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Abstract

In this thesis I would like to discuss the idea of n-dimensional topological quantum field theories, or nD-
TQFTs. Any nD-TQFT can be described as a symmetric monoidal functor from nCob, the category of
n-dimensional cobordisms, to Vecty, the category of finite-dimensional vector spaces over some ground field
k. An nD-TQFT is also known as a linear representation of nCob. Especially the examples of 2Cob and
1Cob can be interesting.

I will discuss the fact that 2Cob is a free symmetric monoidal category on a commutative Frobenius
object. This means that 2Cob carries Frobenius structure. The image of 2Cob under any 2D-TQFT will
automatically carry the same structure, and specifically the image of the circle, a basic object in 2Cob, will
be a commutative Frobenius algebra. A Frobenius algebra itself can be regarded as a Frobenius object in
Vecty,. The conclusion of this part will be that the collection of 2D-TQFTs itself is again a category, and
that this category is equivalent to the category of commutative Frobenius algebras.

I will also discuss the fact that 1Cob is a free symmetric monoidal category on a dualizable object. The
image of the positively oriented point will be a dualizable vector space, which can be regarded as a dualizable
object in Vecty. The conclusion of this part will be that the category of 1D-TQFTs is equivalent to the
category of dualizable vector spaces.

I will mainly follow the book by J. Kock ([7]), be it in a rather different order, but I will also discuss
some other articles, namely those of M. Atiyah ([4]) and of C. Blanchet and M. Turaev ([8]). I will discuss
three different ways of defining topological quantum field theories, as mentioned in [7], [4] and [8], and I will
try to compare them.

I will also discuss adjacent research topics. Chapters 3 and 9 can be viewed as reports on independent
research I did. In Chapter 3 I will discuss the topic of porting over monoidal structure from an arbitrary
monoidal category to a skeleton, not yet provided with structure. There I will try to use a general, or
universal approach. In Chapter 9 I will discuss the category 1Cob and its skeleton 1cob. There I will
mainly focus on the graded disjoint union and its behaviour.
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1 Introduction

The central questions this thesis will answer are the following:

e How are the three different definitions of topological quantum field theories, as mentioned in (7], [4]
and [8], related? The answer can be found in Section 10.1, 10.2 and 10.3.

e What can we say about the category of 1-dimensional topological quantum field theories, and how
is this category related to the category of dualizable vector spaces? The answer can be found in
Section 10.5. The category of dualizable objects in an arbitrary symmetric monoidal category will be
introduced in Section 2.4.

e What can we say about porting over the symmetric monoidal structure from 1Cob to the skeleton
1cob? The answer can be found in Chapter 9.

e What can we say in general about porting over the monoidal structure from an arbitrary monoidal
category to one of its skeletons? The answer can be found in Chapter 3.

e How does a topological quantum field theory A with source category 1Cob induce a topological
quantum field theory A’ with source category 1cob? The answer can also be found in Section 10.5,
where we introduce SVecty, the category of signed vector spaces.

About Chapter 1. In this chapter (see Section 1.1 and 1.2) I would like to give a somewhat more physical
introduction to the topic of topological quantum field theories. The next chapters will be about definitions
from category theory, dualizable objects, Frobenius objects, Frobenius algebras, the theory of cobordisms
and finally topological quantum field theories.

About Chapter 2,3,4 and 5. Chapter 2 will mainly be about categories. A category can be regarded
as a collection of elements, including connections with direction, between elements. The elements will be
renamed as objects, and the connections will be renamed as arrows. Arrows can be composed, or horizontally
composed. We will introduce the idea of skeletons of a category. A skeleton of a category can be regarded
as a minimal subset of the collection of objects and arrows, still carrying the same structure of the category
itself. We also say that a skeleton is a minimal full subcategory of the main category. In many cases we have
many possibilities for choosing a skeleton.

We can add more structure to many categories, for example monoidal structure and symmetric structure.
We will call the result a symmetric monoidal category. In such a category, objects and arrows can also be
vertically composed. A functor is a map between categories and a symmetric monoidal functor is a map
between symmetric monoidal categories.

As a key example, we will shortly introduce Vecty, the category of vector spaces over some ground field
k. Its objects are vector spaces, and its arrows are linear maps. The horizontal composition of arrows will
be the ordinary composition of linear maps, and the vertical composition of objects (or arrows) will be a
matter of taking tensor products of vector spaces (or linear maps).

In Section 2.4 we will introduce dualizable objects in the general setting. (In Chapter 9 and in Section
10.5 we will introduce dualizable objects in different specific settings.)

After introducing the concept of symmetric monoidal categories, we can directly discuss the technical
details of porting over monoidal structure from a (symmetric) monoidal category to a skeleton, see Chapter
3. Then we will discuss the details of (commutative) Frobenius objects in a (symmetric) monoidal category,
see Chapter 4. In Section 4.1 we will introduce Frobenius objects, which are objects satisfying some extra
rules. Then we will also introduce Frobenius structure, which applies to categories generated by a single
object. In Section 4.2 we will introduce Frobenius objects in Vecty, or Frobenius algebras, as a special
example, and in Section 4.3 we will introduce cFAy, the category of commutative Frobenius algebras. Then
Chapter 5 will be a self-contained short introduction of Morse functions. We will use special Morse functions
in the next chapters, for splitting up cobordisms.



About Chapter 6,7,8 and 9. Chapter 6 will be about cobordisms in general, and Chapter 7 will be about
how to define (symmetric monoidal) categories of cobordisms. A cobordism in dimension n is an oriented
smooth manifold with a closed oriented boundary of dimension n — 1. We can say that each cobordism
has an initial boundary, or in-boundary, and a final boundary, or out-boundary. Thus a cobordism (or,
to be more precise, a cobordism class) can be regarded as an arrow between two objects. The name of
the symmetric monoidal category in question is nCob. The horizontal composition of these arrows is a
matter of connecting the out-boundary of one cobordism to the in-boundary of another cobordism, and
the vertical composition is a matter of taking disjoint unions of the objects or arrows in question. We can
also do horizontal decomposition, or just a splitting, of a cobordism. Then we can split up cobordisms into
smaller ones, and for this we can use special Morse functions, as introduced in Chapter 5. In Chapter 6 a
procedure for splitting up cobordisms will be introduced, and in Chapter 7 a procedure for gluing them will
be presented.

We will also discuss two special examples of cobordism categories. In Chapter 8 we will discuss 2Cob
and in Chapter 9 we will discuss 1Cob. There we will also discuss skeletons of these categories, and we will
try to turn them into symmetric monoidal categories also. Generators and relations of these skeletons will
also be presented.

About Chapter 10. Chapter 10 will be about topological quantum field theories. A topological quantum
field theory (we have more of them) can be regarded as a map between a collection of cobordisms and the
collection of vector spaces and linear maps. Using more formal language: an nD-TQFT is a symmetric
monoidal functor between the symmetric monoidal category of cobordisms of dimension n, or nCob, and
the symmetric monoidal category of vector spaces and linear maps, or Vecty. This is mainly the definition
of [7], see Section 10.1. In Section 10.2 and 10.3 we will compare this definition with alternative definitions,
as mentioned in [4] and [8]. These three definitions look very different at first sight, and we will discuss how
they are related.

