities. The ECH is defined via counts of J-holomorphic curves inside of
a symplectization of a contact 3-manifold. The capacities are then derived from this homology. The main result is
to reverify a minimal obstruction problem. Namely, finding those p such that E(1, u?) symplectically embeds into
B*(). The solution to which appear as = gn+1/gn, n € Z>o where the g,,’s are odd-indexed Fibonacci numbers.
Through combinatorial methods a Diophantine equation will be derived, with solution set directly associated with
solving the minimal obstruction problem. The Diophantine equation is solved via graph theory. The graph theory
approach is very likely applicable to other minimal obstruction problems.
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The Minimal Obstruction Problem 1. INTRODUCTION

1 Introduction

The origin of the word symplectic is from Weyl who replaced the Greek root of complex, in describing a group of
matrices, with the Latin, symplectic. Symplectic in this connotation thus makes sense as a pairing. What is being
paired are coordinates on even-dimensional euclidean space R?", like so (21,1, ..., Tn,Yn) = ((z,y)). With R?" a
canonical area/(symplectic) form can be associated . dx; A dy;, this is the local picture for a symplectic manifold.
Under consideration are maps that preserve this form, thus preserving area but as it happens to preserve volume
as well. The idea for this thesis is to discuss the existence of maps that give more than just volume preservation,
but need only a volume condition to be satisfied. The “more” is a so-called symplectic embedding. The tools used
to study this phenomenon are invariants on symplectic manifolds. The relation between invariants imply relations
between manifolds. Manifold for this introduction will simply be a subset of Fuclidean space, see appendix A.1.

The idea, of a symplectic embedding, is to take one symplectic manifold and “push it” into a second while
preserving the symplectic structure. This preservation needs to happen with respect to the structure of the second
manifold. For more precise definitions see Section 2.

Why are symplectic embeddings so difficult? On the whole, conditions that concern backward operations in
mathematics are easier to verify, whereas forward operations are much more difficult. For example, the image of
an arbitrary intersection of sets is not necessarily the arbitrary intersection of images of those sets. Although, the
pre-image always preserves intersections. A more technical example, the pullback of a vector field is always globally
defined, whereas the pushforward vector field does not always exist globally. The difficulty is high enough that
knowledge is concentrated on dimension 4 and in higher dimensions very little, about symplectic embeddings, is
known.

The 4 dimensional (where R* is identified with C2) and simple higher-dimensional examples are tied to the
following sets, endowed with the canonical symplectic form.

Ball
B (1) = {(21, 1, s Ty ) € B | laf? 4+ 7yl < 1)
Cylinder
Z*M(R) = {(x1, Y1, -, Tny yn) € R*" | w2 + 7y; < R}
Ellipsoid

E(a,b) = {(21,22) € C? ;

Polydisk
P(a,b) = {(21,22) € C* | 7|1 |* < a, 7|22]* < b}

|z | n 7| 29)? < 1}

By the complexified cube we mean C(a) = P(a,a) = D?(a) x D?*(a), D*(a) the disk of radius a. The most
important volumes, coming from the canonical symplectic form, are given for the ellipsoid E(a,b) by ab and the
4-ball B4(r) as r2. When discussing embeddings we will encounter the interior of the ellipsoid Int E(a,b) is the same
as defined as above but with the non-strict inequality replaced by a strict inequality.

Problems of symplectic embeddings appear in ball packing problems, for example, Biran [I]. The question of
symplectic embedding k disjoint balls B*(r) into C*(1) gave conditions further than volume constraints, which was
unusual for the time, 1991. In the 1985 paper [2] Gromov proved a condition for a symplectic embedding of a
ball B®'(r) into a cylinder Z?"(R), which exists if and only if » < R. A result distinct from a volume constraint.
Later, in 2009, McDuff and Schlenk [3] found a function describing all the obstructions to embedding an ellipsoid
E(1,a) into a ball B*(\). The function turned out to have a property of independent interest, the graph contained
an infinite staircase. Furthermore, in 2012 Frenkel and Muller [4] discovered by similar methods another infinite
staircase. This appeared by describing the function that obstructs ellipsoid E(1, a) from (symplectically) embedding
into C(A). Finally, by combinatorial methods Cristofaro-Gardiner and Kleinman, in 2013 [5], re-verified the two
previous staircases and added a third. The third dealt with the embedding problem of E(1,a) into E(2A, 3)\).

On each graph of these functions there are points where the obstruction is minimal and these will be the main
objects of study. The main result of this paper is to (re-)reverify these minimal obstructions for McDuff and Schlenk’s
staircase. This will be achievable via an ad hoc graph theory method on an equivalent formulation of the problem
by Cristofaro-Gardiner and Kleinman.

The structure of the paper will begin with background material in Section 2 and a review of the problem in the
next few paragraphs. Section 3 is devoted to attempting to explain the main tool to solve the problem, embedded
contact homology. There is a further appendix devoted to more background on this subject matter, appendix A
for review and appendix B supporting Section 2 and 3. Finally, in Section 4 we will follow the methodology of
Cristofaro-Gardiner and Kleinman to do the re-verification.
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The Minimal Obstruction Problem 1. INTRODUCTION

We will now explain the problem of determining the conditions when a symplectic embedding can occur. More
precisely, we will define the function associated to symplectically embedding one ellipsoid into another ellipsoid.
The minimal obstruction problem for ellipsoids is answering: when does the following occur?

Int E(a,b) < E(c,d) & ab = cd.

In words, when does a symplectic embedding occur between the interior Int F(a,b) and E(c,d) such that ab = cd.
We say minimal because it turns out that the volume must always be preserved for symplectically embeddings so
that volume equality is the minimum possible requirement. Note that the volume of the interior manifold is equal
to the volume of the manifold.

Answers to this problem and less restrictive questions come from certain tool(s) of study. Firstly, for 3 dimensional
contact manifolds the tool is the “ECH spectrum”. The second, for (certain) 4 dimensional symplectic manifolds
they are “ECH capacities”.

The ECH spectrum associated to (Y, A) a contact 3 dimensional manifold is a sequence ¢ (Y, A):

0=co(Y,N) <c1(Y,A) <Y, N) <o < 0.
The ECH capacities of a 4 dimensional symplectic manifold (M, w), often with boundary, is a sequence cx(M,w):
0=cy(M,w) < c1(M,w) <co(M,w) <--+ < o0.

Where ECH stands for Embedded Contact Homology, a homology on contact 3 dimensional manifolds. This homology
is derived from the Embedded Contact Complex (ECC).

The axiomatic definition for symplectic capacities in Section 2.1 of Hofer-Zehnder [6] is given as follows. Let
(M,w) be a manifold of fixed dimension 2n. A symplectic capacity is (M,w) — ¢(M,w) a map of a symplectic
manifold (M,w) to a non-negative number or co, which satisfies the following properties:

(A1) Monotonicity: ¢(M,w) < ¢(N,7) <= (M,w) <> (N, 7)
(A2) Conformality: ¢(M, aw) = |a|c(M,w), for all @ € R, o # 0.
(A3) Weak Nontriviality: ¢(B*(1),wo) > 0, oo > c¢(Z*(1),wp).

With wg the canonical symplectic form. Note that each element of the sequence of ECH capacities are individually
examples of symplectic capacities.

The relationship between ECH capacities on (M,w) and spectrum on (Y, A) is this: if Y = OM and w|y = dX
and M is a Liouville domain then ¢ (M, w) = ¢ (Y, A) for all k.

Examples of computed ECH capacities:

ECH capacities for the ellipsoid, (Prop. 1.2, [1]).
The k-th term, Ny (a,b) is the (k + 1)-th smallest element in the set {ma + nb | m,n € Z>o}. (Note
that we count with repetitions.)

ECH capacities of the polydisk (Theorem 1.4, [7]).
cx(P(a,b)) = min{ma + nb | (m,n) € ZQZO (m+1)(n+1) >k+1}.

Both the ellipsoid and polydisk are endowed with the canonical symplectic form.

From the monotonicity of symplectic capacities it is possible to determine when a symplectic embedding will
not occur for a pair of two manifolds. But this is rather a large collection of examples and we are after the reverse
implication.

As it so happens, McDuff proved (in [8]) that for ellipsoids ECH capacities are sharp. By sharpness we mean
that both the monotonicity axiom holds and the axioms reverse implication. More formally,

Int E(a,b) < E(c,d) < cx(E(a,b)) < cx(E(c,d)), for each k € Zs.

From the arguments on the Hofer conjecture along with the work of Muller, (Corr. 11, [9]) plus (Prop. 1.4, [4]), ECH
also gives sharp obstructions to ellipsoids embedding into polydisks. Monotonicity of ECH capacities was proved in
general by Hutchings, (Theorem 1.1, [7]).

We would like to study the ellipsoid embedding into ellipsoids with some more detail. By rescaling, the following

occurs precisely when we already have Int E(a,b) < E(c, d)

Int E(1,b/a) <> (1/a)E(c,d).
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The Minimal Obstruction Problem 1. INTRODUCTION

Equivalently, by replacing E(1,b/a) with E(a/b,1) we would have a similar statement. So we only focus on the
former and consider the problem for numbers a,b, ¢ and d such that |b/a| > 1, and

Int E(1,b/a) <> (1/a)E(c,d)

holds true.

In the work of Frenkel and Muller (Lem. 2.4, [4]) an elementary number theory problem is to prove the identity
c(C(1)) = cx(E(2,1)) for each k € Z>(. The proof allows for the unification of results in the ellipsoid case.

We define the following function on the numbers a,b, ¢ and d with |b/a| > 1,

Caped = inf{\ | Int B(1,b/a) <> (1/a)E(Ac, Ad)}.

The way to intuitively understand the above function is to repeat to oneself that we are searching for the scaling for
a symplectic embedding to still occur, given real numbers a, b, c and d.

We can simplify this expression by saying that (1/a) is enveloped by the scale factor A\. Moreover, there is no
need for dependence on b and a so we choose one-parameter, say a. We will now restrict to ¢ = 1 and d = k/I for
integers k, [,

Caps = inf{\ | Int E(1,a) < E(\,Ak/1)}

There are three (k,l) that we will consider (k,l) = (1,1) from the primary paper McDuff and Schlenk [3],
(k,1) = (2,1) in the joint work of Frenkel and Muller [4]. Also, by an alternative approach investigated in section 5,
(k,1) = (3,2) from Cristofaro-Gardiner and Kleinman [5].

All these three have some special features in common, namely:

(1) The function ¢, ,; is bounded below by a curve called the volume curve.

(ii) The graph of the function ¢, i1, G(¢q k1), has a sub-graph F'(c, ;) consisting of an infinite number of alternating
horizontal and sloped lines. Fig/f]

(i) We certainly have E(1,a) <> E(cari cars - (k/1)) as Int E(1,a) < E(\ Ak/D), for all X\ > ¢4, Thus,
because of volume preservation,

vol(E(1,a)) < VOl(E(Ca s cant- (/1) = a<chy (k/l) = cops> ,/m = \/f

The volume curve is then A(a) = /la/k.

(ii) The heights of the horizontal and the slopes of the lines carry with them an associated sequence.

For example the case (k,1) = (1,1) gives E(k,l) = E(1,1) = B(1) and the sequence associated to the staircase
sub-graph F'(cq k) are the odd-index Fibonacci numbers. The Fibonacci numbers are the integers recursively defined
by fo = fi =1 and f,+1 = fn + fn—1 and by odd-index we mean g, = fo,—1, n > 1. We care about defining this
derived sequence independently and write go = g1 = 1 and require the rule g,+1 = 39, — gn—1.

The final section will go some way to explaining why the g,’s appear. The staircase looks somewhat like the
following figure.

0 05 1 1.5 2 25 3 35 4 45 5 55 6 6.5 7

Figure 1: Fibonacci Stairs, A vertical, a horizontal
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The Minimal Obstruction Problem 2. SYMPLECTIC, CONTACT AND HOLOMORPHIC STRUCTURES

The above graph was reverse engineered by knowing the associated sequence and taking sloped lines through
origin. The lines then stop at the heights determined by the g,+1/gn, n € Z>o. Notice the points that are concave
meetings of the horizontal and sloped lines on the sub-graph F(c, 1,1). Morally these points should be called “interior
corners”, because they are interior when considering the shapes between the sub-graph and the volume curve. In
this case the interior corners are (g2.,,/92, gn+1/gn), because X = g, 41/gy, the heights of the stairs and the volume
curve A = y/a. The interior corners give a discrete set of solutions to the minimal obstruction problem with a = 1,
b= p? and ¢ = d = p. Thus, instead, to emphasize this property we will say the minimal obstruction points. The
minimal obstruction points now coincide with the verification that will occur in this thesis.

As a reminder we search for those ¢ > 1 such that

E(1,4?) < B(p).

Proving that p = p, = gnt1/gn for each n € Z,,>( verifies the discrete set of solutions to the minimal obstruction
problem.

The reason why we chose to mention that ECH capacities of F(2,1) and C(1) = P(1,1) are equal is because we
would like to have a similar function for embedding an ellipsoid into the complexified cube. The resulting staircase
was studied by Frenkel and Muller in [4]. The next figure is part of that staircase.

Figure 2: Pell Stairs, A vertical, a horizontal

Again we can see the volume curve and the minimal obstructions points lying on it. This time the heights are
defined via the Pell numbers, another recursively defined integer sequence.

The method applied to computing these staircases explicitly, developed by McDuff, will not be discussed in this
thesis. What we will do instead is layout the foundation to compute the minimal obstruction points of the first
of two staircases above. As we have mentioned already we will follow the combinatorial methods worked out by
Cristofaro-Gardiner and Kleinman, wherein those authors also add a third staircase.

2 Symplectic, Contact and Holomorphic Structures

The purpose of the first half of this section is to summarize and give the basics of symplectic and contact geometry.
The second half is dedicated to understanding .J-holomorphic curves with relevant references publicized when we
arrive there. The latter half of the story of ECH will be told in Section 3. Primary references for these first two
subsections will be from Wendl’s notes [I0] and the book of Hofer and Zehnder [6]. Throughout, appendix A will be
an invaluable resource.

2.1 Symplectic Geometry

To begin with symplectic geometry we must first define a symplectic vector space.

A real vector space V' of dimension m can be equipped with a skew-symmetric bilinear form which we denote
by Z. From skew-symmetry we may infer Z(v,u) = —E(u,v), Yu,v € V. As E is bilinear E : V x V — R and
define = such that Z(v)(u) = E(v,u). Then, with £ : V — V*, we interest ourselves in Ker Z. In analogy to the
Gram-Schmidt procedure for symmetric bilinear forms we have a “canonical” basis on V' via = (Theorem 1.1, [I1]).
Namely, (u1, ..., Uk, €1, ., €n, f1, .-, [n) i a basis for V such that

!

E(w,u;)) =0forallveV, and i€ {1,...,k},
(eivfj) = (;ga
(61‘76]‘) = E(fi,fj) =0forallije {1, ,’I’L}

[ [

Page 4 of



The Minimal Obstruction Problem 2. SYMPLECTIC, CONTACT AND HOLOMORPHIC STRUCTURES

The skew-symmetric form Z is customarily written in matrix form by

0 0 0][]
[—u—] 0 0 1] |v
0 —1 0f []

The horizontal and vertical vectors are represented on the above basis. From this basis it follows that wq,...u; spans
Ker = and thus when k = 0 (Ker Z = {0}) we have m = 2n. The map = being injective is an algebraic condition that
we impose on = to make (V, =) into a symplectic vector space (Def. 1.3, [I1]). Injectivity is equivalent to bijectivity
in this case by letting a functional ® act on the basis {e;, f;} and then choosing a suitable v such that é(v) = .
By following a procedure like above it is possible to identify (V,Z) any symplectic vector space with the standard
symplectic vector space (R?",Zg). Where on (R?*",Zg), e; = (0, ..., 1,...,0), fi = (0,...,1,...,0) so that =g acts as

i-th slot (n+1)-th slot

10 1
[ 1
The question of determining which matrices preserve this basis is similar to asking which matrices preserve an
orthogonal basis, precisely those orthogonal matrices. We call a matrix A symplectic if

10 1 0 1
el o)
Using this discussion around symplectic vector spaces we can take a 2-form w on an even dimensional manifold and
use it is to define a symplectic manifold. Starting with a smooth manifold M on each tangent space T, M we attach
a skew-symmetric bilinear form w,, a 2-form at the point p. Requiring that @, be injective for each p € M implies
dim M = dim T,M = 2n. The further condition we will impose on w is for it to be closed (dw = 0), which in contrast
to non-degeneracy is a differentiable (or analytical) condition. The non-degeneracy condition, @, = tew, must be
injective Vp € M (v interior multiplication), can be written more compactly as Ker tow = {0}.
We collect these conditions into a definition.

Definition 1. A symplectic manifold is a pair (M,w) with M a 2n-dimensional smooth manifold, and w a 2-form
satisfying the following properties:

1. Closure (dw = 0), and
2. Non-degeneracy, Ker tqw = {0}.

The non-degeneracy condition can be rephrased to give a stronger feeling for its importance. A volume form on
a manifold M is a top-form (degree equal to dim(M)) and is non-vanishing. We have that, w is non-degenerate if
and only if (1/n!)w™ = (1/n)w A -+ Aw (n-times) defines a volume form. With this volume form we are obviously
able to define volume, although a more subtle implication is that every symplectic manifold is orientable.

To see why we obtain a volume form we return to symplectic vector spaces. In general, if we have (V,Z2), (V,
2n-dimensional) with = non-degenerate then from the basis 2=, e; A f, ef, f¥ € V*. The wedge product (A) is
just the pointwise wedge product of the appendix. We care about computing 2" = Z A - -+ A 2 (n-times).

n
=" (ZejAﬁ) = > e AN Nen AFL
7

i distinct

=Y e Aawy A ey Aam)
gESy

as eg) Aoy Ny Noig) = €y NMag) N o N o then

=D ETAfIA NN fr=(n)ef AfT A Neh A
gES,

Implying, (1/n)Z™ = ef A ff A--- Ael A f* which is non-vanishing because {e;, f;} is a basis for V. By taking
E = wp, w a symplectic form, and V = T,M we can smoothly vary the basis to create a frame {e;, f;} and dual
frame {ev,,evy, }. With ev coming from the appendix. Due to the arbitrarily chosen basis this result requires some
scrutiny.

Given two symplectic manifolds we call ¢ a symplectic map between (My,wq) and (Ma,ws) if p*ws = wy. We
call ¢ a symplectomorphism if it is a symplectic map and a diffeomorphism. The following fundamental theorem by
Darboux says that locally symplectic structures are symplectomorphic to a canonical structure.
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The Minimal Obstruction Problem 2. SYMPLECTIC, CONTACT AND HOLOMORPHIC STRUCTURES

Theorem 1 (Darboux, Theorem 1, [6]). Suppose w is a non-degenerate 2-form on a 2n-dimensional manifold M.
Then w 1is closed if and only if at each p € M there is a chart (U, ) = (U, 21, ..., Tn, Y1, -, Yn ), Where @ has co-domain
UcCM, ¢(0)=p and

prw=wy = Zdyi Adz;.
i

One way to think about the significance of this theorem is that a symplectic manifolds can be characterized
by being locally symplectomorphic to (R?",wg). We call, from now on, wy the canonical symplectic form. From
the equivalence between ev and d the exterior derivative we can follow the same argument as above to state that
wy = (32, dy; Adx;)™ = nl(dyy Adzy A --- Ady, Adxy,). As the pullback is linear (¢*w)” = ¢*(w™) = n!(dy: A dzi A
-+« Adyn ANdxy,). A chart on a symplectic manifold then has volume given by

]- * n 1/ —1\* * n 1/ n
— @ (W = — ) @ (W = — w .
d e =g e e =g

In this specific case, ¢ being a symplectic map, there is volume preservation between domain and co-domain of
. Volume preservation implies that the volume of the domain cannot exceed the volume of the codomain for a
symplectic map. The importance of this was already seen in the minimal obstruction problem of the introduction.

Definition 2 (Definition 1.7, [I0]). A symplectic map ¢ is a symplectic embedding between (M7, w;) and (Ma,ws) if
(M) is a symplectic submanifold of (Ms,ws) (a submanifold where restricting wy to ¢(M;) stays non-degenerate).

Equivalently, ¢ is a symplectic embedding when it is a symplectic map and an embedding. From the appendix
we know this means ¢ has differential is everywhere injective and ¢ is a homeomorphism onto its image, as well as
being symplectic. The second of these is vital to defining a topology on the image ¢(M;) from the topology of M.
The notation used to say that there exists a symplectic embedding between (M7,w;) and (Ma,ws) is

My < M.

The existence of a symplectic embedding is a difficult problem in the general case and as was discussed in the
introduction only simple cases in 4 dimensions have been understood fully. As a reminder, the goal of this thesis is
to search for the discrete set of u that solve the problem

E(1, 1) <> B*(n).

The above problem is a minimal obstruction problem because the volume of the domain is equal to the volume of
the codomain.

2.2 Contact Geometry

The twin brother to symplectic geometry is contact geometry. We will require a basic understanding of contact
geometry to define the complex for embedded contact homology. Although it should be remarked that contact
geometry is a tool to be able to define invariants for the symplectic case, the one we really care about for applications.

To begin we introduce a star-shaped domain. These are compact subsets U C R?" with boundary, such that
there exists p € U where the boundary is transverse to the vector field V = (z; — 2;(p))(8/0z;) + (yi — vi(p))(8/Dy;).

By way of example, the disk in the plane R? is a star-shaped domain. The radial vector field centered at the
disk’s origin meets perpendicularly the tangent to the disk’s boundary. Intuitively, this is what transverse means, at
least in R2. At a point on the boundary the space of tangent vectors on R? can be spanned by the tangent vector to
the disk’s boundary and the radial vector field at that point.

Let (M,w) be any symplectic manifold. We say V is a Liouville vector field on (M,w) if Lyw = w, the Lie-
derivative with respect to V preserves w. By Cartan’s formula, Lyw = d(tyw) 4+ tydw = d(1yw) as w is closed. Thus
to show V is a Liouville vector field it amounts to show d(tyw) = w.

A hypersurface, co-dimension 1 submanifold, Y of a symplectic manifold (M, w) is of contact type if it is transverse
to a Liouville vector field. In particular, the standard Liouville vector field is V' = x;0/0z; + y;0/0y; and so the
boundary of a starshaped domain (with p the origin) is a hypersurface of contact type.

Definition 3 (Definition 2.2, [12]). A Liouville domain is a compact symplectic manifold with boundary (M,w),
along with a Liouville vector field V' that points transversally out of the boundary.

Therefore, if (M,w) is a Liouville domain, 9M is of contact type.

Definition 4 (Definition 1.35, [10]). Let Y be a manifold of odd dimension (2n — 1) and let A be a 1-form. Denote,
what will be called, the contact structure on Y by & = Ker . If X is such that A A (dA\)"~! is a volume form on &
then the pair (Y, ), or more commonly (Y &), is a contact manifold.
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The Minimal Obstruction Problem 2. SYMPLECTIC, CONTACT AND HOLOMORPHIC STRUCTURES

For our purposes we will only need to consider contact manifolds as the boundary of symplectic manifolds.
Therefore, in the following let (M,w) be a Liouville domain and (Y = dM, \) a contact manifold where w = dAly.
We are now prompted to consider the flow of the Liouville vector field. Consider generally the general flow of some
vector field X.

Definition 5 (Definition 14.9, [13]). The (local) flow ¢'(x) of a vector field X is defined by the solution to the
following initial value problem

dpt

ZF Xt
dt @7
o =1.

The flow is valid in a local neighbourhood of the origin (—¢,¢), for some small € > 0.

The flow of a vector field in a sufficiently small neighbourhood of zero exists from the Picard-Lindel6f theorem.
Now let ¢}, (z) be the flow of a Liouville vector field V and pick € > 0 small such that the map

Q:(—e,6) xY = M, (t,x)+— ot (x)

is an embedding. We can now readily give a symplectization of Y by R x Y. By symplectization we mean to take a
contact manifold and add additional structure to create a symplectic manifold. There are other symplectization but
we follow Hutchings and Taubes in [I4].

Proposition 1. One symplectization of a contact manifold Y is given by R x Y where the symplectic form is

w = d(etw). This will be proved in the following two steps

1. (p})*w = e'w,
2. &*w = d(e'\), (where A = 3\ has been pulled back to (—e,e) x Y by canonical projection, ).
Proof.

1. We use the derivative formula for the pullback of the flow,

L1 )] = ()" (Lvw) = (#)"w

Assuming (p},)*w = f(t)w then ¢, = 1 = f(0) = 1. By the above relation f'(t) = f(t) = f(t) = e'. So we
arrive at (¢}, )*w = e'w.
2. Note that because w|y = dX and the relationship for w, then tyw|y = A. We will first prove that ®*(Lywly) =
e'A. As @ = ¢!, oy then
" (tywly) = m3(ey)" (tvwly) = 73 (04) " (w(V:)ly)
=7m3(w(V,y) = el (tywly) = elmi = et
Therefore, as d®* (1ywl|y) = ®*d(yw|y) = ®*w we must have ®*w = d(e’A). From now on though we write

instead of A on (—¢,€) x Y. We have a symplectic form d(efA) on (—¢,¢) x Y which we can (smoothly) extend
to the whole of R x Y.

O
Later, when we will explain the ECC (embedded contact complex) this symplectization will be needed. Finally,
for this section we need the definition of a Reeb vector field on a contact manifold.

Definition 6 (Definition 1.40, [10]). Let Y be a contact manifold and A the contact 1-form. A Reeb vector field R
has uniquely determined direction by two properties

dA(R,)) =0 and A(R)=1.

It will turn out that the flows of the Reeb vector field will be very important in defining ECC. Actually, we will
be interested in those closed loops v satisfying ¥ = R-y. Within the context of mechanics these are analogous to the
classical solutions to the action functional. The analogous action function is the symplectic action, namely

A(y) = A N

Via this idea we could interpret ECH as an analogue of a physical theory, which turns out to be almost true through
its relationship to monopole Floer homology. The last homology being a physically realizable theory to do with
counting magnetic monopoles, found as solutions to the Seiberg-Witten equations, see Kronheimer and Mrowka [15].
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The Minimal Obstruction Problem 2. SYMPLECTIC, CONTACT AND HOLOMORPHIC STRUCTURES

2.3 Holomorphic Structures

This subsection will explain J-holomorphic curves and their relation to symplectic topology. Primarily the reference
list consists of lecture notes of Hutchings and Taubes [I6], separately, Wendl [I0], and the book of McDuff and
Salamon [I7], along with other texts being referenced as all the details cannot be included. We are also heavily
supported by appendix B.

The complexification of a vector bundle is the general case of a more specific notion we will encounter again and
again in the forthcoming subsection. It is defined by Ec = EQC = {v®@1+w®i | v,w € E} (page 14, [I8]). This is
the first instance of a complex structure on a vector bundle. A complex structure i is an endomorphism of a bundle

E, mapping the “real” part to “imaginary” part, and vice versa, for which i? = —1. Globally i (or Jsq) is a block
diagonal matrix with all blocks as _01 (1) .

Complex structures naturally arise from complex manifolds. Complex manifolds generalize smooth manifolds M
of even dimension 2n. The extra stipulation on M, being locally biholomorphic (holomorphic diffeomorphsim with
holomorphic inverse) to C™ along with transition maps also being biholomorphic. Let M and N be two complex
manifolds each with induced complex structures on their tangent bundles J, J’. We say u : M — N is holomorphic
if it satisfies the following

duoJ = Jodu. (2.1)

Where du is an overuse of notation as here what is meant is the differential or pushforward of the map u. If
ever du is meant as a 1-form such a situation will be indicated. The other symbol to explain is o which is just the
composition of maps.

Locally this situation can be modelled by M = U C C™ open and N = C™ which cause to turn into the
multidimensional analogue of the Cauchy-Riemann equations.

An almost complex structure J is map from the tangent bundle TM to T M, of a manifold M, which has the
property J2 = —1 and is locally a complex structure. If an almost complex structure is induced by a collection of
holomorphic coordinates then it is called integrable and is equivalent to a complex structure. When J, an almost
complex structure, is attached to TM then (M, J) is called an almost complex manifold. It is a difficult question
to answer whether an almost complex structure is integrable. A special case is for complex dimension 1 manifolds
where all almost complex structures are integrable.

Definition 7. A Riemann surface Y. is a complex manifold of complex dimension 1.

It is then possible to use the induced complex structure j and write the pair (3, j). Presently we give the definition
of a J-holomorphic curve in the particular case of the domain being a Riemann surface (X, j).

Definition 8. A map v from Riemann surface ¥ to an almost complex manifold M with almost complex structure
J must satisfy the non-linear partial differential equation

duoj=Jodu,
to be called a J-holomorphic curve.

One object on bundles we make use of is called a bundle metric (,) on E. That being a smooth fiberwise inner
product on a vector bundle E over a manifold M. A bundle metric on a complex vector bundle is called Hermitian
if the inner product on each fiber is complex linear in the first entry and anti-complex linear in the second.

Let (M,w) be a symplectic 4 dimensional manifold with an almost complex structure J on its tangent bundle.
We say J is w-tame if w(v,JJv) > 0 for all v # 0. We also say J is w-compatible if w(-,J-) = g(-,-) defines a (not
necessarily symmetric) Riemannian metric on TM. All compatible almost complex structures are tame but the
opposite is not true, unless J is also w invariant i.e. w(J+,J-) = w(+,-). Note that a Riemannian metric is an example
of a bundle metric on the tangent bundle. A (smooth) manifold with a Riemannian metric is called a Riemannian
manifold, distinct from a Riemann surface.

A Riemannian metric g induces a vector bundle isomorphism between T'M and T*M. In Calculus we have
encountered the gradient vector field and we define a similar object by being the unique vector field to satisfy
g(gradf,-) = df.

With the pull-back already defined for forms it is also possible to define pullbacks on any vector bundle and
construct the pull-back bundle. If f : N — M is a smooth map of manifolds and we have E = M, with trivializations
{¢} with trivial covering {U}, then f*E is the pull-back bundle with trivializations {f*¢} and trivial covering
{f~Y(U)}. Specifically, we will need the pullback bundle u*T'M of the tangent bundle T'M over M by a J-holomorphic
curve, u : (X,7) = (M, J). Note that «*T'M is a bundle over X.

We define what it means to be a connection on the tangent bundle, the more general definition appears in the
appendix B.1.
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The Minimal Obstruction Problem 2. SYMPLECTIC, CONTACT AND HOLOMORPHIC STRUCTURES

Definition 9. A (Koszul) connection (V on TM) is a bilinear map from X (M) x X (M) to X (M) that satisfies the
following two properties:

Vx(hY) = h(VxY) + Y (dh(X)), Leibnitz rule
thy = h(VXY) Cm—lincar

Where h € C*°(M) and X,Y € X(M).

A connection V is called symmetric if M has Riemannian metric g and if VxY — Vy X = [X,Y] ([_, ] the
commutator bracket for vector fields). On a Riemannian manifold, M, there exists the fundamental Levi-Cita
connection. This connection is symmetric and defined on a orthogonal frame {ey,...,e,} of TM (guaranteed by g)
as such

Ve, €5 = Ffjek.

The symbols Ffj are called the Christoffel symbols and symmetry implies Ffj = F?i forall 1 <4,5,k <n.

We want to be able to know more about the properties of J-holomorphic curves through analysis techniques of
non-linear PDEs. We intend to work in a subspace of smooth maps between a Riemann surface (3, j) and some
yet to be determined symplectic manifold (M, J). This subspace contains those smooth maps that will satisfy a
non-linear PDE for which the homogeneous solutions will be J-holomorphic curves.

For now though we focus on a general complex vector bundle (E, J) of complex rank n. This vector bundle admits
a holomorphic structure if ¥ has an open covering {U,} with complex-linear trivializations Ey_, — U, x C"™ whose
transition maps are holomorphic. These transition maps are defined on open sets of ¥ and map into GL(n,C). (2.4,

[101)
For a smooth function f € C*°(%,C) = C*°(X) we have

0: f s df +idf oj, (2.2)
d: f > df —idf oj.

We call f holomorphic if 9f = 0 (and anti-holomorphic if 9f = 0). To make sense of this formula it would be prudent
to take s + it complex coordinates on Y. We have j acting by

7] 0 .0 0

Tos ot ot T " os
Then evaluate df by the argument 9/ds to obtain,
of of

s ot
With 9/0t as argument the result is similar. Then stipulating that df = 0 results again in the Cauchy-Riemann
equations. There is an implicit complex anti-linearity happening in evaluating so defining the following map makes
sense B
0:C*(¥) —» I'(Hom(T%,C)).

The codomain is I'(Hom(7'%, C)), smooth sections of complex anti-linear maps from 7% to C.
If (E,J) has a holomorphic-structure, then define
9:T(E) — I'(Hom(T%, E)),
s+ ds+ Jodsoj.
This is in analogy to extending real valued differential k-forms to E-valued k-forms. Define s € T'(F) to be holo-

morphic if ds = 0, where an overuse of notation happens again as ds is the pushforward of s. The eventual application
is for £ = w*T'M the pullback of the tangent bundle over M, a bundle over 3.

The following will be a sharp spike in difficultly, it is then advisable to step back and explain where we are going.
The purpose of introducing J-holomorphic curves is due to them being one half of the story of ECH. The other
half coming from contact geometry. The essence of the following is to take a top-down approach to understand the
space in which J-holomorphic curves reside. Although inherently infinite dimensional our goal will be is to realize
this space as a finite dimensional smooth manifold. The dimension of which will follow, in part, from Riemann-Roch
which we will encounter soon. This finite number will then be restricted further until the point at which the space
becomes discrete.
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The Minimal Obstruction Problem 2. SYMPLECTIC, CONTACT AND HOLOMORPHIC STRUCTURES

Define the non-linear operator acting on a smooth function u from (3, j) to (M, J) by dju:=du+Joduoj. We
care about J-holomorphic maps u so that we ask for these maps to satisfy 0 ;u = 0, homogeneous solutions. These
homogeneous solutions will be a subspace with extra conditions

My ={uecCS,M)|du=08& ...} cd, ({0}).

Where ... are a replacement for extra conditions to be investigated soon. This will be the basis for the moduli-space
of J-holomorphic curves.

Theorem 2. The map 0; is a smooth section of the bundle € I, B. Where B := C>*(X,M) and & has fibers
7 Y u) = & = I'(Hom(TX,u*TM)). Furthermore, the linearization, at a particular u, of this section is a map
which acts onn € T'(w*TM) by

DA j(u)np=Dyn=Vn+Ju)oVnoj+ (V,J)duo j.

The linearization contains some important terms, 1. V is a connection chosen on the manifold M, and the
linearization is independent of this connection. 2. The symbol J(u) is the pullback of the almost complex structure
to w*TM. 3. We are able to talk about (V,J) as connections have a defined action on (1, 1)-tensors, of which J is
an example. For information about linearization and the section 0 itself see appendix B.3. Now to explain what
this theorem is stating.

We start with a smooth curve v : ¥ — M so that v € B. Then we pre-image by 7 and obtain the fiber
7~ Y(u) = &,. This fiber is now the smooth sections of another bundle namely the bundle Hom (7>, u*T M) over
3. Sections of £ over B are maps taking smooth functions from ¥ to M to complex anti-linear maps, from T to
w*TM. Tt is the case that J; is a well-defined section of our bundle, where smoothness is implied by smoothness of
J, as a map from TM to T M.

The technicalities of this theorem appear in the space B and the bundle £. Both should be complete but as of now
are not. Actually they need to be, the for now mysterious, Banach manifold and Banach space bundle, respectively.
The reason why is, in part, the want to apply the infinite dimensional analogue of the inverse function theorem. This
problem is solved via Sobolev completions. In the following, W*P?(Q) is the Sobolev completion of 2. Where k is
the class of differentiability and p references the space of L,-integrable functions, see appendix B.4.

The following are the truer elements of this theorem

BEP = WhP (S, M) (base-space)
gh-trp (total-space)
EFLP = WhLP (Home (TS, w* TM)) (fibers)

The smooth section B
Dy BEP 5 1Py s du+ Joduo j,

(page 102, [10]). Where smoothness persists due to J being smooth. A map B¥? — £¥=1P  decreases the class of
differentiability by 1, which makes sense because of the way 0 acts.

Fact: 5;1({0}) is independent of k and p. This follows from the space of solutions having a C* topology that
is equivalent to a W*P topology under conditions of elliptic regularity (page 99 and Section 2.5, [10]). It is possible
through the inverse function theorem on Banach manifolds to carry out the linearization from the appendix. Thus,

for u € 9, ({0})

D, : WEP(u*TM) — W* 1P (Home (TS, u*TM)),
nVn+J(u)oVnoj+ (VyJ)duoj.

Where again an arbitrary connection V on M has been chosen.

This map is identical to D3 (u) (the linearized map) under C> being dense in W*. If D, has a bounded right
inverse and is surjective then Ker (D,) is finite dimensional. Surjectivity is necessary for transverse intersections
with the zero section, and also implies that the Coker (D,,) := Y/Im(D,) has dimension 0. Via the linearization we

may obtain a local understanding of the set 3;1({0}) (and restrictions upon it) from Ker (D,). Thus studying the
kernel of these operators imply local properties on the moduli space of J-holomorphic curves.

An operator D : X — Y of Banach spaces X, Y is said to be a Fredholm operator if Ker (D) and Coker (D) :=
Y/Im(D) are finite dimensional. In general, the index of a Fredholm operator (called the Fredholm index) is defined
by (page 103, [10])

ind (D) := dim Ker(D) — dim Coker(D).
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We will need the Chern number associated to a 2-cycle in the following theorem. If M is a symplectic manifold
and A € Hy(M) and ¢;(F) the first Chern class on a vector bundle E over M, appendix B.1. Then,

c1(A) = (e1(B), A) = /M c1(E) A PD(A)

where PD stands for the (homological) Poincaré dual of appendix B.2.

We now state the promised theorem, Riemann-Roch. The importance of this theorem, along with Fredholm
theory, is in allowing the step from infinite dimensional to finite dimensional moduli spaces. Thus, everything that
follows about reducing the dimension of the moduli space is only possible because of consequences of Riemann-Roch.

Theorem 3 (Riemann-Roch, Theorem 3.2.2, [I0]). Let (%, ) be a Riemann surface and (M, J) an almost complex
manifold of dimension 2n. For any u € 5‘;1({0}), Dy is a Fredholm operator with index

ind (Dy) = nx(X) + 2{c1 (TM), [u]).

Where [u] := u.[¥] € Ho(M), c1(TM) € H*(M) is the first Chern class of the complex vector bundle (T M, J) and
X(X) is the Euler characteristic of 2.

From surjectivity ind(D,) = dim Ker(D,,), appropriate as this index will come to be the local dimension of the
moduli space of J-holomorphic curves.

2.4 Further Properties of J-holomorphic Curves

This leads us on to defining further properties of J-holomorphic curves with the direction of portraying the relevance
of the embedded quantifier in “embedded contact homology” (ECH).

We will first need more properties of J-holomorphic curves. We will now put extra conditions on our Riemann
surface (%, j), those being closed, oriented and connected whereas keeping (M, J), an almost complex manifold, the
same.

We say that a J-holomorphic curve u is multiply covered if it factors through a branched covering map with
degree strictly greater than 1. Such a (continuous) map is ¢ : ¥ — ¥/ with (X', j’) a distinct closed, oriented and
connected Riemann surface. By factors through we mean that there exists a J-holomorphic curve v’ : ¥’ — M such
that

u=1uop.

The degree of a branched covering is an integer deg(p) € Z with ¢.[3] = deg(¢)[X']. Here [X] denotes the fundamental
class of the surface X.

Branch covers of Riemann surfaces may be characterized as follows. It is a fact that deg(y) > 0, so begin with
deg(yp) = 0 which occurs if and only if ¢ is constant. The case deg(y) = 1 happens if and only if ¢ is a biholomorphism.
Finally the situation deg(y) > 2 arises if and only if ¢ is locally a covering map of degree k € {2,...,deg(p)}, (2.14,
[1a)).

There is a more general theory to do with ramification points that we are unable to achieve in this thesis and so
instead leave a reference for further reading [19].

We repeat a result from the appendix here for convenience as it will be used in a moment.

Corollary 1 (Corollary 2.59, [10]). If u: X — M is smooth and J-holomorphic and not constant then
Crit(u) :== {z € £ | du(z) = 0}
contains at most a countable number of points.

If w is not multiply covered then it is called simple. If u is a simple curve then u is somewhere injective, meaning
there exists z € ¥ such that

u ' ({u(2)}) = {2z} and du(z) #0.

This follows from Proposition 2.5.1 of McDuff and Salamon [I7]. A non-trivial fact is that the implication holds the
other way, (Theorem 2.117, [I0]). Furthermore, it closely follows from Corollary 1 that if u is somewhere injective
then it is almost everywhere injective. By almost everywhere it is meant that the complement to the set of somewhere
injective points is of negligible measure, which is in this case says the set is at most countable.

Let uw and u' be two J-holomorphic curves from closed connected Riemann surfaces (X, 5), (X', j') respectively.
We call © and v’ equivalent if there exists an associated biholomorphism ¢ : ¥’ — ¥ such that

uogp=u.
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These should naturally be called the same curve due to images in (M, J) having the same structure which in essence
is what we care about for applications. Let A € Hy(M) determined by u ([u] := us[X] = A) and g be a chosen
integer genus. Then define (Def. 4.1, [10]) the moduli space of J-holomorphic curves to be

MQ(A7J) = {(21.77 U)}/ ~

with (X, 7) any closed connected Riemann surface of genus g. The equivalence relation u ~ ' holds precisely when
there exists a biholomorphism as above between u and u’.

The moduli space My(A,J) is not a manifold but a more general object called an orbifold, not defined here.
Orbifolds have a type of “expected” dimension or virtual dimension which can be interpreted as a Fredholm index.
Indeed the Fredholm index of our earlier linearized operator, sufficiently adjusted for the situation at hand, which
accounts for a correction term. In our case (Def. 4.2, [10])

ind(u) := vir-dim My(A, J) = (n —3)(2 — 29) + 2¢1(A) = (n — 3)x(X) + 2¢1(A)

having substituted x (%) for 2—2g. This formula is remarkably similar to the Fredholm index through Riemann-Roch.
Under further assumptions on u, Fredholm regularity, we can say that the moduli space near u is a smooth manifold
of dimension equal to ind(u) (Theorem 4.43, [10]), proved using Riemann-Roch.

We also require the notion of intersection of distinct J-holomorphic curves and self-intersections of a curve u
with itself. Given are (2o, X1, X2) three oriented Riemann surfaces with J-holomorphic curves u; (let u := ug),
u; : 2; — M. We denote the intersection number of u; and us as

5(U1,UQ) = #{(21722) S EO X 21 | Ul(Zl) = UQ(ZQ)}

and the self-intersection number of u as
1
8(u) = 5#{(21,22) eEX XY | ul(z1) =u(z2), 21 # 22}

These numbers are finite in the cases where the disjoint union w; U uy is a simple curve, in the first, and when u
is a simple curve, in the second. The following results are exclusively for 4-dimensions and so we set dim M = 4,
(page 605, appendix E.1, [I7]). Distinct points (z1, 22), (21 # 22) give rise to x if u(z1) = u(z2) = x, we call these z
non-injective points of u.

Positivity of intersections (Theorem 2.6.3, [I7]) is a result first noticed by Gromov and then later proved by
Gromov and McDuft. It gives a lower bound (§(u1,u2)) on the intersections of homology classes Ay and Ay € Ho(M)
represented by u; and us, respectively. The following theorem formalizes a second result that will be of great use to
us, the adjunction inequality.