About Section 10.4. Here we will discuss 2-dimensional topological quantum field theories. We can start
with the source category 2Cob of any 2D-TQFT, but we could as well start with 2cob (or small 2Cob)
instead, which is a skeleton of 2Cob, generated by the standard oriented (unit) circle. At least Kock [7]
uses this approach in his Section 3.3. We can say that a 2D-TQFT mapping from 2cob instead of 2Cob is
much easier to describe, but it still carries the most relevant information.

The circle can be regarded as a commutative Frobenius object in 2cob, as already explained in Chapter
8. Then we can say that this skeleton 2cob (thus not 2Cob itself!) is a free symmetric monoidal category
on a commutative Frobenius object, or a free symmetric monoidal category carrying Frobenius structure.
These notions will already be introduced in Section 4.1. Any 2D-TQFT will map the circle to a commutative
Frobenius algebra. These algebras will already be introduced in Section 4.2.

In this section we will also mention that the collection of 2D-TQFTs can again be turned into a category.
Then the category of 2D-TQFTs with source category 2Cob will be equivalent to cFAy, and the category
of 2D-TQFTs with source category 2cob will be isomorphic to cFAj.

About Section 10.5. Here we will discuss 1-dimensional topological quantum field theories. The original
idea was to directly start with the source category lcob, a skeleton of 1Cob, of any 1D-TQFT, just as we
did in Section 10.4, when we started with 2cob as the source category of any 2D-TQFT. However, we can
as well start with the source category 1Cob’, which can be regarded as a minimal full symmetric monoidal
subcategory of 1Cob. We will present both 1Cob’ and 1cob as a source category of 1D-TQFT’s.

The objects py and p_, which are positively and negatively oriented points, can be regarded as the
objects generating both 1cob and 1Cob’. These points can be regarded as dual objects of each other. We
can also say that py (or p_) is a dualizable object. Then we can say that both 1Cob’ and 1cob (thus, again,
not 1Cob itself!) are free symmetric monoidal categories on a dualizable object. Now any 1D-TQFT will
map this p; to some vector space V', and p_ to some W (which is isomorphic to V*, the canonical dual of
V). Then V and W will be dualizable objects in Vecty, or dualizable vector spaces.



We will mention that also the collection of 1D-TQFTs can again be turned into a category. Then the
category of 1D-TQFTs with source category 1Cob will be equivalent to DVSy, the category of dualizable
vector spaces over k. The categories of 1D-TQFTs with source category 1lcob or 1Cob’ will both be
isomorphic to DV'Sy.

More about Chapter 3 and 9. It was my choice to study 1D-TQFTs with source category 1cob. For
me this raised the question of how to carry over the symmetric monoidal structure correctly from 1Cob to
1cob. The ordinary disjoint union, an operation on 1Cob, will not work correctly on 1cob, so the monoidal
structure cannot be exactly copied from 1Cob to 1cob. We can say 1cob is a minimal full subcategory of
1Cob, but not a symmetric monoidal one. Thus a slightly different approach is needed then, and this is why
some questions arose to me. Chapter 3 and a large part of Chapter 9 are about the independent research I
did.

Chapter 9 will be about 1Cob and its skeleton 1cob. We mainly need the graded disjoint union, as 1cob
is not closed under the operation of taking ordinary disjoint unions. Mainly without consulting literature,
I did some independent research for Chapter 9 to find an explicit method of checking if porting over the
symmetric monoidal structure from 1Cob to lcob will work out correctly. I used an explicitly defined
projection functor P : 1Cob — 1cob, and made a special choice for this P. This P was meant for porting
over the monoidal structure, but the symmetric structure of 1Cob was already needed for this P. Another
question arose: does it really depend on this explicit choice of definition of P, whether or not the monoidal
structure can be successfully ported over from 1Cob to 1cob? Chapter 3 was meant for finding this out.

Chapter 3 will have its own topic, but this topic is still adjacent to the main topic of this thesis. If
we know that C is a monoidal category, and if C’ is a skeleton of C, not yet provided with structure, then
we can choose a projection functor P : C — C’, and check if this functor can help us porting over the
structure. I also did some independent research to find a formal, universal approach for finding out if this
functor P will really do the job, also mainly without consulting literature. The result was meant to find
an alternative way for porting over the monoidal structure from 1Cob to 1cob, and this way fairly differs
from the explicit method, discussed in Chapter 9. For example, the universal approach does not need strict
monoidal structure, explicit definitions or any symmetric structure. This chapter assures that it does not
depend on the explicit behaviour of P or on the specific properties of 1Cob.

About Chapter 11. Chapter 11 will be about the conclusions and retrospective views of this thesis.
There will be a summary of the answers to the central questions.

1.1 The physical background

Classical Mechanics. In classical mechanics, physicists study moving objects in a specified setting, and
the main problem is to specify and to solve the equations of motion. These equations of motion are formulated
as boundary value problems or differential equations. The standard procedure to find a solution of a boundary
value problem often consists of three stages. In the first stage one needs to perform a series of algebraic
manipulations. In the second stage one needs to compute a series of integrals, which yields a so-called
‘general solution’. In the third and final stage, one should insert initial values or boundary values, which
could for example be a specified position and velocity of an object, given at a certain time. This third stage
reflects the fact that classical experiments which look different at first sight, can be described by the same
underlying theory. For example, an apple falling from a tree and the moon orbiting the earth are described
by the same equation. The difference lies in the boundary values.

When studying objects which are accelerated under the influence of a force, one first needs to specify a
differential equation. Usually this equation involves a function which depends on time, and this equation
is valid in the general sense. Whatever the initial location and speed of the object is, it should always be
possible to derive the time evolution of the object’s motion by this equation. After performing the first two
stages of solving this equation, one must insert the boundary values. In physics these boundary values are
often referred to as degrees of freedom.



In the example mentioned above it was clear that there is just one degree of freedom. We needed to
specify two boundary values, which were the initial location and velocity, but conventionally we speak of
just one degree of freedom. This reflects the fact that the equations of motion correspond to a second order
differential equation. This means that the space of solutions can be described as a manifold of dimension
two, at least when we are dealing with a linear equation. To find a solution, one only needs to specify initial
conditions, which are values for the function in question and for its time derivative, or, using physical words,
the position and velocity of an object at a given moment in time. For a combined system, consisting of a
finite number of moving objects, also possibly interacting with each other, we say that the system has just
as many degrees of freedom as the number of objects involved. In the theory of classical mechanics any such
combined system and its mechanics are described by a corresponding boundary value problem.

To go one step further, we can consider the boundary value problem of a chain of many classically
interacting objects. Imagine a series of objects tied to each other with springs. There are now many degrees
of freedom. In theory we can describe the dynamics of a violin string by performing a limiting procedure on
such a model with a finite number of degrees of freedom. In this procedure we keep the length of the chain
constant, but the distance between all the links goes to zero, while the number of links goes to infinity. This
is why we should call this a model with an infinite number of degrees of freedom.