Theorem 4 (Theorem 2.6.4, [I7]). Let (M,J) be an almost complex 4 dimensional manifold and (X,7) a closed
Riemann surface (connected or not) and u : X — M a simple J-holomorphic curve. Denote by A € Ho(M,; Z the
homology class represented by u. Under these circumstances

26(u) < A-A—c1(4) + x(2),

where equality holds precisely when the intersections are transverse. To wit, for any x, a non-injective point of u for
21 # 22, the pushforward of tangent spaces u. T, % and u.T,,%¥ have direct sum T M.

The term A - A is the homological intersection number of A with itself, see appendix B.2. The inequality becomes
a formula in the case when the intersections are transverse. A corollary of McDuff follows swiftly,

Corollary 2 (Corollary E.1.7, [I7]). Let M, ¥, u and A, be as in the previous theorem, thereupon
0>A-A—ci(A)+x(2)
with equality precisely when u is an embedded J-holomorphic curve.
To make sweeping analogues later it will be best to define the index
I(A):=c1(A)+ A- A,

for A € Hy(M). When discussing A represented by a J-holomorphic curve, A will be replaced by [u] and I(u) :=
I([u]). For now the significance of the index is the following. Applying n = 3 to the definition of ind(u) we obtain

ind(u) = —x(X) 4 2¢1 ([u]).

*The homology of 2-cycles under integer coefficients, the universal coefficient theorem (Section 2 Theorem 8, [20]) that makes this
equivalent to the homology of 2-cycles with real coefficients.
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Along with the adjunction formula (assuming transverse intersections) we have
ind(u) = I(u) — 26(u).

We would like to investigate the implications of this formula, when imposing conditions on u. Necessarily u must
be a simple J-holomorphic so that §(u) < co. If now we impose a further condition that I(u) = 0 then d(u) must be
negative or zero. The situation of negative self-intersections is rich in connections with algebraic geometry that we
do not investigate here, see [2I] for more information. Alternatively, when §(u) = 0 then two things happen, 1. the
dimension of the moduli space is locally 0 and 2. u is embedded. This is of special interest as it allows for counts to
be computed. Before discussing these counts we need to understand compactness results.

A measurement on J-holomorphic curves is called the energy defined by,

B(u) = /Z ww.

We would like to restrict to those curves with uniformly bounded energy. This bound leads to compactness results
in moduli spaces and to well-defined counts. What is being counted are curves with index I(u) = 0, which after
considering the multiply covered case implies that the space of interest is 0-dimensional. The result in question,
stated imprecisely, is the following

Theorem 5 (Gromov, [2]). The moduli space of curves of energy bounded by some constant E (modulo reparamet-
rization) can be compactified by adding in stable curves of total energy bounded by E.

The stable curves mentioned are part of an effect called bubbling. By identifying C with modulus 1 complex
numbers we can form the Riemann sphere CP!. By addition of enough bubbles (CP') to the domain of a sequence
of J-holomorphic curves, unwanted behaviour from reparametrization can be controlled. The consequence of adding
bubbles produces stable curves.

Taubes, in defining his Gromov-Witten invariant [22], also counted index 0. However, no longer counting J-
holomorphic curves, but instead J-holomorphic currents. A J-holomorphic current is U = {(ug, d)} a collection of
J-holomorphic curves uy each with their own multiplicity di. The corresponding compactness result is for spaces of
J-holomorphic currents.

Note: the energy of a current E(U) = [U*w =Y, dpE(uy).

Theorem 6 (Section 2.4, [16]). Let (M,w) be a compact symplectic 4 dimensional manifold, possibly with boundary,
and let J be an w-compatible almost complex structure. Let {U,}n>1 be a sequence of J-holomorphic currents
(possibly with boundary in OM ) such that fu;w has an n-independent upper bound. Then there is a subsequence
which converges as a current and as a point set to a J-holomorphic current U C M (possibly with boundary).

There are two types of convergence in the theorem, firstly by converging as a current it is meant that for any
2-form 7, lim,, oo [Uin = [U*n. To converge as a point set means to converge in the following metric defined on
compact subsets of C,Cy C M,

d(C1,C3) = sup inf d(x,y) — sup inf d(z,y),
(C1,C2) sup il (z,y) yegz nf (z,y)
(pages 22-23, [16]).

The purpose of giving this theorem is that later we will work with the classification of low (ECH) index curves.
The low index will imply independence from multiply covered curves and the theorem has the consequence of finite
moduli space.

3 Morse and (Embedded) Contact Homologies

This section will outline Morse and Contact homologies, along with explaining the inner workings of ECH to a
reasonable degree of detail. Finally, the ECH spectrum and capacities will be defined as well as finding the ECH
capacities associated to ellipsoids.

3.1 Morse Theory

To give motivation for defining a homology via counts we divert our attention to the elegant subject of Morse Theory.
The sequel is based on the notes of Rubermann [23].

Definition 10 (Definition 1.1, [23]). A Morse function on a smooth Riemannian manifold (M, g) isamap f : M — R
such that the only critical points of f are non-degenerate.
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By critical points we mean those p such that df, = 0, where p is non-degenerate if Hess,(f) is invertible. The
Hessian is defined for the Levi-Cita connection V by Hess(f)(X,Y) = g(Vxgrad(f),Y). The Hessian is self-adjoint
and thus has real spectrum. With this spectrum we can define the dimension of the negative eigenspaces, denoted
ind,(f) for index of f at p, which will correspond to local maxima. We will assume that f is self-indexing, meaning
for p, ¢ € Crit(f), it is the case that ind,(f) > ind,(f) implies f(p) > f(g). We write p > ¢ when ind,(f) > ind,(f)
and p, q € Crit(f). We need to study the downward flow, those v : R — M such that

¥(t) = —grad, ) [. (3.1)

The reason why we choose the downward flow is because these v decreases the index and we care about positive
difference of index “ind”.

Define the moduli space M(p, q) for p, q € Crit(f) to be solutions to such that

Jm y(t)=p & lim (1) =g
As f decreases along flow lines this space is empty save for f(p) > f(q).

By generic choice of metric g it is possible to guarantee the Morse-Smale transversality property: M(p,q) is a
smooth manifold of dimension ind,(f) — ind,(f), for p = ¢ € Crit(f). A way to think about this is the intersection
of the descending space at p with the ascending space at q.

By reparametrizing by elements of R, an R-action is induced on M(p, ¢), thus we would like to consider curves
to be the same under this reparametrization, so form M(p, q) = M(p, q)/R.

Choosing an arbitrary orientation on the negative eigenspaces of the Hessian at p orients M(p, q) and M(p, q)-
Specifically, we can count M(p, q) when the moduli space is (compact) oriented and of dimension 0, which necessarily
requires ind,(f) = indy(f) + 1. The count is with signs, giving #./\}l(p7 q) € Z (those signs given by the way the
ascending and descending spaces intersect).

Critical points will be generators for the chain complex. Let (p) denote the generator p € Crit(f). The group
Ci(M, f) is a freely generated Z-module on the generators with ind,(f) = k. The differential 0 associated to the
chain complex takes as coefficients, (9(p), (q)) = #M(p,q), for ¢ such that ind,(f) =k — 1.

A slightly different, but equivalent construction, is given by Milnor in his paper on the h-cobordism theorem [24].
In which the Morse complex is proved to be isomorphic to a cellular complex from the CW decomposition of M with
Morse function f. This cellular complex has 92 = 0, thus it makes sense to discuss Morse Homology. A direct proof
is non-trivial and was given by Schwarz in [25].

The purpose of this discussion is to form a basic feeling for how a Morse type homology or more generally a Floer
type homology can be constructed and the philosophy behind such a construction.

This idea is to define a Morse theory or more generally a Floer theory through counting the number of points in
a 0-dimensional smooth compact manifold. Our goal will be to verify that we are indeed counting over the “correct
space” and then form a differential around that count, so that the embedded contact complex can be defined.

3.2 Contact Homology

Firstly, we need to investigative an aspect of contact type homology, in which we rely on notation and definitions in
a brief sketch [26] and a more in depth introduction [27].

Let Y be a closed oriented 3-manifold, with contact 1-form A such that A A dA > 0 (X is non-degenerate). A
contact structure is the oriented 2-plane field £ = Ker(A) a sub-bundle of TY'.

As defined in Section 2, a Reeb vector field is the vector field R that has uniquely determined direction by
dA(R,-) =0 and A(R) = 1. The flow of the Reeb vector field can have additional requirements making the flow into
a Reeb orbit. These orbits exist in dimension 3 due to the proof of the Weinstein conjecture by Taubes [28]. A Reeb
orbit is a closed orbit of the Reeb vector field i.e. (modulo reparametrization)

v:R/TZ =Y, T >0 satisfying +(t) = R(y(t)).

With homology class [v] := v*[R/TZ] € H,(Y).
We can define a symplectic map (preserving dA) on v*¢ through the linearized return map, namely

Wy = d(or)yle, 1 &y — &y

Where ¢ denotes the flow of the Reeb vector field and y € Im(y). It is necessary to state that the eigenvalues of U,
are independent of point y. If ¥, has all real eigenvalues then <y is called hyperbolic. Otherwise, « is called elliptic.
The action functional is defined by

A:COC(Sl,Y)—HR:'yH/)\.
v
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From Lemma 1 of [27] we have that all the critical points of the action functional precisely correspond to Reeb
orbits. The general idea is to define a Morse theory, more commonly Floer theory, for this “morse function”. As in
Morse theory we need to study the Hessian of A at critical points which correspond to the linearized Reeb flow ¥,
near a periodic orbit. A closed Reeb orbit is called non-degenerate if ., has no eigenvalue equal to 1. This means
that 7 is non-degenerate precisely when + is a non-degenerate critical point of .4, modulo reparametrization. We will
need that all our critical points are non-degenerate so we give the following lemma.

Lemma 1 (Lemma 2, [27]). For any contact structure § on M there exists a contact form X for £ such that all the
closed orbits of R are non-degenerate.

The significant implication is that we may now choose a generic A, for which all Reeb orbits are non-degenerate, to
define our contact homology. Let v be a non-degenerate closed Reeb orbit of period T'. Fix a symplectic trivilization
7 for £ along ﬂ A path @, & — &pu(p) (t € [0,T]), is represented by a path of symplectic matrices W, with
U, (0) =1 and det(¥.(T) — 1) # 0. A number t € [0,T] is called a crossing if det(¥.(¢) — 1) = 0. Denote the kernel
by E; = Ker(¥,(t) — 1) and the set of crossings by Cross,. A crossing form I'(¥,,t) is a quadractic form on E;
defined by

(T, t)v = d\(v, U.,v), for v € E;.

A quadratic form can be orthogonally diagonalized (originally due to Jacobi) giving a diagonal matrix of 1s, -1s
and Os. A quadratic form is non-degenerate when there are no 0s on the diagonal, and a crossing t is called regular
when this occurs. The signature is an invariant for quadratic forms (by Sylvester’s law of inertia) and is defined by
(no,n—,n4) the number of 0s, -1s, and 1s respectively. The signature sign of a non-degenerate quadractic forms will
correspond to the number n,. Now if the path 1, has regular crossings it is possible to define:

1
CZy (7) 1= CZy (W) = sign T(¥,,0) + > sign (W, 1),
teCross\{0}

The above definition turns out to be invariant under homotopy, proved by Robbin and Salamon (Lem. 3, [27]). S
under a small perturbation U that has only regular crossings, ¥ and ¥ have the same index. This can always be
arranged and we call CZ, (V) the Conley-Zehnder index, (Def. 4, [27]) .

Example 3.1[Section 2.3, [26]]
Consider the boundary of the ellipsoid dF(a,b) with a,b > 0 , real numbers, a/b irrational. Naturally, as ¥ =
OFE(a,b) C C? there exists coordinates z; = x; + iy;, j = 1,2 and contact form

2
1
=5 > (wjdy; — yjda;).
Jj=1

The Reeb vector field is
a 99 b 96y
where 0/00; = x;0/0y; — y,;0/0x;, for j =1,2.
We need to check that A(R) = 1 and dA(R,-) = 0. Start with the normalization,

AR) = 25 (@2 4 ) + 2X (a2 4 42) =

|z |? n 7|29/
2a 2b

=1
b

With the last equality following from the condition on Y = 9(FE(a,b)). For the second condition of Reeb vector
fields,

2T
—(z1dxy +yrdyr) +

dNR,) = 3

o ™ m L (7l | 7zl
= (zod dy2) = —d(|21*) + —=d(|22|*) = =d =0.
o (aadoa + yadn) = (1) + o) = g (T2E 4 7

Which uses the same condition again and follows from d applied to a constant being zero.
As a/b is irrational there are precisely two closed Reeb orbits, both are circles. Begin by parametrizing one closed

Reeb orbit by
~(t) = (v a/mexp(2mit/a),0), t € [0,al.

The contact structure along vy, v*&, is spanned by the vectors fields associated to the other angle, 3/dx4 and 0/dys,
for all ¢ € [0,a]. This is one example of a symplectic trivialization 7 of £ along v mentioned earlier. Although not

TThis trivilization is an isomorphism between v*¢ and [0,1] x R?, 7 : (t,v) — 7¢(v) where (y o 7)*d\ = wp the canonical symplectic
form on R2. For a more general and insightful definition, see page 83 of [29]
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obligatory to the context we calculate the action of 7. By the parametrization,

a 1 a
A(’Y):/A:/ YA= 5/ Y (zrdyr — y1day)
¥ 0 0
a a

2
= — [ (cos(27t/a)d(sin(27t/a)) — sin(27t/a)d(cos(27t/a))) = i/ it = a.
2r Jo 2r Jo a
Continuing with the example at hand, the linearized Reeb flow di; : &0y — &) is given by a rotation of 27t/b.

This rotation which has eigenvalue ¢t whenever ¢ is an integer multiple of . Thus,

Crossy, ={lb |l € Z,lb € [0,a]}

and #Cross, = |a/b] + 1. Again as a/b is irrational, a is not a crossing. Furthermore, v is a non-degenerate
closed Reeb orbit, as are all of its covers e.g. the k-th cover of v is ¥ = v+ --- + v (k-times). We calculate the
Conley-Zehnder index of v through the quadratic form I'(¥,t), with ¢ € Cross,. Given t € Cross, with ¥,(0) =1,
we have

. 2w |—sin(27t/b) — cos(2wt/b) . _

U, (t) = > { cos(2mt/b)  — sin(2rt/b) (reminder ¢ = Ib, for some [)
2r {O —1} _ 2m

b 1 0 - ?Jstda

Jsta the standard almost complex structure in 2-dimensions. Then we have the standard euclidean bundle metric
(up to scale factor) for our quadractic form. As dA|¢ ,, = dza A dya

. 2 2
dA(v, ¥v) = %dxg A dys (v, Jstav) = %<U7U>std7 for every v € E;.
Therefore the signature must be 2 (counting the necessarily two 1s on the diagonal) for all crossings t € Cross,. The
Conley-Zehnder index with respect to the trivialization 7 is now

CZ (V) =1+ Y 2= 2{% +1.
t €Cross\{0}

This example is not only important to our needs but is the usual situation for computing the Conley-Zehnder
index. Indeed, there commonly exists a rotation angle 6 of the linearized Reeb orbit around  with respect to a
trivialization 7. This § appears inside the floor function, upon replacing a/b. A final remark, the Conley-Zehnder
index acting over a k-fold cover ¥ is multiplicative with the multiplicity appearing inside the floor argument. What
will come to be so important is that formulas we will explain will not depend on the trivialization. This will mean
that invariants can be defined. The explanation to introduce this “primary” contact homology is not a substitute for
Hutching’s embedded contact homology which we will get to very soon.

3.3 Embedded Chain Complex

In the continuation, we will assume everything as we have for the previous subsection, Y a closed oriented contact 3
dimensional manifold with A a non-degenerate contact 1-form. The Floer theory in ECH is dependent on generators
of the embedded chain complex, which are initially called orbit sets o = {(a;,m;)}. Orbit sets are finite sets of pairs
«; a Reeb orbit with a natural number multiplicity m;, where the orbits are distinct. The orbits sets are generators
if m; = 1 whenever «; is hyperbolic. The action functional now becomes

A(a)—Zmi/ai/\.

From the linearity of the sum, we observe that the critical points correspond to the orbits sets. Furthermore, we fix
a homology class in Y, I' € H;(Y') for which the generators must satisfy the identity ). m;[a;] = T'. The [o;] terms
signify the class of all those maps that homotopically equivalent to «;, otherwise known as the homology class of «;.
As in Morse theory we need to construct “flow-lines” between critical points. These will be, sufficiently restricted,
J-holomorphic curves.

However, this is merely the set up we need to discuss how to create the chain complex ECC(Y,\,T’), how the
differential O is defined and how to attack defining the ECH capacities.

To begin with we will need more background. Firstly, this is not the right environment for defining J-holomorphic
curves thus we must take a symplectization of Y. As was done in Section 2 we take Rs X Y (s is the R-coordinate)
as our 4 dimensional manifold with symplectic form w = d(e®)). As a reminder on Y we have the Reeb vector field
R, with direction uniquely determined by A(R) =1 and dA(R,-) = 0, and the contact structure £ = Ker(\).
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Definition 11. We call, the almost complex structure, J symplectization-admissible if
> J(0/0s) = R,

> J(&) = £ and J rotates £ positively i.e. dA\(v, Jv) >0, v € &,

> J is R-invariant.

The space of symplectization-admissible almost complex structures is contractible and depends on the contact
structure £. We fix such a symplectization-admissible J that is w-compatible, with w as above.

If, v is an embedded Reeb orbit, then, R x 7 is an embedded J-holomorphic curve in R x Y. These curves will
be called trivial cylinders and come to play and important role when decomposing J-holomorphic curves.

Consider J-holomorphic curves u : (X,7) — (R x Y, J), (X,7) a compact Riemann surface with finitely many
points removed, called punctures. We make sure to identify u with u’ that are parametrized by a biholomorphism
¢, u =u o ¢, as before.

Let v be a, possibly multiply covered, Reeb orbit then u has a positive end at v when: there exists a neighbourhood
of a puncture with coordinates (o,7) € (R/TZ) x [0,00), j(9/0c) = 8/07, such that

lim mg(u(o, 7)) =00, & lim ma(u(o,-)) = 1.

o—00 o—00
A negative end is defined similarly but with lim,_,_.,. We assume that all punctures correspond to positive or
negative ends. This is the similarity to Morse theory where the flow lines between critical points of a function
have become J-holomorphic curves between sets of Reeb orbits. The Reeb orbits are critical points of the action
functional, in analogy to a morse function, and instead of the downward gradient flow we require u to satisfy the
J-holomorphic PDE, duo j = J o du. This is the culmination of one factor this thesis has attempted to achieve. The
following will now be analogy to previous work.

With parallel in the discussion of dimension of moduli spaces of J-holomorphic curves, Section 2, we also define
an index that turns out to be a dimension. Let J be generic and u a somewhere-injective J-holomorphic curve in
R x Y with positive ends at Reeb orbits =1, ..., 7, and negative ends at Reeb orbits 4y, ..., d,,. Then the moduli space
of J-holomorphic curves near u is a manifold of dimension:

ind(w) = —x(2) + 20 (W€, )+ 3 CZe() = 3 CZe(6))

There are some terms to explain here. As before x(X) is the Euler characteristic of the domain of u. The second term
on the right hand side is analogous to the first Chern class, called the relative first Chern class. Relative because it
is with respect to the symplectic trivialization 7 on the complex dimension 1 bundle u*¢. It is defined by counting
the zeroes (with sign) of a generic section 9, of u*¢, which is non-vanishing at the ends and constant with respect to
the chosen trivialization. The relative first Chern class is elaborated on page 9 of [30]. The Conley-Zehnder term,
the third term, will denoted by CZiTnd (v,6), with v = (71, ..., Ym) and 6 = (41, ..., 6, ) ordered lists of Reeb orbits.

It turns out that even though each term in the formula for “ind” is dependent on the trivialization 7, “ind” itself
is independent.

Given are orbit sets a = {(a;,m;)} and = {(5;,n,)}. We can define M(a, ) as the set of somewhere-injective
J-holomorphic curves in R x Y with positive ends @ and negative ends 5. As a quick aside, only important for later,
as J has been chosen to be R-invariant the set M(«, 3) will have an R action, translation by some real number s.

Upon assuming u was a somewhere-injective curve we had

c1(A) =x(3)+A-A—26(u).
To analogize, we pick u € M(«, 8). Now we will have a relative adjunction formula (which picks up a new term)
a1 (u'E,7) = x(2) + Qr(u) + wr(u) — 26(u).

Appearing again are the trivialization 7 of £ over Reeb orbits a; and 3;. There again is the relative first Chern
class. By the work of Seifring [31] the self intersection number §(u) is still defined and finite in the symplectization
case.

The analogue term to A - A is @, (u), but instead of representing classes in singular homology we will need to
determine representatives of a relative singular homology. That homology which we desribe now.

Given ECH generators o = {(a;,m;)} and 3 = {(5;,n;)} the following identity must hold

Zmi[ai] = Zna‘[ﬂj] € Hi(Y)
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for there to exist J-holomorphic curves between o and 3. As before we denote this class by T'.

Denote by Ha(Y,a, ) the set of two-chains Z in Y such that 0Z = 37, n;ei] — >~ m;[B;] where we modulo by
the equivalence relation Z ~ Z', [Z — Z'] = 0 € Hy(Y). Relative thus refers to the dependence on the generators
a and 8. Under translating an element Z in Hy(Y,a, 8) by an element W in Hy(Y) to produce W + Z, we find
that there is no change in the differential. Indeed, (W + Z) = OW 4+ 0Z = 0+ 0Z = 90Z. This is what it means
for Hy(Y, a, B) to be an affine space over Ho(Y'). By construction every J-holomorphic curve u € M(«, 8) defines a
class [u] € Ho(Y, , B).

Given is Z € Hy(Y, «, ) for which we would like to compute the relative intersection pairing Q,(Z) € Z. We
represent classes by embedded oriented surfaces and count (with sign) the number of intersection points between the
representing surfaces. In the symplectization case we choose two embedded, save at the boundary, oriented surfaces
S,8" C [-1,1] x Y, representing Z. We require that

08 =08 =Y mi- {1} x s = Y _n;- {1} x B;
i J

and S, S’ intersect transversally, save at the boundary. The relative intersection pairing of Z will be the count of
the intersection of Int S with Int S’ (by counting we mean, again, in an algebraic sense with signs). The problem
with this definition is that it is not well-defined under choosing slightly different surfaces with different boundary
intersections.

We will need to count the intersection by first establishing the boundary behaviour, this behaviour will depend
on the trivilization 7. We wish for the projections m2(S) and m2(S’) to be both embeddings near the boundary.
Furthermore, both images must be a transverse slice to any «; or §8; as rays. These slices must not intersect nor
rotate (by which we mean dA(J-,-) = 0 on the slices), with respect to 7. Under this condition, defined in full detail
over pages 11-12 in [30], the count of Int S N Int S’ will be the integer we call Q.(Z). That integer is dependent on
a, 3,7 and 7. In the case of a J-holomorphic curve u, Q,([u]) = Q- (u).

The other term in the relative adjunction formula w, (u) is called the asymptotic writhe which, in very simplistic
terms, is another count. This count is of slices of somewhere-injective J-holomorphic curves. These slices produce
braids that can first be identified with S! x D? and then identified with the 3-Torus T3. Anymore details on braids
and writhes takes us too far from our goal and so we rely on pages 10-11 of [30], and Section 5 of [16].

We are almost ready to put together the formulas we have gathered, before that we must tackle the ECH index.
For a particular Z € Hy(Y, o, 8) we define the ECH index to be

I, ,2) = c1(u*é,7) + Qr(Z) + CZL(ev, B).

Again, Q,(Z) is the relative intersection pairing and the Conley-Zehnder term is

CZi (e, 8) = Z CZ (o) — ZZJjCZT(ﬂé)-

i k=1 j 1=

If v is a Reeb orbit and k a positive integer then the k-fold cover of v is v¥, the remark earlier about CZ
being multiplicative applies now. It should be remarked upon that the two Conley-Zehnder terms CZiTnd(a, B) and
CZi (a, B) are quite different. Namely, the former is a sum over the Conley-Zehnder indicies of Reeb orbits themselves
and the latter sums over the Reeb orbits and all their iterates, up to multiplicity.

When u € M(a, 3) then write I(u) = I(a, 3, [u]). The relative ECH index is additive over pairs of orbit sets
(o, B) and (B,~) with Z € Ho(Y, o, ) and W € Hs(Y, 8, 7), explicitly

(e, 8,2) + 1(B,7, W) = I(a,7, Z + W).

When we choose Z and W to be represented by J-holomorphic curves this is called gluing and thus we call the ECH
index, additive under gluing. We will also need the fact that the Fredholm index is additive under gluing.

We analogize, for the final time, to the symplectic situation where we found that combining the index, Fredholm
index and adjunction formula together gave an (in)equality. We have in the symplectization case

Theorem 7 (Theorem 4.15, [30]). Let «, 8 be orbit sets, u € M(«, ) J-holomorphic, then
ind(u) < I(u) — 26(u).
Specifically, ind(u) < I(u) with equality if and only if u is embedded.
This theorem follows from the previous formulas
ind(u) = —x() + 2c1(w*€, 7) + CZMY (e, B)
a(u'é ) = x(2) + Qr(u) + wr(u) — 25(u)
I(u) = c1(u’€, 7) + Qr (u) + CZz (o, B)
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and Lemma 4.20 of [30] which implies an upper bound on the asymptotic writhe
w, (u) < CZ(a, B) — CZ™(a, B).

The following propositions about the classification of low ECH index curves is dependent on combinatorial con-
ditions not stated here but can be found over 7.1 and 7.2 (Definition 7.11) of [14]. These conditions are related to
the irrational sloped line y = 6x approximated by integer lattice paths from above and below. Where 6 is the angle
appearing in the Conley-Zehnder index.

Notation: For u € M(a, ) a J-holomorphic curve there is a decomposition into ug and u; written u = ug U ug.
The ug curve contains components that map only to R-invariant cylinders and the curve u; contains no component
with this property.

Let u € M(«, ) have the decomposition u = ug U uy, we call v admissible if, (1) u; is embedded and its image
does not intersect ug and, (2) the combinatorial conditions hold. A remark on (1), this is where the embedded part
of embedded contact homology comes from. A general remark, the admissible term is used to describe curves that
are not of concern in the proof of that the differential for the embedded contact complex squares to zero.

Proposition 2 (Proposition 7.14, [I4]). Given that u € M(a, 8) has decomposition u = ug Uuq. Then:
(1) ind(uy) < I(uy) —26(uq).
(2) 1(u1) < I(u) = 2[ug] - [u1]

These propositions above and below are changed from the original to fit the thesis and not lead to an unnecessary
amount of explaination. In essence the purpose of Proposition 1 is as a utility to prove Proposition 2 as we will see
now.

Proposition 3 (Proposition 7.15, [14]). Suppose that J is generic and v € M(«, B) has decomposition u = ug U uy.
Then:

(1) I(u) > 0 with equality implying u = ug
(2) If I(u) = 1, then u is admissible and ind(uy) = 1.

The proof of the proposition includes an incisive use of R-action. Decompose u; into vy, ..., v each with covering
multiplicity d;. Note that ind(v;) > 1, ¢ =1,...,k, from J being generic. Take u} to be the union over ¢ and over d;
R-translates of each v;. Note u is still in M (e, 8). The Fredholm index is additive and so ind(u}) = Zle d;ind(v;).
The ECH index is the same for both u; and u} as the translation does not change the relative homology class. By
applying Proposition 1 (1) to u} and Proposition 1 (2) to ug U} we obtain the following relation

k
Zdiind(vi) < I(u) — 28(ur) — 2[ug] - [uf].

i=1

This formula then implies (1) and (2) of Proposition 2.

What this implies is that by identifying a curve u with the collection {(v;,d;)} we can work with currents instead
of curves. Moreover, when I(u) = 1 we will have that the current is somewhere-injective meaning that our differential
need not make reference to multiply covered curves.

Finally, we can actually define ECH, with Z/2Z coeflicients. It is also possible to define ECH with integer (Z)
coefficients but we are not concerned with this case. As before let Y be a closed oriented 3 dimensional manifold
with non-degenerate contact form A, and homology class T' € H;(Y). Subsequently, the chain complex ECC(Y, A, T)
is defined. Create the freely generated Z/2Z-module on generators o under the condition ), m;[a;] =T

To define the differential 9 on the chain complex ECC(Y, A, T') first define the subspace of index 1 J-holomorphic
curves,

My(a, B) = {u € M(a,B) [ I(u) =1}

If a, B are generators, we define (O, B), meaning the coefficient of 8 in the sum Ja, as

#2M1(C¥»ﬁ)/R~

The #3 denotes the count is to happen modulo 2. The equivalence relation u+ s ~ u, s € R is being used to identify
curves. Furthermore, by representing a J-holomorphic curve as its equivalent current {(u;, d;)} of covering cylinders
we call two curves the same if they have the same multiplicities d;.
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Remark. The space of curves Mi(a, 3)/R is discrete and by identifying the curves with their respective currents
the previous compactness results of Taubes can be used to argue that the space, as a set, is finite, this means that
0 is well-defined. This is not a trivial proof, but we will go one step further. In showing that 0> = 0 took the
collaboration of both Hutchings and Taubes over the course of two papers [I4], [32]. This was very difficult to prove
in part because of the possibility of multiply-covered J-holomorphic curves. Given both of these it is possible to
define the homology of the chain complex, ECH(Y, A, T"). The proof that this homology is independent of the almost
complex structure J is at present only possible by the isomorphism given by Taubes, over 5 papers the first of which
is [33]. This isomorphism is between embedded contact homology and Seiberg-Witten theory.

We are principally avoiding the details over the past remark due to being way beyond the scope of this thesis.
However, it would be remiss to not at least show the objects of study. The following are canonically isomorphic as
relatively graded Z/2Z or Z-modules

ECH, (Y, \,T') = HM (Y, 5¢ + T)

The homology modules are direct summands of the graded modules where the grading comes from the ECH index
which is the reason for the use of the term relative. Where s¢ is a so-called spinc-structure is determined completely
by the contact structure £ on Y. The right hand side, HM*, is the Monopole (Seiberg-Witten) Floer cohomology
which is dual of Monopole Floer homology, a Floer theory on the Seiberg-Witten Functional. This has no dependence
on J and thus ECH is independent of J. Indeed all that the ECH “sees” about Y is the contact structure .

For the beginings of Seiberg-Witten theory including the definition of sping-structure see Taubes and Hutchings
notes [34], or the notes of Moore [35]. For more details on Seiberg-Witten Floer homology and the Seiberg-Witten
Functional see Kronhemier and Mrowka [15].

Example 3.2

Returning again to the case of the ellipsoid F(a,b), b/a irrational. The contact manifold is Y = dF(a,b) with
contact 1-form A = (1/2) 2321 xjdy; — yjdz;|y. Due to contractibility of the sphere S?, and Y being homotopic to
S3, H1(Y) = Hi(S?) = 0. Therefore, for any I' € H;(Y) we have I' = 0. In the case Y = S* along with £ = Ker) it
is possible compute the Seiberg-Witten Floer Cohomology [15]. With Taubes isomorphism we obtain

7 e=0,24,..

ECH,(Y, \,0) =
( ) {O otherwise

So that the differential 0, which decreases the degree by 1, must be identically 0.

We are of course interested in the ellipsoid because of the sharpness of ECH capacities. We will now give the
outline to computing those capacities.
3.4 Filtered Embedded Contact Homology

We will follow the paper [7] by Hutchings et al. describing the construction of ECH capacities. Let o = {(a;, m;)}
be a generator for ECC. Consider the symplectic action of «

Ala) = Z m; / A
The ECH differential, for any generic (symplectization) admissible J, strictly decreases the action. That is to say if
(Oa, B) # 0 then A(a) > A(8). Hence, for real positive L, we can define a version of ECH called filtered ECH
ECHY (Y, \,T).

This is defined as the homology of the sub-complex ECCL(Y, AT, J). The sub-complex is finitely generated as a
7,/2Z or Z-module on generators o with the restriction A(«) < L.

Filtered ECH is proved to be independent of generic (symplectization) admissible J in [36], however, it still
dependent on a change of contact 1-form .

When L < L’ the derived sub-complexes are such that the first is included in the latter, after choice of J, this
causes an induced map in homology

1. : ECHY (Y, \,T) = ECHY (Y, \,T)
which is turns out to be independent of J. It is possible to retrieve the original homology by direct limit

ECH(Y,\,T) = lim ECH(Y, A, T).
e
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Understanding the direct limit is not stictly necessary for this paper, although for the curious reader it is recommended
to follow (there is nothing to prove) Exercise 14 of [37].
Upon scaling filtered ECH by a positive real number an isomorphism exists

s: ECH®(Y,\,T) = ECH*(Y, e\, T).

Under the scaling there exists a realizable (symplectization) admissible almost complex structure for ¢\, which the
isomorphism is independent of.

Before arriving at ECH capacities we must first discuss the ECH spectrum of a contact manifold. Let Y be a
closed oriented three dimensional manifold with non-degenerate contact form A. The restriction I' = 0 appears in
the following because otherwise the capacities would not be well-defined.

Definition 12 (Definition 3.1, [7]). For each positive integer k define
éL(Y,\) = inf{L | dim ¢, (ECH*(Y, \,0)) > k},

where ¢5, denotes the canonical inclusion ECH” (Y, ), 0) < ECH(Y, ), 0). The collection {& (Y, \)}r=1.2... is the full
ECH spectrum of (Y, \).

The notion of dimension here is the number of distinct generators of the image of filtered ECH in the full homology.
Then in words, the k-th element of the spectrum is given by the least (positive) L such that the filtered ECH for
this L still has k generators.

There are two things to be remarked upon, firstly by definition

0<a(YoN) <é(A) < <oc.
Secondly, the scaling isomorphism implies that if ¢ is a positve real number then
(Y, ed) = c- (Y, N).
Now for the full ECH capacities.

Definition 13 (Definition 3.7, [7]). Let (M,w) be a four dimensional Liouville domain with boundary Y. If k is a
positive integer, define
ék(M,w) = Ek(Y, /\)

where A is the contact form on Y with dA = w|y. The collection {éx(M,w)}r=12,.. are the full ECH capacities of

(M,w).

yens

Lemma 3.8 of [7] asserts that the full ECH capacites of (M,w) are independent of the contact form A. Now which
we can move to the full ECH capacities for the ellipsoid.

Proposition 4 (Proposition 3.12, [7]). The full ECH capacities of an ellipsoid E(a,b) are given by
ék(E(a,b)) = Ni(a,b)

Where Ny (a,b) is the (k + 1)-th smallest element in the set {ma +nb | m,n € Z>¢}.

As was the case in contact homology the Reeb vector field corresponding the contact form A = (1/2) 2521 zdy’ —
yldal|y is

27 0 2r 0
R=="_— +="
a 891 b 892
with 0/00; = x;0/0y; — y;0/0x;, for j =1,2.

Suppose that a/b is irrational, then there are only two embedded Reeb orbits v1 = {z2 = 0} and 2 = {1 = 0},
which are two circles on the boundary. These orbits are both elliptic and non-degenerate, furthermore, the action
is f% A = a as computed previously. Similarly, the action of ~s, fw A = b. The contact form A|pp(p) is non-
degenerate and all ECH generators have the form {(v1,m), (y2,n)} for m,n € Z>¢. It was already discussed that as
H,(0E(a,b)) = 0 then any choice of homology class will result in I" = 0. By parametrizing differently, for example the
~1 orbit with multiplicity m, meaning parametrizing vj* = 1 +- - -+ (the m-fold cover of ;). One parametrization

is
7' (t) = (v/ma/mexp(2mit/ma),0), t € [0,mal.
Then v, has action

1 ma [™ 27
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The Minimal Obstruction Problem 4. COUNTING LATTICE POINTS

We can similarly obtain A(v%) = nb under a comparable parametrization.
The action is linear and so for a particular generator

A{(y1,m), (y2,n)}) = am + nb.

As remarked upon before, by Taubes isomorphism only the even homology groups are non-zero and so the chain
complex differential vanishes for any J. The dimension, by that we mean the number of generators, for the image
of ECHY(0E(a,b), \,0) in ECH(JE(a,b), \,0) is now computed. The finite set of generators for filtered ECH is the
following

gen; := {(m,n) € Z220 | ma+nb< L}.

From L being positive #gen; > 1. Thus, the least (positive) L such that #gen; > k is the (k + 1)-th smallest
element in {ma+nb | m,n € Z>o}.

It is possible to compute the full ECH capacities in the case for a/b rational by approximating above and below
by real numbers.

This ends our discussion of ECH and ECH capacities. Through counting J-holomorphic curves in the symplectization
of a contact manifold Y we were able to define invariants on Y. One might wonder about the applications of ECH.
So far the most role ECH has played outside of symplectic embeddings is in its isomorphism to other homologies,
Heegaard-[38] and Monopole Floer Homology. Although both of these homologies are defined in every dimension,
whereas ECH is a strictly 3-dimensional theory making them very attractive. The capacities ECH define are invaluable
to this thesis and so makes ECH very appealing for its implications in symplectic embeddings.

4 Counting Lattice Points

The purpose of this section is to give a flavour for how one method is applied to computing the discrete set of solutions
to the minimal obstruction problem, see the introduction, for a = 1, b = u? and ¢ = d = p. A combinatorial approach
is taken that unifies the two previous staircase examples and adds a third.

4.1 Enumerative Combinatorics

Enumerative combinatorics deals with the cardinality of finite sets with special properties. One interesting example
of such a set is integer dilations of polytopes intersected with lattice points. Lattice points in dimension d are
7. A polytope is precisely the convex hull of a finite set of vertices (smallest convex set containing said vertices)
considered as vectors. A polytope P has dimension d when the dimension of the affine span (all those points reached
by 4+ Ay —x),x,y € P, A € R) of the polytope, is d. A dilation of a polytope is the dilation of the underlying set.

A point in the intersection is either a lattice point of the original polytope or a rational point where the least
common denominator of the coordinates, in lowest terms, divides the dilation. To encapsulate this information, a
counting function is introduced. Let P be a polytope of dimension d then

Lp(t) = #(tP N L), Vt € Lo,

is its counting function.

We only consider positive integer dilations but there is way of assigning a value to Lp(t) for ¢ = 0 when the
interior of the polytope contains the origin. We require this in the following anyway so that it can be argued that
the assigned value is the true value.

Example 4.1

Take P = [0,7], (y > 1) then Lp(t) = #{tPNZ} = |tvy], the form of this function is dependent on ~.

Case 1: v is an integer, then |¢y| = ¢y for each ¢, i.e. Lp(t) is polynomial of degree 1.

Case 2: ~ is rational, writing v = p/q, (p > q) with ged(p,q) = 1. The symbol [ty] is now dependent on whether
g divides t. Indeed, let t = r mod ¢ so that |ty] = p(t —r)/q + |r~v], which is almost a polynomial except that its
coefficients are periodically changing. Further, note that the least integer dilation ¢ of P that makes ¢ an integer is
exactly q.

Case 3: + is irrational, here |¢t7] has no right to be a polynomial, or anything close for that matter.

To attempt to formalize the implication of this example it will be important to make additional definitions.
A polytope is called integral if it has lattice points as vertices, and called rational if those vertices are rational
coordinates, otherwise the polytope is irrational. Moreover, a formal sum of powers of ¢ with coefficients a;(t) is
called a quasi-polynomial with deg = d
d
> ait)t.

=0
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Where the a; : N — Z are periodic with finite period, for each 1.

The period of a quasi-polynomial is the least common integer between the periods of the coefficient functions
denoted P. The denominator of a polytope P is the least integer D such that DP is integral. Period collapse is the
situation where P < D, i.e. the period is less than the denominator.

As found in Case 1 where v was an integer the counting function was a polynomial, this generalizes to all polytopes
with integral lattice points as proved originally by E. Ehrhart ([39]). This theory is actually called Ehrhart theory. For
Case 2, v being rational, generalizes to all rational polytopes having a quasi-polynomial for their counting function.
In some interesting situations the period of the counting function is equal to 1 so that the quasi-polynomial is actually
a polynomial, thus D > P = 1 implies period collapse in this situation. Although, notice that for the example we
had D = P = ¢ so period collapse does not occur in the example. For Case 3, when vertices are irrational the theory
is burgeoning [40] here counting functions have been found to be polynomials and quasi-polynomials. Morally the
denominator of an irrational polytope should be infinite. Consider trying to applying the definition and arriving at
the conclusion that there exists no integer large enough to make an irrational polytope integral. By this presumption
every irrational polytope with a (quasi-) polynomial counting function exhibits, an extreme form of, period collapse.
Which makes this case especially interesting for combinatorialists.

Example 4.2

Let P = T(1,1), the triangle with vertices (0, 0), (0, 1), (1, 0), its counting function gives the (¢+1)-th triangle number
for each t € Z>y, i.e. Ly(1,1)(t) = (1/2)(t + 1)(t +2). This is a polynomial in ¢ and a stepping stone to examples of
period collapse.

From now on we will work only in dimension 2 (d = 2), so all our polytopes will be polygons, and all our
polygons will be triangles. With this restriction it is time to reflect on how one can connect this theory to symplectic
embeddings. The work discussed in previous chapters comes to the forefront here. Recall the ECH capacities of
ellipsoids E(u,v), Ny (u,v), u,v € RZ,. Furthermore, define 7 (u,v) to be the following triangle.

(0,1/v)

(1/u,0)
Figure 3: Triangle T (u,v)

Introduce a new counting function,
Lyo(t) =#{k : Ni(u,v) <t}

(the number of those k for which Ny (u,v) < t) for ¢t € Z~o. We will show that the two counting functions are equal,
i.e Lu’v(t) = ‘CT(u,v) (t), YVt € Z~o.

Let, ux + vy = mu + nv, m,n € Z>o,z,y € R>p,u,v € Ry and some arbitrary ¢t € Z~. The following sets are
equal because of the definition of Ny (E(u,v)),

{k | Ni(E(u,v)) <t} ={(m,n) € Z%y | mu+nv < t}.
The next equality follows from the identity we called forth,
{(m,n) € ZQZO | mu+nv <t} ={(z,y) € ZQEO | ux + vy < t}.

Thus, as the sets are finite

Luw(t) = #{k | No(BE(u,v)) < t} = #{(2,y) € 2%, | uz +vy < t}.
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Note that the last expression is precisely the number of integer points in the ¢-scaling of 7 (u,v) and so

Lu,v(t) = [’T(u,v) (t)

Then as t € Z~q was arbitrary the above equality holds for all ¢t € Z~ . We can now reach the interesting equivalence
between symplectic embeddings and combinatorics via sharpness of ECH capacities for the ellipsoid, see introduction.

Lemma 2 (Sharpness for Combinatorics).
B(a,b) < E(e,d) & Ly (t) > Lrea(t), for eacht € Zsg
Proof. Given sharpness
E(a,b) <> E(c,d) < cx(E(a,b)) < cx(E(c,d)), for each k € Zs.
A necessary condition for the right hand side of the implication to hold is
{k : ex(E(c,d)) <t} Cc{k : cx(E(a,b)) <t}, for each t € Zwy.