Classical Field Theory. Classical field theory describes physical systems with an infinite number of
degrees of freedom. Mathematically these are described by partial differential equations, in contrast to a
single object or a finite group of objects, which are described by ordinary differential equations and a finite
number of degrees of freedom. The aim of classical field theory is, for example, to solve the equations of
motion for a violin string, or a vibrating membrane. The ripples in a pond can also be described by a
classical field theory, and here the interesting part starts. Imagine a piece of wood floating in the middle of
a pond, which at first is totally in rest. After you throw a stone in the water, you will see a series of waves
propagating from the point where the stone hit the water. At a certain moment the waves will reach the
piece of wood, which will start to move. In this scenario we thus see a kind of interaction from a distance
between two objects.

There exist many simplified models for classical field theories, described by linear homogeneous par-
tial differential equations which have exact solutions. In reality though, classical field theories tend to be
inhomogeneous and non-linear. Very few of these problems are exactly solvable; most of them can only
approximately be solved by using classical perturbation theory.

Quantum Mechanics. In the early 20th century the theory of Quantum Mechanics was born. It can
be regarded as an extension of the already fully developed theory of classical mechanics. At the time this
theory of quantum mechanics was fully developed, the procedure for quantizing any classical boundary value
problem was generally applicable. Quantum mechanics is centered around the famous Schridinger equation,
which is a linear partial differential equation of the following form:

0 A
Zhai/)(r, t) = Hy(r,t) (1.1)

The variables r and t are space and time variables respectively. The operator H , called the Hamiltonian,
is a linear partial differential operator which contains derivatives up to second order with respect to space
variables only. Any solution of this equation is specified by a wave function, or state function, which is
complex valued. We note that equation (1.1) is of first order with respect to ¢, thus we could say that
it directly dictates the time evolution of a wave function. The boundary values, needed to solve (1.1)
completely, are specified by a time-independent wave function, which is a wave function at a fixed moment in
time, and as such only depends on space coordinates. Every smooth and square-integrable function should
be valid. If a time-independent wave function v;(r) is known at a specific time ¢;, we can easily generate a

solution of (1.1) as follows: ‘
i

W(r,t) == exp( h(t — t;)H )i (). (1.2)
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Thus the result will be a time-dependent function. We thus see that an initial time-independent wave
function must be specified in order to solve the Schrodinger equation completely.

In more mathematical terms, we are dealing with a Hilbert space H of possible time-independent wave
functions. This Hilbert space is characterized by the specific boundary value problem belonging to the
classical model considered. We will use vector notation for elements of H, thus any ¥(r) will be written
as [1(r)). Then there is a time evolution operator T'(t¢,t;) : H — H, which is linear. This operator is
equivalent to the exponent as written in (1.2). If |1;(r)) is a boundary value of the theory, then we can find
a specific solution |¢)(r,t)) of (1.1). We should note that these time-dependent state vectors also generate a
Hilbert space, but this is not the same space as H. Restricting this |¢(r,t)) to any other constant time ¢y,
it will satisfy:

W6, O)imey = 7 (r)) = Tt )| (7).

Note that, in most traditional applications, we assume the model itself will not change in time, thus we will
use the same space H of possible time-independent wave functions for all moments in time.

In quantum mechanics we are often interested in a statistical quantity called the transition amplitude.
It is defined as the probability of a quantum mechanical system prepared in a certain state |¢;(r)) at time
t; to be found in state |¢¢(r)) at another time ty. Therefore we first need to apply time evolution to the
initial state [¢;(r)), and then we can compute the inner product of the resulting state and |¢¢(r)). This
yields (¢, (r)|T(tr,t;)|:i(r)), where (-|-) is just the inner product as defined on H. Taking the square of its
absolute value will give us a probability number, which we will call the transition amplitude. Traditionally,
the transition amplitude is computed by first solving the Schrddinger equation and then computing its
corresponding time evolution operator.

Quantum Field Theory. In a later stage of the development of quantum mechanics, new techniques
were invented to compute transition amplitudes and other quantities of statistical importance belonging
to the quantum model corresponding to a classical field theory, which we will call a quantum field theory.
Here classical just means not quantum, thus also models obeying Einstein’s theory of special relativity are
allowed. Especially the theory of electromagnetism was one of the first to be described in this new setting of a
quantum field theory. The new techniques of quantum field theory differ from ordinary quantum mechanics,
based on the Schrodinger equation, and a lot more brute-force computations are needed, for example the
Feynman path integral.

1.2 Topological Quantum Field Theories

A topological quantum field theory is a quantum field theory with the additional property that transition
amplitudes do not depend on the geometry of the underlying space-time, only on its topology. Thus when a
space-time for example smoothly warps or contracts, the transition amplitudes do not change. We could also
define a metric on the underlying space, but the model will not depend on this metric. We should note that
if this underlying space-time is just Minkowski space, which is the background space-time R* equipped with
the Minkowski metric of special relativity, then there is really nothing interesting going on. The Minkowski
space is a contractible space, thus it has only trivial topological properties.

It gets more interesting when the background space-time has non-trivial topology, especially when not
every time slice has the same topology also. This type of spaces especially shows up in for example string
theory. In closed superstring theory, we consider compact oriented manifolds of dimension two, embedded
in a Minkowski space of dimension 10, and the embedding map can be regarded as a field theory. Usually,
these manifolds are described as Riemann surfaces, or to be more precise, these M are the image of some
embedding ¥ — R, where ¥ is a Riemann surface. Let T'(¢y) be the manifold of constant time ¢, then T'(¢,)
is a contractible submanifold of R'® of dimension 9. Then we can define the intersection X (¢9) := M NT(t).

In many cases X (tg) will be a compact manifold of dimension one. This X () has some number N (¢o)
of connected components X (¢9);, and each component carries its own space H(X (to),) of possible quan-
tum states. The total space H(X (t)) of quantum states possible on X (tg) is the tensor product of these
H(X(to);). However, we should take care when X (¢() is not a proper manifold. Any compact M without

11



boundary has intersections of this type which are not proper submanifolds. We assume that it is always
possible to find a Morse function, defined on M, such that for all ¢ty we can interpret X (tg) as a level set of
this Morse function. In case this X (¢g) is not a proper manifold, we are dealing with a critical point of this
Morse function, lying in X (tg).

We should note that in many quantum field theories the metric is a dynamical field. This means that
making any final conclusions about the model in use, we also need to consider all possible metrics, thus we
need to perform an extra path integral over this dynamical variable. In a topological quantum field theory
we do not desire transition amplitudes or any other quantity depending on a metric. According to [5], to
make sure this will indeed not happen, we first need to realize that a background metric is needed when
constructing the theory itself, so one needs to choose a background metric. So at first sight the complete
Hilbert space H¢ will include quantum states whose amplitudes will depend on the metric. However, any
TQFT admits a symmetry, a BRST-like operator @) : Hc — H¢, which is nilpotent. The Hilbert space of
physical states is defined as the @-cohomology group:

thys = KGT(Q)/IH’I(Q)

This will project out all quantum states whose amplitudes depend on the metric, or, to be even more precise,
it divides out all metric-dependence. This means that it does not matter which specific background metric
we start with, and varying this metric also does not have any effect. Thus a path integral over all possible
metrics is not needed now, thus many computations can be simplified.

In quantum mechanics it is common use to make a difference between three types of models. Let H be
the Hilbert space corresponding to the model, then we consider the following three types:

e H is infinite-dimensional with an uncountable basis.
e H is infinite-dimensional with a countable basis.
e H is finite-dimensional, thus consequently it carries a finite basis, which is countable by definition.

A model of a free particle propagating in R3 with constant velocity is an example of a model of the first
type. A model of an oscillating particle, trapped in a potential, is an example of a model of the second
type. A model of a particle only carrying spin is an example of a model of the last type, as there is only
a finite number of spin-states. Especially models of the last type are interesting in the context of TQFTs.
The classical axioms of a TQFT, described in [4], apply to finite-dimensional Hilbert spaces by definition,
and in this case these axioms are exact. According to [4] it is also possible to apply the theory of TQFTs
to infinite-dimensional Hilbert spaces, but then we must make proper redefinitions of the axioms, making
them less exact. For simplicity we will ignore the first two possible types from now on, and only consider
finite-dimensional Hilbert spaces.
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2 Monoids, Categories and Functors

I would like to give an introduction of some basic concepts in category theory, without entering too much
into detail. For the reader who is interested in a more detailed introduction, especially written for the
subjects discussed further, I would like to suggest reading [7]. In this book one can find a lot of figures which
might help to get more intuition.

The development of the concept of categories is a successful attempt to describe the grammar of many
mathematical structures. The structure of Frobenius algebras and of cobordisms, and the things we would
like to do with them, can be nicely summarized in terms of categorical language. Just like words can
be decomposed into letters, we can decompose any 2-dimensional cobordism into elementary pieces. We
will observe that some of these ‘words’, built up as different sequences of ‘letters’, will in fact be equal as
cobordisms. This yields relations, in fact identities, between words or parts of words, which might look
different at first sight.

As a standard example, we will shortly introduce the symmetric monoidal category of vector spaces near
the end of Section 2.3. Then we will also introduce the category of dualizable objects in Section 2.4. More
examples of categories, also symmetric monoidal ones, will be studied in more detail in later chapters.

2.1 Monoids

A monoid is a set M, together with a binary operation u : M x M — M, written like multiplication
w: (a,b) — a-b. This multiplication is associative and has a neutral element e € M, satisfying e-a = a-e = a
for all @ € M. This e is unique.

A more formal description of a monoid can be introduced. Let M be a set. Let M™ denote the m-fold
Cartesian product of M, written as M™ = M x - -- x M. We define the singleton set 1 := M°. The singleton
set satisfies the property 1 x M = M = M x 1. In what follows Idy; : M — M will mean the identity
function.

A monoid is a set M together with two maps

wMxM-—-M |, n:1— M,
where p satisfies the associativity relation
pro (px Idar) = po (Idar xp)
and 7 satisfies
po (Idar xn) =7maryy > o (nxIdy) = 7,
Here m(5,1) and 71 ps) are the canonical projection maps
Ty Mx1—M | 7wqay:1xM— M.
We can express these properties using the following commuting diagrams:

M x M x M

xId Idar X
% W M “ 1 Idas ><77M % MnXIdjw 1 x M
M x M M x M
g ) M l“ﬁ (2.1)

m

We note that associativity implies that p induces uniquely defined maps p(™ : M™ — M. Any monoid

is written as a triple (M, p,n), or alternatively (M, -, e).
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When M and M’ are two monoids, a monoid homomorphism ¢ : M — M’ is a function for which the
following diagrams commute:

M M -2 0 s o ¢ VL
M ;1,’
| | DN
M p M’ 1

With this formal description of a monoid we can later define the notion of a monoidal category.

2.2 Categories

Categories: The main definition. A category C is given by a collection Cy of objects and a collection
Cy of morphisms, or arrows. These collections are equipped with the following structure:

e Each arrow has a domain and a codomain, which are objects. If X is the domain of the arrow f, and
Y its codomain, alternatively written as X = dom(f) and Y = cod(f), then we write f: X — Y.

e For any two arrows f: X — Y and ¢g: Y — Z, another (unique) arrow gf : X — Z exists. We say gf
is the composition of f and g.

e The composition is associative, that is, given f : X — Y g :Y — Zand h : Z — W, then
h(gf) = (hg)f. Thus we are allowed to write hgf : X — W.

e For every object X there is an identity arrow Idx : X — X which satisfies fldx = f and Idx g =g
forall f: X —Y and g: Y — X. For all X this identity arrow is unique.

We remark that the arrows always point from an object to an object, thus it defines some sense of direction.
There is one subtlety though. When an arrow f : X — Y exists, there is no reason to assume another arrow
g:Y — X exists. For any pair X,Y € Cy we define C(X,Y) as the collection of arrows with domain X and
codomain Y.

Example of a category. As an example of a category, considering monoids as objects and monoid homo-
morphisms as arrows, we can define the category of monoids, written as Mon.

Subcategories. Let C and D both be categories, then D is a subcategory of C if the following hold:
e Any object in D is also an object in C.
e Any arrow in D is also an arrow in C.
e The composition of arrows with respect to C and with respect to D is the same.
e The identity arrows with respect to C and with respect to D are the same.

If for every pair of objects X and Y in D we have D(X,Y) = C(X,Y), then we call D a full subcategory of
C.

Isomorphisms, isomorphism classes and skeletons. An arrow f : X — Y is called an isomorphism
if there exists another (unique) arrow g : Y — X such that gf = Idx and fg = Idy. Then we say X and YV
are isomorphic, and we will write ¢ = f~!. To any object X an isomorphism class vx is associated, which
contains all objects isomorphic to X. For any Y isomorphic to X we have 1y = tx.
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A skeleton of a category C is a category D satisfying the following:

e Every object in D is an object in C.

e For every pair of objects X and Y in D, the arrows in D are precisely the arrows in C, thus D(X,Y) =
C(X,Y).

e For every object X in D, its identity arrow with respect to D coincides with its identity with respect
to C.

e The composition law of arrows in D equals the composition law of arrows in C, when restricted to
arrows in D.

e Every object in C is isomorphic to some object in D.
e There exists no isomorphism between any pair of distinct objects in D.

This means that D is a full subcategory of C and that it contains exactly one object from each distinct
isomorphism class of C, and that the only isomorphisms in D are arrows, not necessarily identities, from an
object to itself.

A skeleton is not unique, but any two skeletons D and D’ are isomorphic, in the sense that for both the
objects and arrows in D and D’ a one-to-one relation exists, thus for every object or arrow in D there is a
unique corresponding object or arrow in D’. Thus a skeleton is only unique up to isomorphisms of categories.