This is from ¢ (E(a, b)) < t being a weaker condition than c;(E(c,d)) < t. By induction on t sufficiency follows. As
each set is finite this is also equivalent to

#{k : c(E(c,d)) <t} <#{k : cx(E(a,b)) < t}, for each t € Z, equivalently
Lop(t) < Le,al(t), for each t € Zwy.

Moreover, by the above argument
Lrc,ay(t) < Ly(ap(t), for each t € Z-o.
So that the chain of equivalences imply the Lemma. O

Even though this equivalence between symplectic embeddings and the inequality of counting functions is a tool
unto itself. So far, though, practical applications seem to imply a need to prove equality of counting functions. For
this we will introduce another definition, two polytopes are said to be Ehrhart equivalent if they have the same
counting function.

4.2 Combinatorical Proofs of Symplectic Embeddings

It will be necessary to repeatedly refer back to a diophantine equation (an equation that requires solutions to be
integers). To that end define
Fea(pq) = kp* — (L4 k +1)pg +lg* + 1

and seek the positive integer solutions to
fk,l (p7 q) = 0. (41)

The following figure shows the positive part of the underlying curve to this equation when k =1 = 1.

Figure 4: A (positive) portion of the underlying equation 2% — 3zy + y? + 1

The following Theorem is due to Cristofaro-Gardiner and Kleinman that relates the solutions of (4.1 to Ehrhart
equivalence. Restrict to (k,1) € {(1,1),(2,1),(3,2)}, the only positive integers for which both k and ! both divide
k+1+ 1. There are counterexamples to the theorem when not restricting for instance when (k,1) = (3,1), Remark
1.6, [5].
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Theorem 8 (Theorem 1.3, [B]). Fiz (k,1) € {(1,1),(2,1),(3,2)} and triangles T (¢/kp,p/ql) and T (1/k,1/1), the two
triangles are Ehrhart equivalent if and only if (4.1)) holds for these (p,q,1, k), (p,q) € 2220 as well as ged(kp?,1q%) = 1

To make this theorem useful to understanding points on the staircases we will also need to identify what exactly
are the positive integers solutions of for each pair (k,1). These will turn out to be exactly related to the recursive
sequences found for past staircases.

The equation may at first seem arbitrary but what has recently become significant in this area is leading
and sub-leading asymptotics [41]. By leading asymptotics it is meant the coefficient of the highest power of a
(quasi-)polynomial. The associated coefficient to the t? term of L, (t) is the area of T (u,v)

Area(T (q/kp, p/al) = 5= = Area(T(1/k, 1/1).

2kl

The coefficient of ¢ in the counting function is the sub-leading asymptotic and corresponds to the “affine perimeter”.
Theorem [ then is stating the necessary and sufficient condition for Ehrhart equivalence is equality of affine perimeter.
As it happens fixing (k,1) € {(1,1),(2,1),(3,2)} will mean that the counting functions will be polynomials.

(a/d,r/f - ae/df) (0,q9/kp)

(a/d,b/d) & . (0,0)
(r/e - bfide,b/d) (p/1,0)

Fi 6: Specific Triangl
Figure 5: General Triangle 1sure bectlic THansie

Before that though we will need to explain what the counting functions are for the triangles above. Let
ged(kp?,1g®) = 1, now Theorem 2.10. of Beck and Robins [42] implies, for a = b = 0, e = kp?, f = I¢* and
r = pq (Fig. [ to Fig. [6)

1 1, 1
Lr(aknpsan(t) = 57t° + 5 ( o E + klpq) (4.2)

+1 1+i+L +1 i +@+ !
kp? ' 1g? g~ kp*  lkp?q?

+ S_tpg(kp?, 1;16%) + s_tpqe(Ig®, 1; kp?).

Where the final line contains two Fourier-Dedekind sums, given in general

c—1

1 é"ﬂl
n(a,b;c) CZ ) =&y

i=1

With &, the c-th root of unity. The counting function Ly k.1 ,1)(t) follows similarly by taking p = ¢ = 1. If we were
given that the two functions are equal then at least the coefficients in front of ¢ and t?> must be equal. For ¢2 this
is immediate as the coefficients are both 1/kl. However, the equation resulting from equating coefficients of ¢ gives

something more interesting. Namely,

4, p 1 _1 1 1
kp lg  klpg k1 ki

Multiplying on both sides by kilpq gives
1¢?> + kp® + 1 = Ipq + kqp + pq,

and rearranging is exactly (4.1
1> +kp* —(I+k+1)pg+1=0.

This implies that Ehrhart equivalence is necessary. Now for the sufficiency we rely on the computation by Cristofaro-
Gardiner and Kleinman. The authors work with the Fourier-Dedekind sums of L7 (q/kpp/q)(t) via discrete Fourier
series. Along the way Beck and Robins Theorem 8.8 (Rademacher reciprocity) is stated incorrectly, here it is
corrected. The correction is the change from a cyclic permutation of (a,b,c) to what is stated below.
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Lemma 3 (Rademacher reciprocity). Letn =1,2,...,(a+b+c)—1. Then
sn(b, c;a) + sn(a, ¢;0) + sn(a,bsc) =

2abc 2 \ab ca be 12\a b ¢ bc ca ab)’

An alternative formulation for n = 0, Corollary 8.7 of Beck and Robins, also corrected.

Lemma 4.
s0(b,c;a) + so(a, ¢;b) + so(a, b;c) =

1,i §+§+§+3+£+£
a b ¢ bec eca ab)’

From these two lemmas and previous work done on the Fourier-Dedekind sums sufficiency can be proven on a
case by case basis. A crucial step in the argument, impossible without the correction, is based on the fact that for
all a,b and n, s, (a,b;1) = 0. Which follows from the term containing an empty sum that is conventionally 0. Thus,
Sn(a,1;0) + s,(b, 15a) + sp(a,b;1) = sp(a, 1;0) + s, (b, 1;a) which is the type of term inside the counting functions
that Cristofaro-Gardiner and Kleinman obtain.

In the special case (k,l) = (1,1) these lemmas imply that the counting function is precisely that for the triangle
in example 4.2, namely (1/2)(¢t + 1)(¢ + 2). As the triangles, T(¢/p,p/q), we are concerned with have a non-trivial
denominator these are examples of triangles that exhibit period collapse.

Now we will expose the sequences used to unify the approach. That approach being, to calculate the values of
functions

Cay = inf{A | E(1,a) <= B*(\)},
for (k,1) € {(1,1),(2,1),(3,2)}. Recursively define a sequence dependent on k and I, r(k,l)o = r(k,1)1 =1

k+1+1
T(k, l)2n+1 = Tr(kv l)2n - T(k, l)2n717
k+1+1
r(k,0)2n = ————7(k,0)an—1 — 7(k,1)2n_2.

I
With (k,1) = (1,1)

7’(1, 1)2n+1 = 37“(]., 1)271 — 7“(]., 1)271,1,
r(l, 1)2n = 37"(1, 1)2n—1 — ’I’(l7 1)2n—2-
Which is the same recursive definition for both even and odd terms and also the recursive definition of the odd-indexed

Fibonacci numbers so that r(1,1),, = g,, mentioned in the introduction. We also define the sequence paramount to
the minimal obstruction problem for a = 1,b = p, and ¢ = p,d = (k/l)u. Define,

kr(k,1)?
kr(Do gy )"2“ n even
a(k D) = 4 TEDE
yvn Ir(k,)2 ad
er(k 0z 0 vodd

Again for (k,1) = (1,1), both even and odd terms are the same and equal to r(1,1)2,/r(1,1)2 = g2, /g%. These

are special because when p = y/a(1,1),, we have the discrete set of solutions to the minimal obstruction which was
the goal to solve.

4.3 Solving the Diophantine Equation

We want to solve (4.1) in the special case of (k,1) = (1,1) which contains all the information about triangles
T(q/p,p/q) equivalent to T(1,1). Then by sharpness for combinatorics, Lemma [2] implies a symplectic embedding

E (Z §> < BA(1).

By scaling up and down by p/q means the next symplectic embedding is equivalent to the previous

2
E (1,’2) S Bt (p> .
q q

Therefore, if the a,(1,1) really do solve our problem then (p,q) = (gn+1,9n) for some n € Z>o. We would then
expect (p,q) = (gn+1,gn) to solve f11(p,q) = 0. What we will show is that in some specific way these are the only
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solutions, to the Diophantine equation at least. Proposition 4.1, [5] solves (4.1)) in more generality and strength than
is really needed for what we want to solve. However, we will follow the structure but not the content.
The equation we care about solving is 2 — 3zy 4+ y? + 1 = 0 which we now rearrange to

HRER IR

The primary solution to this equation is (z,y) = (1,1) as 1 =3+ 1+ 1 = 0. More solutions will be found via
applying matrices g to (1,1) such that

1 3} [ 1 3}
T 2 _ 2
g 3 g = 3 .
{2 1 -5 1

If those solutions are also to be integers then we need g to also have integer entries. The matrices that we care
about will have an interpretation on the curve itself as horizontal and vertical transformations that are the basis for

matrices g. Explicitly,
-1 3 |10
=lo 1] TT 3 -1

These matrices are involutions which imply that they canonically split R? into Z? and R? \ Z2. As o fixes the
vertical coordinate it is a horizontal transformation and 7 is a vertical transformations because it fixes the horizontal
coordinate. Now to show o and 7 satisfy (4.3).

r 1 31 r N r 371 Tr 7 T r 37

1 0] [1 -2][-1 3 1 37[-1 3 1 343 1 -3
SO(T(A) 3 - 3 7 - 3 9 7 - 3 ’

13 1= 110 1 [5 —3] [0 1] |-5 35—-321 [-2 1]

and,

B 1 r 371 I T r 7 371 Tr 7 r 9 7 37 r 37

1 371 =21t o “I 31N o 91 3 1 -3
SDT(A) 3 - 3 - 3 - 3

o -1 |-2 1|3 -1 [& -1][3 -1 |[-3+2% 1] |-% 1

In the following, assume (x,y) € {(p,q) | f(1,1)(p,q) = 0}, this is for convenience to lower the density of notation.
What we will now attempt is to find all positive integer solutions of f1 1)(p,q) by creating a graph. This graph will
be the limit of a sequence of graphs all having the same properties and the limit will have vertices as precisely the
solutions we care about. First, for a definition and brief conversation about graphs.

Definition 14. A graph G = (V, E) is a pair. The first of the pair is V a set containing vertices, v;, and the second
E a subset of the power set of V' containing only two point sets, edges e; ; = {v;,v;}. We will use the convention
V(G) for the set of vertices of the graph and E(G) for the set of edges. A graph is said to be connected if between
each pair of vertices there exists a trail of edges connecting them.

An important distinction to make is the graph G as an abstract object and G being embedded into another space
X. In the latter we have that V' C X and F C Lines(X), where Lines(X) is the set of paths for each pair of points
in X x X. We will restrict the edges to being the “shortest” path, one for each pair of points, which is found through
choosing a metric on X. We are about to take X = R? so we choose the Euclidean metric.

+- - &
4 - |
| i
k — _* e ——— -+

Figure 7: First example, Graph Gy Figure 8: Basis for the induction, Graph G,
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The first example of a graph we will encounter is Gy = (V, E) with V(Gy) = {vo, v1,v2} and E(Gp) = {eo.1,€0,2}
To embed this graph in R?, we need to choose points for the v;. Let vo = (1,1), v1 = (2,1), and vy = (1,2) Fig
Then, eg; and eg 2 are the straight lines connecting, vy to v; and vy to va, respectively. This graph is connected
because, v; is connected to vy by eg 1, v1 is connected to vy via eg1 and eg 2, and vy is connected to either v; from
€0,1 or vy from ego. A fact from graph theory is that adding a vertex to a graph along with an edge connecting it
to any point of the connected part of the graph results in another connected graph.

The sets {m1(v2) > x} and {ma(v1) > y} (m; projection onto the i-th coordinate, i = 1,2) are the sec-
tions along the curve from vy to vy and vy to vy, respectively. The set {m(v2) > x} is contained entirely in
ﬁ({(l7 1),(1,2),(0,1),(0,2)}) and, similarly, {m2(v1) > y} is entirely contained in D({(l, 1),(2,1),(1,0),(2,0)}).
Therefore, neither {m(v3) > '} nor {m(vy) > y} contain integers. The operation L] takes points as its arguments
and makes a set, the interior of the square made out of said points.

We will now induct to form a connected graph that will have precisely all the integer solutions to fi 1(z,y) =0
as vertices.

Proof.

(1) Basis. Form the graph G; = (V, E) with V(G;1) = V(Go) U{c(v2),7(v1)} and label v = o(v9) and vy = 7(v1)
so that V(G1) = {vo,v1,v2,v3,v4}, depending on the new labeling write E(G1) = E(Go) U {ea3,€14} =
{€0,1,€0,2,€23,€1,4} Fig As we have seen, neither {m(v2) > z} nor {ma(v1) > y} contain integers. By
the property of 7 preserving solutions and being a vertical transformation, {m1(v4) > 2} = 7({m2(v1) > y}).
Furthermore, the property that 7 is an involution implies {m(v4) > x} contains no integers. It follows in
almost the same way that {ma(vs) > y} = o({m1(v2) > x}) contains no integers. Here we have added two
vertices, both with edges connecting them to GGy. Therefore, G; must be connected by the fact above.

(2) TH. Assume G, = (V, E) has V(G,,) = {vo,v1, V2, ..., V21, V2, } and

E(Gpn) = {eo,1,€0,2,€2,3,€1,4, s €2n—2 201, €2n—3,2n }-
Also assume that G, is connected and neither {m(ve,) > x} nor {m2(v2,—1) > y} contain integers.

(3) Induction Step. Form the graph G,i1 = (V,E) with V(Gp41) = V(G,) U {o(v2n), T(v2n—1)} and label
Vont+1 = 0(vay) and ve, o = T(v2,—1) so that V(Gpi1) = {vo,v1,v2, ..., V2n—1, Van, Van+1, Vant2 . Dependent
on the new labeling, write

E(Gpt1) = E(Gn)U{ean 2n+1, €2n—12n+2} = {€0,1,€0,2,€2,3,€1,4, ..., €2n—2,2n—1, €2n—3 .20, €2n,2n+1, €2n—1,2n+2 | -

By the hypothesis, neither {m(va,) > 2} nor {ma(van—1) > y} contain integers. Then, the property of
preserving solutions and being a vertical transformation, {m1 (vant2) > x} = 7({m2(v2n—1) > y}). Furthermore,
the property that 7 is an involution implies {71 (vg,+2) > x} contains no integers. It follows in almost the same
way that {ma(van+1) > y} = o({m1(van) > x}) contains no integers. In this step we have added two vertices to
G, both with edges connecting to G,, making G, 1 connected by the fact already discussed.

(4) Conclusion. For each n € Z>1, G,, is connected and neither {m (van4+2) > x} nor {ma(vant+1) > y} contain
integers.

O

From the above analysis of Gy we have, for each n € Z>¢, G,, is connected and neither {m (van42) > z} nor
{m2(van+1) > y} contain integers. As V(G,) C V(Gp41) and E(G,) C E(G,41) the limit of these graphs is
well-defined. We call the limit G. By construction Gu is connected and V(Goo) = {(z,y) | f1,1)(2,y) = 0} NZ2.

We claim that as o and 7 contain the recurrence relation for the odd-index Fibonacci numbers along with initial
solution (g1, go) = (1,1) the vertices of G are

V(GOO) = {(gn+1a gn)}HZO U {(gnzgn+1)}7L21-

This characterizes all the positive integer solutions to (4.1 for (k,1) = (1,1).

Isolated Solutions to the Minimal Obstruction Problem

From considering the relationship between symplectic embeddings and counting functions we can now calculate
Ca(1,1),,k,1- For now though we stay general and simplify by letting a,, and r, denote by a(k,l), and r(k,l),,
respectively. With (k,1) fixed in {(1,1),(2,1),(3,2)} as before. Need to show that c,, 1 are points on the sub-graph
that are the discrete set of solutions to the minimum obstruction problem.
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From the definition of a,,, (I/k)a, = (r+1/7m)? for n even and = (12/k?)(rp41/rn)? for n odd. So what needs to

be shown is
Tl
o T n even
Ca(k%l)n’k’vl - Irpi1 .

ol odd

We will show the above for (k,1) = (1,1). We take (p,q) = (gn+1, gn) Which we have proved satisfy the Diophantine
equation. Thus we must have that T'(¢/p, p/q) and T'(1,1) are equivalent, as long as p = g,+1 and ¢ = g, are relatively
prime by applying Theorem [§] We now prove this last requirement by induction.

(i) Basis. We have gg = 1 is relatively prime to g; = 1 by choice of (z,y) = (1,0),
go-r+g1-y=go-1+g1-0=1-1+1-0=1.
(ii) TH. Assume g,_; and g, are relatively prime.
(iii) Induction Step. By assumption there exist integers (x,y) such that
Gn—1-T+gn-y=1
As gn+1 = 39n — gn—1 take (2',y') = (y + 3z, —z) so that we have
Gn &'+ Gnir Y = Gn-y+gn-(32) =3gn T+ gn1 T =gn1 T+ gn-y=1

(iv) Conclusion. Thus, g, and g, are relatively prime for all n > 0.
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5 Conclusion

The final conclusion from the previous section is that ¢4, 1.1 = gn+1/gn. As an = g2 11/ g2 we have then verified a
family of symplectic embeddings, parametrized by n € Z>(, namely

2
E (17 gn;l) B <9n+1> .
9n dn

The ellipsoid and ball above have the same volume, g2, /g2, so that the points on the sub-graph of cq 11 are
(9241/9%,9n+1/9n)- These are then the discrete set of solutions to the minimal obstruction problem, which was the
verification that this thesis aimed for.

We will now discuss how we have come to this solution. The most difficult problem lay in understanding the tool
of ECH capacities. In essence, when taking the capacities for granted, the level of this thesis becomes merely of an
advanced undergraduate. Therefore, we focus on the penultimate story.

Let a,b > 0 such that a/b is irrational and Y = 9F(a,b). The set Y is described by a line z/a + y/b = 1,
(z,y) = (m|z1|%, 7|22]?) variables in R% . By giving a topology on the line and pre-imaging back to C? we can give Y’
the topology of a smooth (closed) manifold. With the smoothness comes a contact 1-form A giving rise to the contact
structure £ and the Reeb vector field R (although all we care about are R’s orbits). Through A we can define A, the
symplectic action, with critical points as Reeb orbits. We defined a way to turn Y into a symplectic manifold R x Y,
and by following Morse theory we were motivated to study the “flow lines” in R x Y that asymptotically approach
cylinders defined by Reeb orbits. The flow lines are defined not via downward gradient flow but by a souped-up
version of the Cauchy-Riemann equations that describe J-holomorphicity via an almost complex structure J on Rx Y.
By the Riemann-Roch theorem, the space of J-holomorphic curves has a local finite dimension which under further
conditions can make this space discrete. It is the count of sufficiently identified J-holomorphic curves of a specific
type that defines the embedded contact complex and, under a lot of work, the embedded contact homology. From
here the full ECH spectrum for Y was defined through filtered ECH and the minimum number of generators needed
to generate each filtered ECH module. The full ECH capacities were defined via the full ECH spectrum whenever Y
is the boundary of a Liouville domain and w = dA]y, which is the case as Y = 9FE(a,b). Finally, by approximating
rational ellipsoids by irrationally parametrized ones we can define the ECH spectrum for E(a,b),a,b € Q¢ and so
imply when a symplectic embedding exists from the sharpness of ECH capacities for ellipsoids.

The symplectic embeddings that we investigated were for the ellipsoid into ball problem, with the extra condition
of equal volume or minimal obstruction condition. In view of furthering this research, consider investigating how to
apply the graph theory method of the past section to (k,1) € {(2,1),(3,2)} to find the discrete solutions to the other
minimal obstruction problems.
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A Background Geometry

A.1 Smooth Manifolds

Definition 15 (Definition 5.1, [I3]). A topological space M is locally Euclidean of dimension n if every point p in
M has a neighbourhood U such that there is a homeomorphism ¢ from U onto an open subset of R™. We call the
pair (U, ¢ : U — R™) a chart, U a coordinate neighbourhood, and ¢ a coordinate map on U. The chart (U, ¢) is said
to be (centered) about p if U is a neighbourhood of p and ¢(p) = 0.

Note : We can always arrange for a chart to be “(centered) about” p. When we say smooth in the following, and
in the rest of this thesis, what is meant is infinitely many times differentiable (C*°). If smooth is omitted at any
moment it is because it is assumed. If a circumstance requires a class less than smooth, such a situation will be
indicated.

Definition 16 (Definition 5.2, [13]). A topological manifold is a Hausdorff, second countable, locally Euclidean space
of some dimension n.

Definition 17 (Definition 5.5, [I3]). Two charts (U, ¢), (V,4) of topological manifolds are said to be smooth com-
patible if the two maps

are smooth.

Note : Compatibility holds vacuously over U NV = (). The two maps are inverses of each other and so are
collectively called the transition map, and the plural is left for the collection of transition maps on a manifold.

Definition 18 (Definition 5.6, [I3]). A smooth atlas on a locally Euclidean topological space M is a collection
{(Ua, @)} of pairwise smooth compatible charts that cover M, (M =J,, Ua).

An atlas is called maximal if it is not contained in a larger atlas, in fact there is a unique maximal atlas on every
topological manifold (Prop. 5.10, [13])

Definition 19 (Definition 5.9, [I3]). A smooth manifold is a topological manifold with a maximal smooth atlas. A
manifold is said to have dimension n if its connected components have dimension n.

There is an obvious extension to the Cartesian product of smooth manifolds. Let M and N be smooth manifolds,
with maximal smooth atlases {(Ua, ¢o)} and {(Vp,vs)}, respectively. The maximal atlas for M x N can be obtained
by disjoint union of smooth compatible charts with the atlas {(Uy X Vg, o X 13)}.