We will not claim that for every category there exists a skeleton, but when a skeleton of C exists, we can
say that it describes the essential structure of C.

Example of a category: A groupoid. A category C is called a groupoid if all of its arrows are isomor-
phisms. Then we see that, for any object X, C(X, X) can be regarded as a group. As a nice example we
could introduce the fundamental groupoid Ilx of a topological space X. The objects in IIx are points in X,
and for any two points p and ¢ the arrows from p to ¢ are homotopy classes of paths, lying in X, from p to
g. Here we recall that a path from p to ¢ is specified by a continuous map v : [0,1] — X, with y(0) = p and
(1) = g. Then m(X,p) := IIx(p,p) is the fundamental group of X at p. We note that a topological space
X needs not be connected. This means that its fundamental groupoid is also not connected. Of course, in
an arbitrary category, two distinct objects do not need to be connected by arrows. In general, a groupoid
needs not be connected.

Generators and relations. When we have found a skeleton D of C it is possible to study its further
structure. A generating set G(D) is a collection of arrows in D so that every other arrow in D can be
obtained by composing arrows in G(D). This set is not necessarily unique, but we assume it is minimal.
Any arrow in G(D) is called a generator. A relation is the equality of two distinct ways of writing a given
arrow in terms of these generators. A minimal set R(D) of relations is called complete if every other relation
can be obtained by combining relations in R(D).

Functors. A functor is a map between categories. Given two categories C and D, a functor F': C — D
consists of operations Fj : Co — Dy and F; : C; — Ds, so that for each f: X — Y, where X,Y € Cy and
f €Cq, we have Fy(f) : Fo(X) — Fo(Y) and:

eftor f: X —>Yandg:Y — Z, we have Fi(gf) = F1(g9)F1(f).
e Fi(Idx) = Idg,(x) for each X € Co.

A trivial example is the identity functor from a category C to itself. It maps any object or arrow to itself.
It is written as Idc.

Strictly speaking, it is common use to make a difference between covariant functors and contravariant
functors. The definition above is really a covariant functor, as it preserves the direction of arrows. A
contravariant functor reverses the direction of arrows. From now on, when saying some map F' is a functor,
we will automatically mean a covariant functor.
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The Cartesian product of categories. For each pair of categories C and D, we define its Cartesian
product C x D as follows. For any X € Cy and Y € Dy we have an object (X,Y) of C x D. The set of arrows
from (X,Y) to (X', Y”) is the Cartesian product C(X, X’) x D(Y,Y”). This defines the Cartesian product of
categories completely. The singleton category, or the empty product category, which means the product of
zero factors, is denoted by 1 = C°. This 1 contains only one object and only one arrow, which is the identity
arrow of the single object.

The Cartesian product of categories satisfies the rules (CxD)xE = Cx(DxE)and Cx1 =C = 1xC. The
equality symbols should be interpreted as natural identifications, not as exact equalities. Strictly speaking,
the Cartesian product of sets itself is not associative. As a consequence, the Cartesian product of categories
is also not associative. However, there are natural identifications, and these are generated by canonical
functors. From now on we will not care about this subtlety. We will ignore the brackets and we will use the
n-fold Cartesian product of categories. For example, we will write C" = C X --- x C. Furthermore, we can
define the canonical projection functors w1 ¢y and (e 1):

7T(17c)11XC—>C s 71'((3,1):C><]_—>C,

The composition and the Cartesian product of functors. The composition and the Cartesian prod-
uct of two functors can be defined in a natural way. The composition of a pair of functors F : C — D and
G :D — & is written as GF : C — £. This composition is associative. For any pair of functors F : C — D
and F’ : C' — D’ their Cartesian product is written as F x G:C xC' — D x D'.

Isomorphism of categories: The formal definition. We say the categories C and D are isomorphic if
functors F': C — D and G : D — C exist such that GF = Id¢ and FFG = Idp. As mentioned earlier, any two
skeletons D and D’ of C are isomorphic. However, we should realize that the responsible isomorphism is not
unique.

A functor from a category to a skeleton. If C is a category, and if C’ is a skeleton of C, then we can
define a projection functor P : C — C’. Any object X’ in C’ is also an object in C. Let ix be its isomorphism
class in C. Then P will map any object X € ix/ to X', thus we will write Py(X) = X'. This projection
functor is not unique. Only its behaviour with respect to objects is unique, but we need to make a choice
for its behaviour with respect to arrows, and there does not really exist any canonical choice.

So, how to choose this functor? For any X’ € C{, and for any X € ix/ there are isomorphisms from X to
X'. In fact it is possible there are many different isomorphisms from X to X', and this is really the cause of
a projection functor not being unique. Suppose X and Y are two arbitrary objects in C, and f is an arrow
from X to Y. Now define X’ := Py(X) and Y’ := Py(Y), which are objects in C’. Then f can be mapped to
an arrow from X’ to Y’, which is an arrow in C’. If for example 11 : X — X', 10: X — X', 13:Y — Y’ and
tgy 'Y — Y’ are all different isomorphisms, then we could define f; := Lgfbl_l, fo = L3fL2_1, f3 = L4fL1_1
and f; := t4fi5 . All of these should be different arrows in €’ from X’ to Y’, and all of these can equally
well be chosen as the image P (f), so none of these should be preferred.

The functor P is completely determined after choosing one of the isomorphisms for every pair of distinct
objects from the same isomorphism class: for any X € ixs one isomorphism tx : X — X’ = Py(X) is chosen.
If X = X’ then we will choose tx = vx/ := Idx-, but for all other X # X’ such a canonical choice is not
possible. If f is an arrow from X to Y in C, then f’ := P;(f) is an arrow from X’ := Py(X) to Y’ := Py(Y),
and it is defined by Py(f) := ty ft". Doing this for all arrows in C should define P completely. If f is
already an arrow in C’, then we write P;(f) = f.

We can introduce a notation convention. Whenever an object carries a ’-sign, it is automatically assumed
to lie in C’. For any object X in C, we will write X’ := Py(X), but it will depend on the context. Sometimes
we will only discuss objects in a skeleton. Then we do not automatically assume that X’ is the projected
object related to some other X.
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There is a unique canonical inclusion functor, say I : C' — C. Any object or arrow in C’ is always an
object or arrow in C, thus I will really do nothing but mapping any object or arrow to itself. This functor
satisfies PI = Id¢/, which implies that the action of P is uniquely determined when P is restricted to C’
itself, as it should be. Two exact relations hold:

T(1,c) = Pﬂ(l’c)(ldl x1I), 1) = Pﬂ'(c’l)(I x Idy). (2.2)

Natural transformations. A natural transformation o between two functors F,G : C — D is a family of
arrows ax : Fo(X) — Go(X), which are arrows in D, where X indexes all objects in C, such that for any
pair X,Y € Cy and for any arrow f € C1, f : X — Y the following diagram commutes in D:

Fo(X) —> Go(X)

Fl(f)i J/Gl(f) (2.3)

ay

In this case we say the arrows ax are natural. We will write o« : F' = G, or draw the following diagram:

For any functor F' : C — D there exists an identity natural transformation Idp : ' = F. We will write
(Idr)x = Idp,(x)-

The Cartesian product of natural transformations. The Cartesian product of functors naturally
induces a Cartesian product of natural transformations. For any pair of natural transformations o : F = G
and §: H = J we write a X f: F x H = G x J. Identity natural transformations are trivially related by
Idpxg =1dp x Idg.

Serial composition of natural transformations. Natural transformations can be composed, and can
be interpreted as arrows between functors. If o : F = G and 8 : G = H are natural transformations, then
Ba : F = H, defined by (Ba)x := Bxax for all X, is the result of composing them. We can call this
serial composition. Associativity of composing arrows implies associativity of serial composition of natural
transformations. Any pair of categories C,D induces a new category D¢, where the objects are functors
F : C — D and the arrows are natural transformations between these functors. Any natural transformation
a: F = G satisfies Idga = a = aldp.

Parallel composition of natural transformations. Let F and G be functors from C to D, and let
H and J be functors from D to £. If natural transformations a : F = G and 8 : H = J exist, then
these trivially induce another natural transformation v : HF = JG, which can be regarded as a parallel
composition of o and 3. We could write v = 3 * « to express this. This can be visualized as in the following
diagram:

F H HF
C I a D ] & = C o' £
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So, how to define this parallel composition? For any object X in C we can define an arrow vx :
Ho(Fo(X)) — Jo(Go(X)):
vx = Ji(ax)Br,(x) = Bayx)Hi(ax). (2.4)

For any arrow f: X — Y in C it is easy to show that it is compatible with ~:

Y Hi(Fi(f)) = Baov)yHi(ay ) Hi(F1(f)) = Baov)Hi(ay Fi(f)) = Ba,(v)Hi1(G1(f)ax) =
Baov)yH1(G1(f))Hi(ax) = J1(G1(f))Ba,x)Hi(ax) = Ji(G1(f))rx-
Thus we can safely conclude that 7 is indeed another natural transformation. Associativity of composing
functors implies associativity of parallel composition of natural transformations.

For any pair of functors F : C — D and G : D — &, and for identity natural transformations Idy and
Id¢g, we will write Idgp = Idg *Idp.

Composing natural transformations and functors. Suppose we have the following situation:

F
b e
G

Then o : F = G and H induce another natural transformation Idg x« : HF = HG. Using (2.4) we can
write

(IdH *Oz)X = (IdH)GO(X)Hl(aX) = IdHO(GO(X)) Hl(ozx) = Hl(ax).

We could call this the left composition of a natural transformation and a functor.
We could also have the following situation:

G
e rpbe
H

Then F' and « : G = H induce another natural transformation a xIdr : GF = HF. Again, using (2.4) we
can write

(a*1dp)x = ap,x)G1((Idp)x) = ar,x)G1(IdR(x)) = @R, (x) Iday (R (x)) = @Ry (x)-

We could call this the right composition of a natural transformation and a functor.
Combining the previous two diagrams gives us:

G
/’_\
c—L>p Ja c—1>F
\/
H

Then F, o and J induce another natural transformation Id; xa * Idp : JGF = JHF, and we can write

(IdJ kv ok IdF)X = Jl((Oé * IdF)X) = Jl(CVFo(X))~

Natural isomorphisms. We say a natural transformation a between functors F,G : C — D is invertible
if for all objects X in C the arrows axy in D are isomorphisms. In this case we will call all ax natural
isomorphisms, as they all commute with the structure as in diagram (2.3).
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Equivalence of categories. We say the categories C and D are equivalent if there are functors F' : C — D
and G : D — C and invertible natural transformations « : Id¢ = GF and 8 : Idp = FG. It should
be clear that an isomorphism of categories is a special case of an equivalence of categories: the natural
transformations in question are trivial.

As a key example, when C’ is a skeleton of C, then we can say C and C’ are equivalent: the functors in
question are the canonical injection functor I : C’ — C and a projection functor P : C — C’. We already
know PI : C' — C’ equals Id¢s, resulting in the identity natural transformation g3 : Ide: = PI, and we
can indicate a natural transformation k : Id¢ = I'P. When P is specified, we already choose isomorphisms
tx + X — X' = Py(X). For any arrow f : X — Y in C there is an arrow Pi(f) : X' — Y’, defined
by Pi(f) = ty fL)_(l. This is also an arrow in C itself, as I shows. Now we need to find an invertible
natural transformation. An obvious choice of natural isomorphisms would be ¢x itself, as we already know
Pi(f)ex = vy f for any f, thus defining xx := tx for any X defines an invertible natural transformation
from Id¢ to IP. In fact this is the main principle behind projection functors from a category to a skeleton:
a natural transformation x defines the arrows tx needed to specify such a projection functor completely.

As a side note, when P and P’ are different projection functors from C to C’, then also two different
invertible natural transformations exist, say x and x’. As a consequence, there exists an invertible natural
transformation from P to P’.

2.3 Monoidal categories

Strict monoidal categories: Main definition. Despite the fact that we are only interested in monoidal
categories, also called tensor categories, we will start with the definition of a strict monoidal category. A
strict monoidal category is a category C together with two functors

w:CxC—-C , n:1—-¢C, (2.5)
where p satisfies
p(p x Ide) = p(Ide x p) (2.6)
and n satisfies
p(n x Ide) = ma,c), p(lde xn) = m(c ). (2.7)

As now p and n are functors, and especially i defines a binary operation, or some kind of product, we
would like to pick a symbol for writing products of objects and arrows. For any pair of objects X and Y
in C we will write po(X,Y) = p(X,Y) = X0OY, and for any pair of arrows f and g in C we will write
wi(f,g) = p(f,g) = fOg, where dom(fOg) = dom(f)ddom(g) and cod(fOg) = cod(f)Ocod(g). Identity
arrows are trivially related by

Idxoy = Idx O1dy . (2.8)

We will call this the vertical composition of arrows, and the ordinary composition of arrows can be called
horizontal composition.

Relation (2.6) is called the associativity aziom, and relations (2.7) are called the unit azioms. Associativ-
ity of p then implies we can forget the brackets when writing products of any number of objects or arrows,
for example XOY DOZ. Using the image 1 of the empty product category 1, or 1 = (1), any strict monoidal
category is now written as a triple (C, u,n), or alternatively (C,0,1). We should make clear that 1 is an
object satisfying XO1 = X = 10X for any object X in C and fOId; = f = Id; Of for any arrow f in C. Of
course 1 and Id; are the only object and arrow satisfying these properties, which implies that there is only
one possible choice of 7. We say that (1,1d;) is the neutral object of C.

Another relation: let f, g, h and j be arrows in (C,0O, 1), satisfying dom(g) = cod(f) and dom(j) =
cod(h). Then the arrows gf and jh exist, and we can write the relation (¢0j)(f0Oh) = ¢gfOjh. This can
be derived from the composition rules of arrows in C x C and the standard functor properties. The arrows
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f, g, hand j in C canonically induce arrows (f, h) and (g,j) in C x C. Then (¢0j)(fOh) = u(g, j)u(f, h) =
(9, 7) (£, 1)) = (g f, k) = gfOjh. A special example is

IdsOgfOldg = (Id4 OgOIdg)(Id4 OfO1dg), (2.9)

for some arbitrary objects A and B.