Definition 20 (Definition 6.1, [13]). Let M be a smooth manifold of dimension n. A function f : M — R is said to
be smooth at p € M if there exists a chart (U, ¢) about p for which fo¢~1: ¢(U) — R is smooth at p. The function
f is smooth if it is smooth at every point p € M.

Note : The function f is not assumed to be continuous, however the definition implies that f cannot be otherwise.

Definition 21 (Definition 6.5, [I3]). Let N and M be manifolds of dimension n and m, respectively. A continuous
map F : N — M is smooth at p € N if there are charts (V,) about F(p) and (U, ¢) about p such that ¢po Fo¢~1!:
HFY(V)NU) = Y(F(F~1(V)NU)) is smooth at ¢(p). The continuous map F is said to be smooth (between N
and M) if it is smooth at every point p € N.

A diffeomorphism F between two manifolds is a bijective smooth map F : N — M whose inverse F~! is smooth.
In particular transition maps are (local) diffeomorphisms. It is also possible to re-write the definitions for chart as a
pair (U, ¢), U still an open set but instead ¢ would be a diffeomorphism onto its image.

It is a fact that f : M — R™ is smooth if and only if each of its component functions fi,..., f, : M — R are
smooth (Prop. 6.13, [13]). Furthermore, the composition of smooth functions is smooth. (Prop. 6.9, [13])

Partial derivatives of maps from manifolds into Euclidean space or into other manifolds are necessary to define.
Let M be an n-dimensional smooth manifold, f : M — R a smooth map and (U, ¢) = (U, x!,...,2") a chart on M.
The components of ¢ are z* defined by 7% o ¢ with r? the standard coordinates on R®, for i = 1,..,n. Then,

of _0(fos™")

ox? ort
are equal as functions on ¢(U).

: _ dz! _
In the special case that f = ¢ we have 57 =4

o ij, where d;; is the Kronecker delta which is 0 for 7 # j and 1 for
i=7.
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Definition 22 (Definition 6.23, [13]). Let F : N — M be a smooth map, and let (U,¢) = (U,x!,...,2") and
(V) = (V,y,...,y™) be charts on N and M respectively such that F(U) C V (this condition allows us to skip the
continuity assumption present throughout). Denote by

Fli=y'oF=riothoF:U—=R
the i-th component in the chart (V,v). Then the matrix [0F"/0x7] is called the Jacobian matriz.

When taking M = N and F = 1), the Jacobian matrix becomes [9y’/0x7]. This is the Jacobian matrix of the
transition map 1 o 17 0 ¢~ ! =1 o ¢~ !. Thus, the partial derivatives of the transition map are

oo ') _ oy

A

ord
Equal as functions on ¢(UNV'). We will call a manifold that has transition maps with positive Jacobian determinant
orientable. An example of an orientable manifold is the circle and the classical non-orientable surface is the mébuis
strip.

This extension of partial derivatives to manifolds allows us to consider vectors on a manifold locally as linear
combinations of partial derivative operators in the respective local coordinates given by the chart on the manifold.
Furthermore, we define an operation on a function such that the operated function applied to a partial derivative
will compute the derivative of the function. Indeed, ev;(9/9z") = df /0z" where ev stands for “evaluate the function
f by the following derivative” taken as the argument. In particular consider ev,;, as we have already seen that
ev,i(0/0z") = 6;;. This seems remarkably similar to the dual basis of a vector space and, in fact, it is!

A.2 Vector Bundles

Given a onto map 7 : E — M, the inverse image 7= 1({p}) (for p € M) is called the fiber at p. Alternative notation,
7 1({p}) = E, with 7=}(U) = Ey. For two onto maps 7 : E — M, n’ : E' — M (same co-domain M), ¢ : E — E'
is called fiber-preserving if ¢(E,) C E,, for all p € M.

Let # : E — M be a smooth onto map between manifolds £ and M. We call 7 : E — M locally trivial vector
bundle of rank r if

(i) each fiber E, has the structure of a vector space of dimension r,

(ii) for each p € M there exists U an open neighbourhood of p and ¢ : Ey — U x R™ a smooth fiber-preserving
map which when restricted to any fiber E,, ¢ € U is a vector space isomorphism to {g} x R".

We call U a trivializing open set (for E) and ¢ a trivialization (of E over U).

A collection {(U, ¢)}, {U} an open cover of M, is called a local trivialization (for E), and {U} is called a trivializing
open cover (of M for E).

A smooth (real) vector bundle of rank r is the triple (E, M, 7) consisting of (i) E (total space), (it) M (base
space), both smooth manifolds, and (éi7) a smooth onto map 7 : E — M locally trivial of rank 7. A common, though
not completely correct, saying to describe this triple is “F is a vector bundle over M”.

With 7 : E — M a smooth vector bundle of rank r, a chart (U, %) = (U, !, ...,2™) on M and

¢: By S UXR,  ¢(e) = (n(e),c!(e), .., " ()
is a trivialization for E over U. Then
(Y x1)op=(z",....,a"cy....c"): By U xR S ¢(U) xR C R* x R”

is a diffeomorphism of Ey onto its image, thus a chart map on E. Explicitly the chart would be (Ey, (¥ x 1) o ¢).

A section of a vector bundle E = M is a map in the reverse direction that when composed with 7 gives the
identity on M. Moreover, M Sy E with mo s = 1,y is a section of E, when s is a smooth section it is a section and
a smooth map of manifolds.

We denote I'(E) for the space of smooth global sections on the vector bundle. This is a vector space over R and
a module over C*°(M,R) (smooth functions from M to R). When a smooth section is just as stated it should be
inferred that it is global, otherwise local will be the attached quantifier along with a neighbourhood U. If needed
I'(E,U) denotes smooth local sections on U.

A smooth frame of E over M is a collection of smooth sections s1,...s,, defined on all of M, that satisfy the
properties for being a basis on every fiber (similarly for a local smooth frame).

Given a basis on each fiber any smooth section can be decomposed onto the smooth frame, fiberwise (Prop.
12.10, [13]). Consider the case of transition maps on the bundle E. These “glue” together the pre-images by 7 of
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overlapping charts on M. Let (Ey,,, (¢ X 1) 0 ¢4) and (Ey,, (¢g x 1) 0 ¢g) be two charts on E then the transition
map is

(e x 1) 0 da] 0 [(g x 1) 0 5] : 5(Us NUs) x R" — 1o (U NUp) x R

and explicitly (with a smooth frame {sq, ..., s,})

(p,cty...,c") (wgl(p),cl, ey €)= (P Owgl(p)7®) = (a0 ¢§1(P)7d1, e d”)

sum

In the following, and almost everywhere else in this thesis, Einstein summation convention is in use, i.e. whenever
two indices appear in an expression sum over the index. For a particular p the ¢;’s are real numbers and so are d;’s.
There is a transformation taking each c; to d; by way of g§ and summation over the upstairs with the downstairs
indices, d; = g;:-c,». This is the so-called Einstein summation convention in practice. As we have this for each i and
j then [g5] must be a (r x r)-matrix of real numbers. By preserving the frame (which amounts to a pointwise basis)
[95] € GL(r,R) so that we can compute inverses. We can now retract the dependence on a point p to obtain [(gas)?]
a (r X r)-matrix of real valued functions, alternatively a (r x r)-matrix of real entries -valued function. Note that
Jap is restricted to only act locally between overlapping charts, we call these maps gluing co-cycles. Properties of
gluing co-cycles follow, goa = 1, gavgv8 = Gas; g;é = g3 Where as the matrix valued function is non-singular at
every point then there must exist a well-defined pointwise inverse. The collection {gng} determine how the bundle
E over M can transform over charts.

We can also define a complex vector bundle by replacing R with C in the above. Furthermore, we will need what
it means for (E,m, M) and (E’, 7', M') to be isomorphic (as vector bundles), that is a pair (d~>, @). A smooth map
qNS : E — E' that descends to a smooth map ¢ : M — M’ and is also a fiberwise linear isomorphism.

A.2.1 Examples of Vector Bundles

Now to apply the ideas of the last paragraph of the previous subsection. Begin by identifying vectors v at a point
p € M by taking the coordinates from a chart (Uy, ¢o) = (Ua, !, ..., 2™) about p and writing

0

ot p

v =vi(p)

The collection of vectors identified like this form the tangent space of M at p, T, M.
The vector bundle E = TM = {(p,v)|v € T, M} is called the tangent bundle over M with projection 7(p,v) = p.
Each tangent space has the same vector space dimension, the same dimension as the manifold M, say n, so that the
bundle is of rank n. One smooth frame over a neighbourhood of p are the partial derivatives with respect to the
coordinate chart {9/dx1,...,0/0z"}. The transformation between overlapping charts (Uy, ¢o) = (Ua, 21, ..., 2™) and
(Us, ¢5) = (Ug,y',...,y™) is given by the Jacobian matrix of the transition maps

R
oyl Oy Oxt’

Given the Einstein summation convention this formula looks almost like cancelling fractions, of course this not what
is happening here. In this case {gap} are the Jacobians of the transition maps between overlapping charts, (Uy, ¢o)
and (Ug, ¢3), on M.

By revisiting the evaluation map we could identify co-vectors w at a point p € M by taking the coordinates from
a chart (Uy, ¢0) = (Ua, 2t ..., 2™) about p and writing

w = wi(p)evmi|p.

With this collection of co-vectors we similarly form the cotangent space of M at p, Ty M. Note that the evaluation
of a coordinate on a partial derivative at p gives a real number. The cotangent bundle then follows from writing
E=T*M = {(p,w)lw € Ty M}, with projection 7(p, w) = p.

A smooth frame for the cotangent fibres in a neighbourhood of p is the evaluation of each of the coordinates in
the chart {ev,1,...,ev,n}. The transformation happens in the opposite way

eVyj =

Therefore the gluing co-cycles are the inverses for the Jacobian of transition maps. This has a deeper significance in
the general bundle theory where E* is the dual bundle to E by inverting all of the gluing cocycles.

Up until now we have avoided talking what the evaluation map is. To try to understand it further pick a chart
(U, ¢) = (U,z, ...,a™). By definition, ev(0/0x%) = 0f/0z" and because ev,, (0/0z") = §] we necessarily obtain

evy = ——eVyi.

Ox?
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The above seems remarkably familiar to the multivariate chain-rule in calculus. In fact the usual notation for ev is
d so that the above expression becomes
of

= o

df dz’.

A.3 Differentiable Forms

We will need to define d on more just than functions, but before that we will need to introduce k-forms. Returning
for a moment to the notion of smooth sections: I'(TM) =: X (M) vector fields on M, T'(T*M) =: Q' (M) with
C>°(M) =: Q°(M). Thus, for now our evaluation map acts like ev : Q°(M) — QY (M) or d : Q°(M) — QY (M).

The element dz’ is called a (differential) 1-form. Given another 1-form dx’/ we may take, what is called, the
wedge product A. This is given locally by a chart (U, ¢) = (U, x!,...,2") and vy, ve € X(M,U)

dzt(vy)  dad(vr)

i J = ' j
dx' A\ da? (vy,v2) = det dz'(vg)  da?(v2)

= dz(v1)d2? (vy) — da? (vy)dz’ (v),
but can be extended globally.

Three properties drop out for the wedge product from the determinant. First, dz’ A dz/ = 0 whenever, i = j.
Second, dx’ A dx/ = —dz? A dz'. Finally, because the determinant is linear this procedure could be done on an
arbitrary 1-form expanded on a smooth frame. A k-th wedge is a wedge product of a & number of 1-forms.

Now to define the k-th exterior power of M. This is the bundle £ = APT*M, the set of pairs (p, ) where
a belongs to the real span of all k-th wedge products of 1-forms. The sections QF(M) := T'(AFT*M) are called
(differentiable) k-forms. A frame using a chart (U, ¢) = (U, z?,...,2™) on M is given by

{da"y; = {dx™* A - Nda'*}

with I a multi-index running over all k-tuples (i1, ...,4x) such that 1 <i; < --- <4, < n. An alternative definition
of the wedge product appears for a k-form w, [-form 7 in the frame above,

wAn=wmyde’ Adx’.

Where the sum is over the disjoint union of I and J. Furthermore, w A n = (—=1)¥n A w.
From this we can now define how d acts on k-forms, from now on the map that satisfies the previous “chain-rule”
and satisfies the following extra properties will be called the exterior derivative (Prop. 19.1, [13]).

1. dod=0,
2. dwAa)=dwAa+ (1w Ada, w a k-form.

The operation satisfying the above two conditions and df = (9f/dz%)dx! is unique.
The first example of a co-chain complex (a sequence of modules, or vector spaces, with a differential increasing
the index that also squares to zero) will be the following

0= QO(M) 2 Q' (M) &5 ... 22 gl (ar) 22 (M) — 0,

In almost all cases each d; is just denoted d. The above construction is called the de Rham complex. Note : all
k-forms with k& > n are naturally 0.

We will encounter many counterparts to co-chain complexes called, just, chain complexes (sequences of modules,
or vector spaces, with a differential decreasing the index, that also squares to zero).

Those k-forms w with dw = 0 are called closed. If there exists a (k — 1)-form n with dn = w, we call w exact.
Of course, all exact forms are closed which means Im d;_; C Ker d; and the exact sequence of cohomology groups
H éR(M ) can be formed by “moduloing out” all closed forms that are not exact. More precisely, we have

0 = Hin(M) % Hig (M) %5 - =2 Hig (M) 2 Hjg (M) =0,
with d; the induced differentials. It will not be necessary to keep the decoration dR, nor CL', and so we write instead
H*(M) := H3z (M), and d, in the sequel.
A further linear operator on k-forms takes v € X (M) a vector field on M and w a k-form, such that t,w is a
(k — 1)-form. For (k — 1) vector fields vs, ..., vg, ¢, acts like so

Lyw(Vay vy vg) = w(v, Ve, ... UE).

We call the map that does the above and satisfies the next two properties interior multiplication (Prop. 20.8, [13])
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1. 1y 01, =0,
2. ty(wA Q) =LwAa+ (—1)*w A o, w a k-form.

The operation satisfying the above two conditions is unique.

Due to the linearity of whichever form ¢, is being applied is C*° function linear. There is also an operation called
the Lie-derivative of a form with respect to a vector field. The Lie-derivative has many equivalence definitions. The
one presented here we will take to be a definition, Cartan’s formula,

Lx(w)=dixw+ txdw.

Where X is a vector field and w a k-form, for some k.

Further, linear operations on forms include pushforwards and pullbacks. A map F' : N — M lifts to map F p
(pushforward at p) from the tangent space of N at a point p € N to the tangent space of M at F(p). The action on
a vector X,

Fop(Xp)(f) = Xp(f o F) (or in terms of evaluation) = evyor(X,) =d(f o F)(Xp).

Locally F; is the Jacobian of F', also known as the differential.
Let vy, ..., v be vectors at p € N, then the pullback on a k-form w is

(F*wp) (1, evy V) = wp(Fa p(v1), oy Fi p(vk)),

(the dependence of the pullback and the vectors on a point p is dropped for convenience).

The pullback is linear over the wedge product i.e. F*(n Aw) = F*n A F*w (Prop. 18.11, [13]), and commutes
with the exterior derivative F*dw = d(F*w) (Prop. 19.5, [13]). To distinguish, the pullback is the same term used
to refer to * acting on a function f that in turn acts on another function ¢ by f*¢ = ¢ o f, a contravariant operation
on maps.

A.4 Miscellanea

A lot of geometry is not immediately necessary to understand the background material. That is why we push the
less critical definitions to this subsection. The first of those less critical definitions is a submanifold (analogous to
subset, subspace and so on). Firstly we need to define an immersion and an embedding

Definition 23. A smooth map ¢ : N — M is called an immersion at p if ¢, , (the pushforward at p) is injective.
Furthermore, ¢ is called an embedding if it is an immersion for all p € N and a homeomorphism onto its image.

Definition 24. We will call N a submanifold, of dimension n, of a manifold M of dimension m when n < m, if N
is itself a manifold, and the inclusion map i : N — M (i(p) = p) is an embedding.

The condition homeomorphism-onto-its-image allows for the image of an embedding to have a topology induced
from the ambient manifold, making a submanifold. During this discussion of related topics to submanifolds it would
be wise to define when two submanifolds intersect transversally as this appears many times in the course of the
thesis.

Definition 25. Let N; and N> be two submanifolds of a manifold M. Ny and Ny are said to intersect transversally
when

for every p € Ny NNy T,Ni +T,Ny =T, M.

It is the case that if Ny, Ny intersect transversally their intersection will only contain isolated points. This means
its dimension will be 0. A necessary condition for N1 and Ny to intersect transversally is if they have compatible
dimension, the sum of their dimensions is the dimension of the manifold M. In our special case M is of dimension 4
and the submanifolds we have investigated in Section 2 had dimension 2 so that intersection and most importantly
self-intersection could occur.

A hypersurface N of M is a co-dimension 1 submanifold. One example of a hypersurface is the boundary of
a manifold with boundary. To define this we can begin again with defining topological manifolds not by local
homeomorphisms to R™ but instead considering a different codomain. The codomain we consider is the left half-
plane H". The left half-plane is H"* = {(z!,...,2") € R" | 2™ < 0} (which we attach the subspace topology to) and
we call those manifolds locally homeomorphic to the half-plane, manifolds with boundary. In this appendix, up until
now, we have actually been talking about manifolds without boundary which we now call closed. The construction
is now precisely the same as in appendix A.1 but substituting R™ with H".

The boundary of a manifold (with boundary) M is the set of those points p for which every neighbourhood of
p has homeomorphic image in H™ always intersecting with the ambient space, R™. This is the intuitive notion of
boundary and for topological reasons it is difficult to prove that is right one but we take it as our definition in any
case. The notation for the boundary of M is 9M. The interior of M, Int M, is defined as M \ OM.
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B J-holomorphic curves

B.1 Connections and Chern Class

An algebraic tool will be needed in the following which we state now. Let V and W be a finite dimensional vector
spaces and let W* be the dual vector space of W then

W* &V = Hom(W,V).

Where X ® Y can be defined via the universal property (making it unique) of being the “filter” for any bilinear map
of the Cartesian product of vector spaces X x Y.

It is possible to apply this isomorphism fiberwise over two vector bundles F, Fy creating the new vector bundle
Hom(FE4, Es) := Ef ® E5, where the dual of a vector bundle was encountered in appendix A.2. In particular, by
taking Fy = Es = E, E* @ E =: End(E) this defines the fiber-preserving linear maps from E to itself.

From this tool it is possible to consider extensions of forms that are E (total space)-valued. The whole story is
almost the same as in appendix A.1 but instead define Q% (M, E) = T(A*T*M ® E) to be E-valued k-forms.

There is also an extension of the covariant exterior derivative for E-valued forms, namely

df . QF (M, E) — QFY(M, E),  with
dE(uAw)=dPunw+ (=1 uAdw
where p € QF(M, F) and w is some other (ordinary) form. In this case, d¥ o d¥ may not be zero.

Definition 26 (9.1.1, [43]). A (Koszul) connection (V) is a bilinear map from X (M) x I'(E) to I'(E), that satisfies
the following two properties:
Vx(ho) =h(Vxo)+dh(X)®0c
Vixo =h(Vxo).

Where h € C*°(M), 0 € T'(E) and X € X(M).

(9.2.3.1, [43]) A Koszul connection on a vector bundle 7 : E — M gives rise to a uniquely defined covariant
exterior derivative d¥ for which the identity dfc = Voo € T(T*M @ E) = Q*(M, E), holds for all ¢ € ['(E). Now
to define how d¥ acts on n € Q¥(M, E): For X,,... Xy € X(M), we obtain

AEN(Xos ooy Xi) = (=1) Vi, (0( X0y oy Xiy ooy Xi)) + (= 1) FI0([ X5, X1, X0y ooy Xy ooy Xy ooy X)L iy

the " denotes removal, and the bracket [ , ] is the commutator bracket of vector fields. For the case k = 0,

dEn(XO) = VXO”]’ ne QO(M7 E) = F(E)
(9.2.4, [43]). Let {s1,...,s,} be a smooth frame of a rank r vector bundle E. Then, as before d¥s; € Q' (M, E)
for each 4, there exists a matrix [w!] € M, (Q'(M, E)) for which

E,. _ J
d”s; = 55 Quwj.

The matrix of 1-forms [w/], for each frame, are called the connection forms. Given a section o € T'(E,U), with U a
neighbourhood of p € M and a local frame {s1, ..., s}, then at a point p

op = (0"54) -
Thus, locally, the covariant exterior derivative applied to any section o is
dPo =s; @ o'W + 5, @ do'.

It is possible to put further restrictions on the connection to turn it into a orthogonal /unitary connection where
the connection form takes values in the set of traceless skew-symmetric/skew-Hermitian endomorphisms of E. A
Hermitian vector bundle which is a complex vector bundle with a holomorphic structure and a Hermitian metric.
A Hermitian connection V is a connection on a Hermitian vector bundle E such that V is compatible with the
Hermitian metric {,) in the following way:

d(&,¢) = (VE,¢) + (£,V¢), forall ¢, € E.

(9.3.1, [43]) We can now define the curvature of a connection form. By definition, d¥(d¥c) € Q*(M, E) and is
C°°(M)-linear so that given a local frame and a section o = o's; then

d¥(dfo) = s5; @ (Rla?),
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with R = [R]] € Q*(M,End(E)) and

Rl = wl AwF +dul.
When wanting to move across local frames gluing co-cycles are needed. Let g be a gluing co-cycle on the intersection
of two local neighbourhoods we have

R= gfle and w= gfldg + gflwg,

thus R transform tensor-like whereas w does not. Meaning w transforms dependent on the gluing co-cycle, whereas
R does not. This fact when considering simultaneously diagonalizable matrices means

tr(R) = tr(g ' Rg) = tr(R)

so that tr(R) is globally defined.
A further useful property is the Bianchi identity

dR} = R, ANwF —w] A RE,

(9.3.6, [43]).
Given that the trace is a linear operator d(tr(R)) = tr(dR) and from the Bianchi identity

tr(dR}) = dR! = R} AwF — wi ARF =0,

we see that d(tr(R)) = 0. The last equality following from the fact that R¥ is a 2-form and so no sign appears
under interchange of the wedge product. We now have that tr(R) is closed and it can be shown that it defines a
cohomology class by showing that difference choices of V make tr(R) differ by an exact form (Theorem 1.35 (1),
[18]). This means that [tr(R)] € H?(M).

In the real case define the first chern class to be ¢1(E) = [tr(R)]. Locally R is skew-symmetric so that all
along the diagonals have to be zeros, implying a zero trace and thus ¢;(FE) vanishes. In the complex case define
c1(F) = (1/2mi)[tr(R)]. Here R is locally skew-Hermitian meaning R is a purely imaginary matrix and a purely
imaginary trace. Dividing by ¢ implies ¢1(FE) is real. (Theorem 1.35 (2)/(3), [18]).

B.2 Singular Homology and Poincaré Duality

Definition 27. A chain complex C, is a descending chain of algebraic objects (vector spaces/modules/groups) with
a differential 9 such that dy o 9y, 1 = 0 for each k (usually denoted 9% = 0).
R N . N o AL NN

Elements of Cj, are called k-chains. Define subsets of k-chains by Z(Cy) := Ker 9y, called cycles, and subsets of

(k + 1)-chains by B(Cy) := Im Oky1, called boundaries, . As Jx o 9x+1 = 0 for each k, then Im ;11 C Ker 9y for

each k, it makes sense to take the quotient by Im Jx11, a sub-object. Homology is then defined as the quotients and

the k-th homology is
Hk = Z(Ck)/B(Ck)

We encounter multiple examples of homology in this thesis, we now show the build up to homology classes and
induced maps in (singular) homology. The primary reference here is Hatcher’s book, [44].

A n-simplex A" is the convex hull of (n+ 1) points vy, ..., v, such that v1 — v, ..., v, —vg are linearly independent.
By identifying two n-simplices under an orientation preserving homeomorphism we can consider the equivalence class
of A™ by [vg, ..., vn]. The faces of n-simplices are (n — 1)-simplices and the equivalence classes are [vg, ..., 0s, ..., Up],
where v; is removed.

Now we will define singular homology. A singular n-simplex is a continuous map o : A™ — X, possibly not nicely
embedded. Let C,,(X) denote the free Z-module with generators as singular n-simplicies. Singular n-chains are sums
> ni0s, n; € Z with o; : A™ — X. The differential here is

On 1 Cp(X) — Ch—1(X),

n

On(0) = Z(_l)ia‘[vo,-..,ﬁi 77777 vn]-

=0

This differential squares to zero from lemma 2.1, [44].
We may write B,,(X) := Ker 9,, for the set of (singular) boundaries and Im 9,41 =: Z,(X) the set of (singular)
cycles. We can now define the n-th singular homology groups as

(page 108, [44]).
There is a notion that plays a significant throughout this thesis, that being homotopy.
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Definition 28 (page 3, [44]). A homotopy between two continuous functions f,g: X — Y is a family of continuous
functions h; : X — Y such that hg = f and hy =g, (z,t) — hi(z) from X x [0,1] = Y.

Two functions f and g are called homotopic, if there exists a homotopy between them.

We call two spaces homotopy equivalent if there exist f: X — Y and g : Y — X such that f o g is homotopic to
1y and go f homotopic to 1x. A fact called homotopy invariance (Corollary 2.11, [44]) is that homotopy equivalent
spaces have isomorphic homology groups, we use this in Section 3.4.

Remark. As we are on the topic of homotopy, in this thesis “generic” J/\/7 refers to a time-dependent collection
Ji/A¢/T which give a homotopy to standard Jsq/Astd/7sta. The philosophy around this is that the spaces of
almost complex structures, contact forms, symplectic trivializations are contractible meaning there will always exist
a homotopy to the standard structure in that space. Furthermore, if the statement of a proposition/theorem mentions
generic there is a further proof that needs to be made that the result is independent of homotopy. Then the standard
structure can be taken and thus the result is independent of that structure.

Now for the induced map in (singular) homology. A map f between spaces X and Y induces a map fy in the
chain complex. The map fy : Cp(X) — C,(Y) is defined via the composition A* - X =Y, fu := foo. The map

fs acts linearly, fx(3°, nios) =3 . nifypoi =Y, nf oo;.

D Cgr (X)) 25 Cu(X) =2 Oy (X)) 2
f# f# fa#
P

D2 Cr (V) 255 O (V) =2 O (V) 2

(page 111, [44)).
In the above figure we need to show that each square commutes, i.e. fx0 = 0fx.

=Y

3
f co |[1JU,...,{),~,,...,UH]
fuo

= 0f4(0).

Due to this commutation fx becomes a well-defined map which now induces the chain map f, : H,(X) — H,(Y).
Then f. is well-defined because of the following claim, fx takes cycles to cycles (1) and boundaries to boundaries
(2). We have fu0 = O0fx. Let a be a cycle, then da = 0, and

O(fpa) = f4(0a) = fx(0) = 0.

The first equality follows from the commutation relation and the last equality from the linearity of fx. The preser-
vation of boundary follows directly from the commutation relation: fx08 = 0fx 03 for all 5.

The two basic properties of the chain map are: (1) (fg)s = fegs, A = X %y L 7. With (fg)s : Ho(X) —
H,(Z), and (2) 1, =1.

Singular homology appears multiple times so we attempt to better understand it via familar objects, submanifolds.
The lecture notes of Nicolaescu [45], specifically Section 7.3 on intersection theory and background from Section 7.2,
will be our primary reference in the following.

Let M be a smooth oriented n-dimensional manifold without boundary. Before discussing intersection theory we
have to explain a relevant detail associated to de Rham cohomology missed from appendix A.l, namely Poincaré
duality.

We attempt to explain this by stating the following pairing for Q¥ (M) x Q2~%(M). The subscript ¢ on the second
coordinate denotes e-forms with compact support meaning those e-forms w with Cl(M \ Ker(w)) is compact. For a
smooth n-dimensional manifold M, the pairing is the following (Section 7.2.2, [45])

= [ o

The pairing is a map into R and equal to the above if w € Q*(M) and n € Q"~*(M), otherwise the pairing is
0. Fixing w forces the map to be D = D* : Q¥(M) — (Q27%(M))* : w +— [,,w A e (with codomain the dual of
Qn=k(M)). We would like to show that this map is independent of cohomologous elements. As this is a linear map
we only need show that D(w)(dp) = 0 for p € Q"~*~1(M) and some closed k-form w,

= w = w — kw = (— k w = — k w =
p@dr) = [ wndp= [ wndp+ (=1Faonp) = (1) [ a n) = (D | wrn=o
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as M is a manifold without boundary. Stokes refers to Stokes Theorem (Theorem 23.12, [13]) which says [, dw =
Jops w whenever w an (n—1)-form and M a manifold of dimension n. After a similar computation there is an induced
map also D : H*(M) — (H?~%(M))* where H?(M) is the cohomology generated from the co-chain complex Q°®(M).
In other words, the pairing (e, e) : H¥(M) x H»*(M) — R is well-defined. Poincaré duality is then the induced
dual map (H*(M))* to H?~*(M) under the isomorphism between the second dual of a finite vector space and itself.

Our plan is to define a new homology which we can then identify with singular homology, and further with de
Rham cohomology via Poincaré duality. These identifications will lead to defining the intersection number associated
to compatible dimension cycles in singular homology.

Let M be a smooth oriented n-dimensional manifold. A k-dimensional cycle in M is a pair (S, ¢) such that S is
a compact (oriented) k-dimensional manifold without boundary and ¢ : S — M a smooth map. Denote Ci(M) for
the set of pairs (S, ¢), (Def. 7.3.1, [45]).

We will define an equivalence relation of Ci (M), ~..

SIMOO 82 == _S |_| S
(S1,01) ~c (S2,¢2) < there exists ¥ and & : & Smoothy » r cuch that {‘I)| Eb 1) . ;
S = @i, 1= 1,

(Def. 7.3.2, [49]).

Where we have used the notation —S; is the same manifold as S; with the opposite orientation, and also L
for disjoint union. We say two cycles satisfying the equivalence relation are cobordant, side note ® is called the
cobordism of cobordant cycles. The set Cr(M) modulo cobordant cycles will be Z; (M), and [S, ¢] the equivalence
class of (S, ¢) in Z,(M).

Further properties of cycles include trivial, meaning there exists ¥ a (k + 1)-dimensional compact manifold with
boundary such that 0% = S, and there exists ® : ¥ — M smooth map such that ®|s = ¢. Under the further
assumption that M is connected the trivial cycles form the unit equivalence class [0], the notation for which will
become clear in a moment.

Moreover, a cycle (S, ¢) is degenerate if and only if (S, @) is cobordant to (S’, ¢') such that ¢’ is constant on each
of the connected components of S".

If given (S, ¢1), (S2,¢2) cobordant cycles then ((—S1) L Se, ¢1 L ¢2) is a trivial cycle. To see this take ¥ and ®
as in the definition of the equivalence relation. From assuming ~. is actually an equivalence relation, an addition of
classes can be defined like so

[S1, @1] + [S2, ¢2] := [S1 U S2, ¢1 U ¢2].

Under the claim that this addition is well-defined (and commutative) along with [0] the unit element turns Z (M)
into an Abelian group, with inverses —[S, ¢] = [—S5, ¢]. To define Hy (M), we form the subgroup generated by all
degenerate cycles and take the quotient of Zi (M) by this subgroup, (Prop. 7.3.4, [49]).

To each cycle there is a linear functional in (H*(M))* defined for w € H*(M) as [ ¢*w. Then from the discourse
on Poincaré duality we may identify this map with an element of H?~*(M). We use dg to symbolize the Poincaré
dual of the cycle (S, ¢).

There are four properties of d, to make sure our map is well-defined on the group Hy(M). Firstly, de is the
same element, up to exact form, over cobordant cycles. It is trivial (i.e. the 0 element in H?~*(M)) on trivial
cycles. The dual is additive over disjoint unions, with additive inverse on oppositely oriented cycles. So that now
§: Hp(M) — HP*(M) is well-defined and which we will call the homological Poincaré duality, (Prop. 7.3.10, [45]).

We now define invariants associated to pairs of cycles. Given M a smooth connected oriented n-dimensional
manifold M and S a k-dimensional submanifold of M, the inclusion map ¢ : S < M is smooth and (5,¢) defines a
k-cycle in M.

Given a (n—k)-cycle (T, ¢), T an oriented manifold, we can define the intersection number when S is transversal
to ¢. Transversallity will occur when (a) ¢~1(S) intersection with 7 is finite and (b)

(T2 T) 4 T(2)S = T(o)M (direct sum).

Define the intersection number of S and T at x, denoted i,(S,T"). This number is equal to 1 when the tangent
spaces ¢« (T, T) and Ty, S have the same orientation with respect to the tangent space Tjy(,)M and —1 if they have
opposite orientations, with respect to T,y M. Then by finiteness condition we define the “full” intersection number
of T"and S by

S-T= > 1.(S8T),

z€g=1(S)
(Def. 7.3.11, [45)).
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B.3 Cauchy-Riemann Type Operators

Keeping in the general framework of Section 2 it will be necessary to first prove that 0 satisfies a Leibnitz rule. That
being, for any smooth section v € I'(E) and f € C*°(X) we have

A(fv) = fo(v) + (Of) ®@v.
Proof.

A(fs) = d(fv) +Jod(fv)oj
=df @ v+ f(dv) + J[df (je) @ v+ f(dv(je))]
= f(dv) + J(f(dv(je))) +df ® v+ J(df (jo) @)
= fldv + J(dv(je))] + [df + J(df (je))] @ v
= fldv+ Jodvoj|+[df + Jodf ojl®v
= fO(v) + (Of) ® v.

O

Given a holomorphic structure on E, a collection of holomorphic gluing co-cycles go5 : Uo NUs — GL(n,C). By
natural identification GL(n, C) 2 GL(2n,R) there is a standard complex structure . To say g € C*° (X, GL(n,C)) is
holomorphic it means the following expression is zero

0i(g) =dg+iodgoj.

As ¢ is matrix valued function then it can be thought of instead as a matrix of smooth functions. Let gi be the
kj-th function of the matrix, then the above formula descends to the holomorphic operator 9, which by the above
condition must be zero. )

To prove that our section is well-defined will need to prove that it transforms tensor-like, i.e. g7' 0 9o g = 0. To
that end choose a smooth frame {v1,...,v,} and act on the transformed frame. Then

5(givj) = 5(gz) ® v + gfﬁ(vz) = gllcg(vl) = gilﬁ(vz)~

Therefore, there is no need to distinguish between 0 and 9, and our section is now globally defined. Note that this
depended primarily on the fact that the components of the transition map were holomorphic. Therefore, 0 (the
anti-holomorphic operator) would not be globally defined as there would be dependence on the transition map.

From our discussion so far, including Section 2, it seems prudent to generalize the types of operators we are
encountering. Indeed,

Definition 29 (Definition 2.41, [10]). A Complez-Linear Cauchy-Riemann type operator on (E,J) — (X,j) is a
complex linear map

D :I(E) — I'(Hom(TS, E)),
satisfying the Leibnitz rule
D(fv) = (0f)v+ f(Dv), forallveT(E),feC®().

For brevity we shall write C-linear C-R. type operator for Complex-Linear Cauchy-Riemann type operator. Fix
(E,J) — (%,7) and D, D’ are C-linear C-R type operators. Then for some v € T'(E)

(D = D')(fv) = (@f v+ f(Dv) = (f )v = f(D'v) = f(D — D')(v)

so that D’ — D is C'*°-linear. Similar to the case for (Koszul) connections we can decompose D’ — D onto a smooth
frame and make a matrix of E-valued complex anti-linear 1-forms. As 0 is itself a C-linear C-R type operator we
can take D’ = J and recover a Cristoffel symbols type theorem.

Take some connection V : I'(E) — I'(Homg (T3, E)), then

V+JoVoj:T(E)— TI'(Home(TE, E))

is a C-linear C-R type operator.
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Proof. Firstly, (V+JoVoj) is C-linear from the fact that V is C-linear. The complex anti-linearity is by construction
as the addition of J o V o j projects off the complex linear term.
Now for the Leibnitz rule, let f € C*°(X) and v € T'(F) be arbitrary
(V+JoVoj)(fv) =Ve(fv)+J(Vje(fv))
=df @ v+ fVe(v) + J(df (jo) @ v+ [V e(v))
=df @ v+ J(df(je)) v+ f(Ve(v) + Vje(v))
=(0f)@v+ f(V+JoVojv).

We will take the following to be fact.

Proposition 5 (Proposition 2.44, [10]). If there exists a Hermitian vector bundle (E,J) — (X, j) with C-linear C-R
type operator D : T'(E) — I'(Hom¢(TY, E)), there exists a unique Hermitian connection V such that D = V+JoVoj.

We will need real-linear Cauchy-Riemann type operators in the sequel which necessitates a definition.

Definition 30 (Definition 2.48, [10]). A Real-Linear Cauchy-Riemann type operator on a complex vector bundle
(E,J) — (X%,7) is a real-lienar map D : T'(E) — I'(Homg (T2, E)) such that the Leibnitz rule is satisfied

D(fv) = (0f)v+ f(Dv), forall f € C®(%,R),ve(E).

We will write, simply R-linear C-R type operator for Real-Linear Cauchy-Riemann type operator.
Returning for a moment to the state of affairs, first of all (X, j) a Riemann surface and (M, J) an almost complex
manifold. Then B = C°°(X, M) is an infinite-dimensional smooth manifold (Banach manifold) and symbolically
&€ — B is a Banach space bundle over B with fibers £, = I'(Hom¢ (T, v*TM)). By pulling back J on T'M define a
complex bundle structure on u*T'M — X. The tangent space over the manifold B, T,,8 = T'(u*T M) so that tangent
vectors at a point u € B are just vector fields along .

We define, as discussed before, the section of the Banach space bundle by

5'128%5,
Oyu=du+Joduoj.

Of course, we are interested in the set 5;1({0}). In an analogy to the finite dimensional case we use the inverse
function theorem to create a differentiable structure. Of course, we have a problem the inverse function theorem is
for finite dimensions but this technicality will not effect us too much. In any case there does exist an inverse function
theorem for Banach manifolds and there is a much more pressing problem that our operator is not linear. We need
our operator to be approximated by a linear operator so that we may apply Fredholm theory.

For now we will only concern ourselves with the finite dimensional case. Let E — B be a smooth vector bundle
of real rank k, over an n-dimensional manifold B. Let s : B — E be a smooth section transverse everywhere to
the zero section, meaning s~1({0}) C B defines a smooth submanifold of dimension (n — k) (Theorem 2.5.1, [10]).
Now choose a (Koszul) connection V on E — B. The map (Vs), : T,B — E, is independent of this choice for
p € s71({0}), due to the fact that TE splits canonically into horizontal and vertical subspaces along the zero section.
Keep in mind this idea going forward as it will appear again in this appendix as we are aiming to have a connection
independent result.

At once we linearize s at p € s~1({0}) by writing

Ds(p) : T,B — E,.

Intersections of s with the zero section happen only at s~!({0}) and we have a transverse intersection if and only if
Ds(p) is surjective for each p € s71({0}) (this is why the Fredholm operator needs to be surjective).

Now let us apply the ideas from the finite dimensional case to the infinite. First, consider the Banach space
bundle € that contains € as subbundle, with fibers &, = T'(Homg (T, u*TM)). Choose a connection V on M and
£, meaning it has as first slot a vector field on M and second slot a smooth section of Hom(T'%, o*T' M) where the
will be replaced by u € B.

Take a smooth parametrization of a path 7 — w, € B (a path of smooth functions) and a section £, € éuT, along
the path. We will assume that the covariant derivative V£, € c‘:'uT has the form

(Vo) (X) = Vo (6o (X)) € (W:TM), =T, sM, z€%,X € T.%

A simplification in symbols has been made by V, = Vj,5,. We will also use 9. = 9/97, both out of convenience.
Notice also, as was the case for the finite dimensions, V£, is independent of the connection V at any 7 such that
L =0.
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Now to linearize 9. Let u € 5;1({0}) further let {u,},;c(—1,1) be a smooth family of maps such that ug = u
with Orur|r—0 =: n € T'(u*TM). The linearization is

DOj(u) : T(w*TM) — T (Hom(TS, u*TM)),
the unique linear map such that

DEJ(U)T] = VT(5JUT)|T:0
= V. [du, + J(u;) o du o j]|-=o. (B.1)

The J(u,) appears to emphasize that the almost complex structure on T'M has been pulled back to ufTM.
To obtain a tangible expression pick holomorphic coordinates s + it near z € ¥ and evaluate on 95 by (B.1]

V. [dur + J(ur) o duo jl|lr=00s = V- [0str + [J(ur)0¢]ur]|r=0- (B.2)

A symmetric connection V on M satisfies the condition VxY — Vy X = [X,Y]. Where [X,Y] is the commutator
bracket of vector fields, is zero for commuting vector fields which are all we will encounter. So for us a symmetric
connection amounts to the property VxY = Vy X. We are allowed to enforce this condition without penalty due to
the result being connection independent. Therefore,

V. 0sur|r=0 = VsOrtr|r=o

=Vsn and
vratu7'|‘r:0 = Vta‘ru‘r|‘r:O

= V.

Notice the swap via the symmetry of the connection.
Then (B.2)) can be re-written after the following computation,

Vo + Vo ([J(ur)0]ur)lr=0 = Ven + (J(ur)|7=0) Vin + [V (J (ur)) 0] ur |7 =0
=V + J(w)Vin + [V (uld)0ur | =0 connection acting on the pullback
= Vs77 + J(U)Vﬂ? + [(Vg) Ur|r=0 )815}“
=V + J(w)Vin + [(VyJ)0u.

The first equality is from applying the Leibnitz rule. Removing the coordinates we result in
DA j(u) =Vn+ J(u)oVnoj+ (V,J)duoj. (B.3)

What is surprising is that the above expression is not only linear but also complex anti-linear thus D3y is not only
a section of £ but of £ as well (pages 44-45, [10]). Now to prove this.

Proof. We will begin by showing that for any vector field X, VxJ and J anticommute. Firstly, take some vector
field X, remembering that J maps TM to TM and thus is a (1, 1)-tensor, the covariant derivative then acts like so

(Vx)(Y)=Vx(J(Y)) — J(VxY), for all vector fields Y.

We need to show the expression (VxJ)(JY) + J(VxJ)(Y) vanishes for all vector fields X,Y. Indeed, let X,Y be
any two vector fields then

(Vx)IY) + J(Vx)Y) = Vx(J(J(Y))) = J(Vx(J(Y))) + J(Vx(J(Y))) = J*(VxY)
=-VxY+VxY —-JVx(JY)))+ J(Vx(J())) =0.
Therefore, J(VxJ)J = VxJ and in particular for X = 9,, J(V,J)J = V,J. The first two terms of (B.3]) form a
complex anti-linear map so that we need only concern ourselves with the third term. By projecting off the complex

linear term we result in
(VypJ)duoj—Jo ((VyJ)duoj)oJ =0

which follows precisely from the anti-commutativitiy property we have shown already. O

From now on we use (B.3)) as a definition B
Du = DBJ(u),

this is a real-linear map taking vector fields along u to sections of Hom¢ (7Y, u*TM). To prove that D, defines a
R-linear C-R type operator it is left to show that the Leibnitz rule is satisfied
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Proof.

Du(fn) =V (fn)+J(u)oV(fn)oj+ (ViyJ)oduoj
=df @n+ fVn+J(u)o(df @n+ fVn)oj+ f(Vy])duoj
=[df + J(u)odf o jl@n+ fVn+ fJ(u)oVnoj+ fl(V,J)duo j]
=[df + J(u) odf o jl@n+ f[Vn+ J(u) o Vnoj+ (V,J)duo j]
= (9f) @ n+ fDun.
O

There is a theorem we have missed that we will be state now as it pertains to creating a holomorphic structure
on a vector bundle. The vector bundle in question will be Hom¢ (TS, u*T'M).