Strict monoidal categories: Examples. A monoid is a trivial example of a monoidal category, perhaps
justifying similarity in the notions. A (strict) monoidal category which has no arrows other than identity
arrows, can be regarded as a monoid.

Another example is the category C¢ of functors from a category C to itself. The objects are functors
F : C — C and the arrows are natural transformations « : F' = G. Composition of these arrows is defined
by serial composition of natural transformations. Any two such functors can be composed, giving us again a
functor from C to itself: for any pair F' and G we simply write GOF := GF'. The identity functor Id exactly
satisfies Id OF = F' = FOId for any other F. Associativity and unit properties of functors implies that the
associativity and unit axioms of this category are satisfied. Parallel composition of natural transformations
a:F = Gandf:H= J gives us f0a := [ * a. The identity natural transformation Idjq exactly satisfies
Idig Oa = a = a0 1dyy for any other a.

Nonstrict monoidal categories. When a category C only satisfies the properties of a strict monoidal
category in the weak sense, which means that the equalities (2.6) and (2.7) of the functors are replaced by
invertible natural transformations, satisfying the so-called coherence constraints, then C is called a nonstrict
monoidal category, or just a monoidal category. So what does this mean? The associativity axiom will be
replaced by the weak associativity aziom. Instead of assuming equality of p(u x Ide) and p(Ide xp), which
are functors from C x C x C to C, we assume an invertible natural transformation o : p(p xIde) = p(Ide xp),
called the associator, exists. This means that for any triple A, B, C of objects in C there exists a natural
isomorphism a4 ¢ : (ADB)OC — AO(BOC). These isomorphisms are compatible with all arrows, as
in diagram (2.3). Similarly, the unit axioms can be replaced by the weak unit azioms. Then we assume
invertible natural transformations 3 : p(n x Id¢) = m1 ¢y and v : p(Ide xn) = mc 1) exist. Thus for any
object A in C there exist natural isomorphisms 54 : 10A — A and 4 : AO1l — A.

The newly introduced natural transformations «, § and ~ should now satisfy the coherence constraints,
which means that for any quadruple of objects A,B,C,D the two diagrams

QX ADB,C,D &A,B,COD

((ACB)OC)OD (AOB)O(COD) AD(BO(COD))
aa p,cOldp Ida Dap ,o,p
(AO(BOC))OD YW AO((BOC)OD)
(2.10)
and
(AD1)OB fans AO(10B)
MM AB (2.11)
AOB

should commute. Or, just using symbols:
aa,B,copaos,c,p = (IdaDap.c.p)aa soc,p(aasc0Idp), (2.12)
(IdA DBB)O‘A,LB = ’yADIdB. (213)
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Using these weaker definitions, a (nonstrict) monoidal category is specified by a sextuple (C, u,n, @, 3,7),
where «, 3 and ~ are invertible natural transformations satisfying the coherence constraints. Then C is a
strict one if o, 0 and y are identity natural transformations, which should not lead to any confusion, as in
that case we already have the equality (AOB)OC = AO(BOC) for any triple of objects.

We should realize that, even if the empty product category 1 itself contains only one object, there could
be multiple objects in C to be chosen as the image 1 of this object under the functor . Thus we have more
freedom to choose 7, as long as it satisfies the weak unit axioms, and 1 should satisfy (2.11). Thus 7 is in
general not unique, contrary to the case of a strict monoidal category. However, any two possible choices of
1 are related by an isomorphism. Thus the isomorphism class of 1 contains multiple objects, or, using other
words, 1 is only unique up to isomorphisms.

We will see that the monoidal categories, discussed in later chapters, will in fact all be nonstrict monoidal
categories. However, as can be read in more detail in [6], there is no problem in treating nonstrict monoidal
categories as strict ones. When the coherence constraints are satisfied, we can treat all natural isomorphisms
aa.B,c, Ba and y4 as if they were equalities, without contradictions. So we will not care if the natural
transformations are treated as identities, as in (2.6) and (2.7). Thus from now on we will call a category
a monoidal category, regardless of whether it is a strict or a nonstrict one. In practice this means we can
ignore the parentheses, as we can assume p to be associative. For example, we can write AOBOC again, as
in the strict monoidal case, instead of (AOB)OC or AO(BOC).

Of course this can be expressed with more subtlety. We can choose to make exact identifications between
for example A;0A;0A30A4, and ((A;0A5)0A3)0Ay, thus writing all parentheses to the left, and ignore all
other possible objects with parentheses at different locations. Then a O-product of two such objects can be
written again in this form, using associators. Stated otherwise, we let the natural transformations «, 8 and
~v be absorbed into p and 7, and write i and 7 instead, which should be functors turning C into a strict
monoidal category. Then we can write (C, i,7) instead of (C, u,n,«,3,7), and we can say that now C has
been strictified. However, these categories are not identical, but should be regarded as equivalent, or even
monoidally equivalent, as explained in [6].

In later chapters, where we will look at specific monoidal categories, we will use the symbols of disjoint
union IT or the tensor product ® instead of O, and we will realize that the associator related to these is such
a trivial thing, we could easily forget about it.

Monoidal functors. The notion of a monoid homomorphism can be extended to monoidal categories. If
C and C’ are strict monoidal categories, then a functor F' : C — C’ is called a strict monoidal functor if it
commutes with all the specified structure, as in the following commuting diagrams:

cxecZE o xe P
o
n n'
C—F ¢ 1

There is another way to look at it. The image of a strict monoidal functor acting on a monoidal category
is again a monoidal category, which means that a strict monoidal functor preserves monoidal structure of
the source category.

As we will be dealing with nonstrict monoidal categories in later chapters, we should make a subtle exten-
sion to this definition. The functor in question should also be compatible with the natural transformations
a, 3 and =, specified in the definition of C, and we will still call it a strict monoidal functor. After strictifying
C and C’ we can again say that the functor in question is an ordinary strict monoidal functor.

There are other types of monoidal functors, but, to keep it simple, we will only make a difference between
strict and nonstrict monoidal functors. From now on we will assume that any monoidal functor we discuss
is also strict, unless stated otherwise. In the later chapters we will also ignore the natural transformations
«, B and . For more details about nonstrict monoidal categories and monoidal functors, the reader can
consult [7].
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Symmetric Monoidal Categories. A strict monoidal category (C,O, 1) is called a symmetric monoidal
category if for any pair of objects X, Y a twist arrow

Txy : X0V - YOX
is defined, satisfying the following properties:

1. For any pair of objects X,Y the arrows 7x y are natural, which means that 7 can be interpreted as
a natural transformation between functors (X,Y) — XOY and (X,Y) — YOX. We will call this
naturality of the twist arrow. Thus for any pair of arrows f: X — Y and g : X’ — Y’ the equation

(9Of)mx x = 1v,y(fOg) (2.14)
is satisfied.
2. For any pair of objects X,Y we have 7y x7x,y = Idxoy, making any twist arrow into an isomorphism.