Theorem 9 (Theorem 2.45, [10]). For any complez-linear Cauchy-Riemann type operator D on a complex vector
bundle (E, J) over a Riemann surface (¥, ), there is a unique holomorphic structure on (E, J) such that the naturally
induced 0-operator is D.

The idea is to use the linearized operator D,, to define a holomorphic structure on Home(7T'E, v*T M) so that du
is a holomorphic section. As we have covered (3, 7) is in fact a complex manifold so that TS — 3 has a natural
holomorphic structure, it is thus possible to talk about holomorphic vector fields on ¥. To this end we now supply
two more lemmas without proof.

Lemma 5 (Lemma 2.55, [10]). Suppose X is a holomorphic vector field on some open subset U C X, U’ C U is
another open subset and € > 0 a number such that the flow @b : U — ¥ is well-defined for t € (—e,e). Then the
maps % are holomorphic.

This is a characteristic situation of flows and the idea of the proof is to work in local holomorphic coordinates.
Then apply the local 0 operator to the flow and use uniqueness results of ODEs to surmise the flow, for any time,
vanishes under the operator.

Lemma 6 (Lemma 2.56, [I0]). For any holomorphic vector field X defined on an open subset U C 3, D,[du(X)] =0
on U.

In a sufficiently small neighbourhood it is possible to define the flow ¢’ which is holomorphic by the above lemma
so that maps along the flow are J-holomorphic.

We have that the C-R type operator D, is R-linear, what we require instead is C-linear. So we project off the
complex anti-linear part

1
DE = 5(Du —JoDyolJ),

with the innocuous introduction of a half. This defines a C-linear map

T(w*TM) — I'(Home(TY, u*TM)),
and, as has nearly always been the case, we prove the defined map satisfies the Leibnitz rule
[(0f) @0+ (Dun)f — J o ((0f) @0+ (Dun)f) o J]
[(@f) @ n— J*((0f) @ )] + [Dgn] f

[(Of) @+ (0f) ® 0]+ fDgn
fy@n+ fDSn.

DS (fn) =

N =N =N =

I
=

This makes D into a C-linear C-R type operator.
The induced bundle v*TM — . for any smooth J-holomorphic curve u : ¥ — M admits a holomorphic structure
for which holomorphic vector fields along u satisfy DSy = 0. In addition, for any local holomorphic vector field X

on 3,
1 1 1
DE(du(X)] = iDu[du(X)] — ijDu[Jo du(X)] = —§JDu[du(jX)] =0.
The last equality follows from (jX) also being a holomorphic vector field, and d;(u) = 0. Now du(X) is a holomorphic
section on w*T'M whenever X is holomorphic on T3. Therefore, du € I'(Home(T%, w*T'M)) is holomorphic. Now

we are able to enforce conditions on the space of critical points of u.
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Corollary 3 (Corollary 2.59, [10]). If u: X — M is smooth and J-holomorphic and not constant then
Crit(u) :== {z € ¥ | du(z) = 0}
contains at most a countable number of points.

This corollary is important for making the jump from somewhere-injective to almost everywhere injective J-
holomorphic curves, see Section 2.

B.4 Sobolev Completions of Vector Bundles

To begin talking about Sobolev Completions we must understand the motivation. In the theory of PDEs some
solutions may not carry the same amount of derivatives that would be expected from being a solution. In these cases
a type differentiability is associated, weak differentiability. We are supported in this discussion by the book of Evans
[46].

We begin with the most well-behaved functions we could conceivably come up with, smooth functions with
compact support on an open domain U C R™. We denote the space of these functions by C°(U) and ¢ belongs to
this space if it vanishes outside U and we can take an infinite number of its derivatives. Sometimes ¢ is called a test
function. On this space the following is well-defined, for o = (i1, ...,4,) a multi-index we write D¢ = 92 --- 9 ¢.
This operator on ¢ takes each partial derivative in the coordinate z; of ¢, i;-times for j = 1,...,n. We let |o
i1 + - -+ + i, be the degree of the operator D®. We will need a further definition to apply this operator to functions
not of this well-behaved type.

In the definition below we will employ Li (U) which is the space of locally L'-functions on U i.e. if u € L] _(U)
then for each open relatively compact V such that V' C U, u is L'-integrable on V. We assume in this subsection
that the reader is familiar with basic integration theory, if not review here [47].

Definition 31 (Section 5.2.1, [46]). Suppose u,v € L{ (U) and « a multi-index. We say v has a weak a-th partial
derivative of u, which we write v = D%u. This is only possible if

/UuD%dxz(—n‘a'/ngb

for every test function ¢ € C°(U).

The integral identity can be shown to be satisfied by a test function ¢ and a “normally” degree |« differentiable
function u. This is via |a| applications of integration by parts, which picks up the sign (—1)!%l. It is then natural to
ask for such an identity to hold for the weak-case.

Now to define Sobolev spaces, which are essentially function spaces that have weak derivatives lying in L,, spaces.

Definition 32 (Section 5.2.2, [46]). The Sobolev space W¥*P(U) consists of all locally L' functions u : U — R such
that for each multi-index « with |a| < k we have that u is weak « differentiable and its weak derivative D®u is in
Lr(U).

From now on we identify functions in W*®(U) that are equal almost everywhere. It is possible to define a norm
that makes W*P(U) into a Banach space (Theorem 2, [46]) which is precisely the reason we took this detour in the
first place. For applications, we care about taking n = 2 and identifying R? with C. This is because the domain
of our functions will be a Riemann surface ¥. Define the locally Sobolev functions WIIZ’C”(U ) as those functions on
U C C that belong to W¥*P(V) for each relatively compact V such that V C U.

Properties of these spaces follow now. Let U C C with smoothly varying boundary, then there are natural
continuous inclusions of W *+4r(U) into C4(U) whenever kp > 2 (for d non-negative integer). We also have the
obvious inclusion of W*? into Wk=1»,

Further related properties of W*P(U) need the requirements, k¥ > 1 and p > 2. First being that W*?(U) forms
a Banach algebra. The second is pairing that composes a continuous function f, defined on an open subset Q with
u € WFP(U) is continuous. For this to be well-defined u(U) C , the pairing explicitly is (f,u) — f o u.

The properties of the last 2 paragraphs is the content of Lemmma 2.96 of Wendl [10]). They will be needed to
define a differentiable structure on the Sobolev type sections of vector bundles displayed in Section 2. The theory
behind those bundles will be exposed now.

Exposition of Banach manifold and Banach space bundles rely on Lang’s book ([48]). First some preliminaries.

Let E be a real vector space. We call E a topological vector space when E has a topology in which + and - are
continuous. Also assume FE is Hausdorff and locally convex. By the later we mean every neighbourhood of 0 contains
a neighbourhood U of 0 such that for 0 <t <1,tU + (1 —-¢)U C U.

The maps between topological vector spaces FE and F are continuous linear maps. Let L(E, F) denote the space of
these maps. If T' € L(E, F) is invertible with continuous and linear inverse then T is called a toplinear isomorphism.
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The set of toplinear isomorphism, Lang denotes by Lis(E, F') and defines Laut(F) := Lis(E, E). The linear maps
of linear maps will be denoted L?(E,F) = L(E,L(E,F)). Those maps of L?(E, F) that are symmetric in their
arguments will be L2 (E, F).

A Banachable space is a complete topological vector space with a topology induced by a norm. With a norm
that induces the topology, a Banachable space becomes a Banach space. Such a norm is not unique but there is no
harm in just as well calling Banachable spaces with some norm a Banach space. Via corollary to the open mapping
theorem any continuous bijective linear map between Banach spaces E and F' is actually a toplinear isomorphism.
The set L(F, F') is also a Banach space. From now on all topological vector spaces are Banach spaces.

Now to discuss the generalization of differentiation to this situation. Let E and F be two topological vector
spaces. Assuming the existence of norms on E and F, we call ¢ tangent to 0 if ||¢(z)||r < ||z|| gy (x). Where ¢ is
such that lim,_,¢ ||¢(2)||r = 0. The maps || - ||z and || - || are norms on E and F', respectively.

Let U be open in F and f : U — F a continuous map. Define f to be differentiable at xzg € U if there exists A a
continuous linear map from F to F by letting

f(zo+y) = f(@o) + Ay + »(y)

for y near 0 and ¢ tangent to 0. The map A is called the derivative of f at x¢ and written D f(x) or f'(xg) or df (xo).
If f is differentiable at all 2o € U then f is just called differentiable and we denote the derivative Df € L(E, F).

If f is differentiable then f is of class C'. Define inductively when f is of class of C* by saying Df is of class
C*=1. Note that for f of class C?, D?f := D(Df) € L?(E, F). Furthermore, if f is locally homogeneous of degree 2
i.e. when f(tz) = t>f(z) for t > 0 then action of f is (1/2)D?(f)(0))(x,z). If f is of two variables then D; and Dj
are the partial derivatives with respect to each coordinate.

By an extension of the chain rule we can say if two maps f and g are of class C* then so is their composition
f og. From the setting of Banach spaces we have an analogous implicit function theorem which means that it is
possible to write down the inverse of a function f that has locally non-singular derivative df.

Now to deal with actual manifolds. The following is a radically generalized definition which we will restrict very
soon.

Definition 33 (Section 2.1, [48]). Let X be a set. An atlas of class C* (k > 1) on X starts as a collection of pairs
(Ui, i) (called charts) with ¢ in some indexing set. This collection must satisfy the following conditions

(i) Each U; is a subset of X and U;U; D X.

(ii) Each ¢; is a bijection from U; onto an open subset ¢;(U;) of some Banach space E; and for any 4, j, ¢;(U; N Uj)
is open in F;.

(iii) For U;,U; with non-empty intersection, the map
piow; iU NUy) = (Ui N T;)
is a C*-isomorphism for each pair of indices i, j.

Note that even though X is just a set, the topology on X can be induced from the atlas. It should be remarked
upon that the C*-isomorphism can only be guaranteed by the implicit function. Furthermore, in the definition X
does not even need to be necessarily Hausdorfl (or second countable), nor do the E; in (i) need to be the same.
However, we will not need this type of generality and require X to be Hausdorff, second countable and there to exist
a Banach space E that replaces F; for each i. In the language of Lang this would be an FE-atlas.

We call a chart (U, ¢), an open subset U of X is compatible with the atlas {(U;,¢;)} if ¢ : U — U’ with U’
an open subset of E and ¢; o ¢! is a C*-isomorphism for each i. Two atlases are compatible if their charts are
mutually compatible. Compatibility of atlases is an equivalence relation and by defining a C* differentiable structure
on X we mean to choose a equivalence class of compatible atlases. Then by saying that X is an E-manifold, or a
manifold modelled by E, we mean that X has a differentiable structure, a collection of atlases that are all E-atlases.
We recover finite dimensional manifolds by letting £ = R"™ for some n > 0.

From manifolds we move to vector bundles immediately. This brings us one step closer to the technicalities of
Theorem 2 as we will now understand the framework to define the Banach space bundles used there.

Definition 34 (Section 3.1, [48]). Let X be a manifold of class C¥, k > 0, 7 : E — X is a linear continuous map,
where E is a Banach space. Let {U;} be an open covering of X such that, for each 4, we have a mapping

m:n Y (U) = Us X E.
Together the pairs {(U;, 7;)} must satisfy

1. Each map 7; is a C*-isomorphism and commutes with the projection on U;. This means, the following diagram
commutes
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N U) —= U; x E

e

U,

Specifically, there is an isomorphism on each fiber (write 7;(z) or 7y)

Tiz 2T Hx) = E.

2. For two U; and Uj;, the map
Tjz OTiw : = E

is a toplinear isomorphism.

3. For U;, U; with non-empty intersection, the map from U; NU; into Laut(E, E) is portrayed as

x> (1501 ),

The collection of pairs {(U;,7;)} is a trivializing covering for 7 (or for E), and {7;} are the trivializing maps.
Under z € U;, 7; trivializes at x.

We call two trivializing covers {(U;,7;)} and {(Vj, ;)} equivalent if their pairs mutually satisfy (i7) and (¢44).
This is an equivalence relation and an equivalence class of trivializing cover defines a vector bundle structure on w
(or E). We say F is the total space and X the base space as in the finite dimensional case. By moving the Banach
space structure of E to each fiber 7=1(x) via the toplinear isomorphism 7, of (i), these fibers become Banachable
spaces. Then using (i¢7) this Banachable structure will be same. Same meaning that choosing distinct norms via
two distinct toplinear isomorphisms 7;; and 7, on the same fiber, these norms will turn out to be equivalent.

Before describing the Banach space bundles used in the technical details and connect this train of theory back
to Sobolev completions will need a very useful function in many sub-fields of geometry, the exponential map. The
exponential map for our purposes will define a differentiable structure on maps of class W*P from the Riemann
surface ¥ and the almost complex manifold M.

First of all the first example of a Banach space bundle is the tangent bundle over a manifold. Let X be a manifold
of class C*¥ (k > 1). Let = be a point in X, we will consider triples (U, ¢,v) with (U, ) a chart about = and v an
element of p(U) lying in a vector space that X is modelled on. Two triples (U, ¢,v) and (V,,w) will be called
equivalent if and only if the following identity holds

(o™ (p(x))v = w.

From the chain rule this is an equivalence relation and we call equivalence classes of triples [(U, ¢, v)] tangent vec-
tors of X at z. The tangent space of X at x, T,.(X), is the collection of these equivalence classes. The tangent bundle
of X will be T(X) = {(z, [U, ¢,v]) | [U,p,v] € T(X)} with natural projection 7 : T(X) — X by n(x, [U,p,v]) =z
is a vector bundle, in Lang’s sense, of class C*¥~1. In analogy to the differential or pushforward we will define a map
between tangent spaces from a map C*, f : X — Y between manifolds X and Y. At 2 € X denote T, (f) for the
map between T,(X) and Ty, (Y') for the pushforward of f at x. This map acts locally as simply the derivative. By
simplifying an equivalence class [U, ¢, v] to just v we find T.(f)(v) = (f(z), f/(x)v).

In this specific example a section, a C*~! toplinear map ¢ : X — T'(X) satisfy 7o & = 1, is called a vector field
as previous. In the local picture by identifying T'(U) with U x E, U open subset of X and F a Banach space. Then ¢
has two components (g1, g2) where the condition 7 o £ = 1 x implies that g;(x) = z. So that £(z) = (x, g2(x)), from
€ being C*~! then g is also C*~! toplinear map. We can take this one step further by defining the double tangent
bundle as T(T'(X)) a C*~2 manifold with projection T : T(T(X)) — T(X). Sections of this bundle will be needed
in defining the exponential map through integral curves.

Firstly, a curve is a map a : J — X, X a manifold both of class C* (k > 2) and J an open interval in R. An
integral curve of a vector field £ is map of open interval J containing 0 in R, o : J — X with initial starting point
a(0) = xg and &/(t) = &(a(t)) for all ¢ € J. On points of uniqueness and existence we will rely on Section 4.1 of
Lang’s book and from now on assume both. For o we mean T« o ¢, with ¢(¢) = (¢,1). Assume from now on J is an
open interval containing 0.

We call § a lifting of a curve o : J — X of class C! (I < k) into T'(X) such that B:J — T(X) and 7o 8 = . A
second-order vector field over X is a toplinear map F of class C*~2 such that T'r o F = 1 x. For each integral curve
B of F with canonical lifting 7 o 8 then (7o ) = .

Let o : J — X be a curve in X, we say « is geodesic with respect to F' if the curve o/ : J — T'(X) is an integral
curve of F'. In the local situation, U an open subset of X and F a Banach space, we identify T'(U) with U x F and
T(T(U)) with (U x E) x (E x E). Here m maps from U x E to U and T from (U x E) x (E x E) to U x E. By
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writing (z,u,v,w) € (U x E) x (E x E) then Tn(z,v,u,w) = (x,u). Similar to vector fields on X there is a local
representation, a C*~2 map f : U x E — E x E that has two components (fi, f2). Under the requirement that f is
a local representation of a vector field on T'(U) then f(z,v) = (v, fo(z,v)). Now « is a geodesic with respect to F
such that o = v, & = fo(z,v).

We care about those vector fields F' on T'(X) called sprays which have local representative fo as a homogeneous
map of degree 2 in the second variable. With fy as above and U an open subset of X and we require fo(z,tv) =
t? fa(z,v) for all t > 0 and z € U. By the previous discussion f, has action as follows fa(z,v) = (1/2)D3 fa(z,0) (v, v).
It is also possible to define a spray via a symmetric bilinear map x — B(z) such that B(x) = (1/2)D3 f2(z,0). Making
this local situation global over the entire manifold is tackled in Proposition 3.4 of Lang and not discussed here.

Finally, by letting F' be a spray on X and (3, an integral curve with respect to F' with initial condition v. Then
define a map v — f,(1) and exp(v) = 7f,(1) where v can only be mapped if 3, is at least defined on [0, 1], this
is achievable by Theorem 2.6 and Corollary 2.7 of [48]. Denote by exp, the restriction of exp to the tangent space
T,.(X) so that exp, : T(X) — X. The exponential map is of class C*~2 when X is a manifold of class C* (k > 2).
The use for the exponential is a way to locally reconstruct X from its tangent bundle T'(X).

Now with all of this theory we can get to the applications bringing Sobolev completions together with the space of
J-holomorphic curves. As a reminder the space we are trying to study is a subset of smooth functions from Riemann
surface (%, j) and symplectic 4 dimensional almost complex manifold (M, J)

{ue C®(E,M) |duoj=Jodu}.

From what we have been discussing of maps between tangent bundles an equivalent the condition could replace the
above avoiding misleading notation, Tuo j = J oTwu. In any case we need to understand the Sobolev completions of
vector bundles to apply the linearization of the Cauchy-Riemann type operator of appendix B.3 rigorously.

Let ¥ be a Riemann surface and consider a general vector bundle of rank r, £ over ¥. We write WIIZCP(E) for
those sections of E — ¥ are of class W*? on relatively compact subsets of a given open subset of 3. Maps between
manifolds can be defined similarly. When ¥ is compact VV{ZCP(E) and WkP(E) agree, we will assume this for ¥ to
avoid more complicated problems of non-canonical topology. That topology, we define now which will be put the
structure of a Banach space on the fibers. From ¥ being compact we can pick a finite covering {U;}7*,,m < oo and
assume there exists respective chart maps ¢; such that ; := ¢;(U;) C C with trivilizations ®; : Ey, — Q; x C".
Along with, the covering, charts and trivilizations, we will need a partition of unity {a; : ¥ — [0,1]}™, subordinate
to the covering. A partition of unity is guaranteed to exist for a topology (Theorem 36.1, [49]) and on manifolds
(Prop. 13.6, [13]), they work like follows. A collection of real-valued maps with sum ", a; = 1 which could be
subordinate to a covering, which means supp(«;) C U;. The exact definition is not very important, the purpose of
the a;’s are to globally define the following norm, for any section v : ¥ — F

m

[vllwrncmy =D lIpry o @i o (o - v) 0 ™ lwen(a,)-
=1

The norm inside the sum is the norm on functions of class W*? from ; to C"(= R?"). Let us check the function
inside the sum is well-defined,

—1
i a;rv P pr
Qi—>Ui—)EU¢ —>Qi><CT——2—>(CT.

So that we are in the situation of the previous Sobolev theory with n = 2r. These fibers with this norm are actually
Banachable spaces, but we are not too concerned as it is possible to make them Banach spaces. Furthermore, the
norm is not canonical but, luckily enough, the topology induced is canonical.

Now we will consider maps of Sobolev type between manifolds where we will impose kp > 2, which implies that
our maps are at least continuous. This is the beginning of making Theorem 2 rigorous as we turn to B = C*° (X, M)
and making B into a complete space B¥? = W*P(X, M). In that theorem we had that the tangent space at a point u
was T,B = T'(u*TM), so we analogize and assume T, B*? = W*P(u*T M) giving motivation to following definition.

Definition 35 (Definition 3.4, [10]). Let k¥ € N and p > 1 be such that kp > 2, pick any smooth connection V on
M and a smooth function g from 3 to M. Pick a neighbourhood U, of the zero section in g*1T'M such that for every
z € ¥, the exponential map exp restricted to Uy, NTy(,)M is an embedding. Then define the space of maps of class
WkP between ¥ and M as

WHP (S, M) == {u € C°(S,M) | u=exp,n with g € C™(X, M) and n € W*P(g*TM)}.

What do we mean then by exp as we previously defined via a spray. Well this happens via the connection V. We
say that v is a geodesic with respect to V when V)y(t) = 0. But then

Vi1(t) =0 <= F(t) = f2(v(1),¥(1))-
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Noting that any ~ has image in M. We now lift to X = C°°(X, M) by defining B(g)(n,n) = (1/2)D3 f(g,0)(n,n)
with f(x,v) = (v, f2(z,v)), f2 from above and g € X, n € W*P(g*TM). This defines bilinear map but also a local
representation of a spray, as we know the result, in the end, is connection independent so that this choice does not
matter intensely.

What does matter is that by using the Lemma 2.96 of Wendl’s notes, the properties of Sobolev spaces, implies
a Whr_differentiable structure can be put onto WP (X, M). What is entirely non-obvious is that this structure is
given through maps 7 — expn taking open subsets WFP(g*T M) into C°(X, M).

The last note to play, let £¥~17 be a Banach space bundle with fibers £¥~1? = W¥*P?(Hom(TX,u*TM)) with
Banach space structure defined via the norm as in the general case but with £ = Hom (T, u*TM). The rest of the
linearization can now be carried out but using the inverse function theorem for Banach manifolds on the smooth
section

Oy : B 5 VP iy s du+ Joduoj

about zero.
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