3. For any triple of objects X,Y, Z the following diagram commutes:

Xoyoz ryes YOozox
Txm /l{lﬂ'r:,z (2.15)
YOoxoz

Note that (2.15) implies that 7yozx = T);)lYDZ = (1v,x01Idz)(Idy O7z x), or, after a relabeling of the
objects:
Txov,z = (Tx,z01dy)(Idx O7y, 2). (2.16)

An important remark to be made here is that this collection of twist arrows itself is not related to
properties of a given monoidal category, but rather a structure to be specified. We would thus like to write
(C, u,m,7) to specify any symmetric monoidal category. It is another question though whether it is possible
to specify a symmetric structure for any monoidal category.

Now suppose Y = Z = X and X’ =Y’ = X0OX, and write 7x instead of 7x x. Then (2.14) reduces
to (7x0Idx)7x,xox = Tx,xox(Idx O7x), when applied to f = Idx and g = 7x, and (2.15) reduces to
7x,xox = (Idx O7x)(7x0Idy). Combining these will give

(TXDIdx)(IdX DTx)(TXDIdX) = (IdX DTx)(TXDIdx)(IdX DT)(). (217)

This relation should remind us of a well known property of ordinary permutations.
Here is another useful relation:

e Lemma. For any X the following identity holds:

TX,1 =Idx =T,X- (2.18)

Proof. We already know that XO1 = X = 10X, thus 7x,; and 7 x are arrows from X to itself.
Inserting Y = Z =1 into (2.15) and using 101 =1 = 7x,101 = Tx,1 gives us:

Tx1=7x101 = (Idy O7x 1) (7x101d1) = 7x 17x.1-
Now combining this with the identity 7 x7x,1 = 7x,171,x = Idx yields
Tx1=Tx1ldx =Tx17x171,x = Tx171,x = ldx .

Thus 7x,1 = Idx. As 71 x is the inverse arrow of 7x ; this implies that 7 x = Idx.
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Note that we first assumed that C is already a strict monoidal category before defining symmetric structure.
In general this is not necessary. A nonstrict monoidal category can also be equipped with symmetric
structure, but the definitions and properties of a nonstrict symmetric monoidal category are more complex
then. To keep it simple we will only consider strict monoidal categories equipped with simplified symmetric
structure, or strict symmetric monoidal categories.

Symmetric Monoidal Categories: A key example. If V and W are vector spaces over a ground field
k, then V' ® W is again a vector space over k. There are canonical identifications k@ V ~V ~ V ® k and a
canonical twist map Ty, : V@ W — W ® V. This twist map is linear and maps any v ® w to w ® v. Then
we can define the symmetric monoidal category

(Vecty, ®,k, 7). (2.19)

Its objects are simply vector spaces over k, and its arrows are linear maps between these vector spaces. For
any pair of arrows f:V — Woand f/: V' - W' ff : VeV — W ® W’ is another arrow, thus the
usual tensor product of linear maps can be used to specify the monoidal structure of arrows.

Symmetric Monoidal Functors. When C and C’ are symmetric monoidal categories, then a monoidal
functor F' : C — C’ is called a symmetric monoidal functor if it preserves the symmetric structure. Let 7
and 7' be the twist arrows as defined on C and C’ respectively, then we have

Fi(Tx,y) = Try(x),Fo(v)

for all X,Y € Cy. Again, there is another way to look at it. The image of a symmetric monoidal functor
acting on a symmetric monoidal category is again a symmetric monoidal category.

Monoidal natural transformations. Let (C,0,1) and (C’,0',1") be a pair of monoidal categories. If F’
and G are (strict) monoidal functors from (C,0,1) to (C',0’,1’), then a natural transformation o : F' = G
is called a monoidal natural transformation if for every pair of objects A and B we have

i
aa'ap = aaop

and if ar; = Idy,. This will also be the case when we add symmetric structure to C and C’, and if F' and G
are symmetric monoidal functors.

If (C,0,1,7) and (C',0',1’,7') are symmetric monoidal categories, then we can define the category
SymmMonCat(C,C’) whose objects are the symmetric monoidal functors from C to C’, and whose arrows
are the monoidal natural transformations between such functors. The category SymmMonCat(C,(’) is
called a symmetric monoidal functor category.

2.4 Dualizable objects

In this section we will introduce dualizable objects in the general case. In Chapter 9 we will discuss
the category 1Cob of 1-dimensional cobordisms. At least we can say that all of its objects are dualizable.
In Section 10.5 we will also mention the category of dualizable objects in the destination category of any
topological quantum field theory.

Main definition. Let (C,0, 1, 7) be a symmetric monoidal category. An object X in C is called a dualizable
object if another object Y exists, together with arrows x : XOY — 1 and A : 1 — YOX, such that the
following identities hold:

IdX = (KJD Idx)(IdX D)\) s Idy = (Idy DFL)()\D Idy) (220)
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We will call these the zig-zag identities. We can say that Y is a dual object of X, and that (X,Y,k, )
specifies all information of one specific dualizable object X, after making a choice for Y, x and A. (In general
we cannot say that X has a unique dual object.)

As we are dealing with a symmetric monoidal category, we can also define & := K7y, x and A= Ty, X A.
If we use the naturality of the twist arrows, then we can say that (X,Y, k, ) automatically induces another
dualizable object (Y, X &, 5\) Thus, if Y is a dual object of X, then X is also a dual object of Y. Using
these #: YOX — 1 and A : 1 — XOY we can rewrite (2.20) as follows:

(k01dx)(Idx OX) = Idx = (Idx O&)(AD Idy),
(RO1dy)(Idy OX) = Idy = (Idy Ok)(AD Idy). (2.21)

These identities can also be expressed by the following commuting diagrams:

Xovyox yoxoy

Idx IdY
X X Y Y
A0 TIdx A; ,\& /y;

Xayox yoxay

We can say that (1,1,Id;,Id;) is the trivial dualizable object in any symmetric monoidal category.

Dualizable homomorphisms. If we have a pair of dualizable objects (X,Y,k,\) and (X', Y’ ', \) in
Candif fx : X —» X' and fy : Y — Y’ are arrows in C, then we say that f := (fx, fy) is a dualizable
homomorphism in C if it is compatible with all the structure as in the following commuting diagram:

1 —A>X\:|Y — =
* leM
N K
x’'ay’

Of course any pair of identity arrows (Id x,Idy ) is a dualizable homomorphism, and composing two dualizable
homomorphisms gives us another dualizable homomorphism: (f,g)(h,j) = (fh,gj). We can also say that
(Id1,1d;) is the trivial dualizable homomorphism from (1,1,1d;,Id;) to itself.

Note that if C and D are symmetric monoidal categories and if F' : C — D is a symmetric monoidal
functor, then the image (Fo(X), Fo(Y), Fi(k), F1(\)) of any dualizable object (X,Y,x,\) in C, will be a
dualizable object in D. Similarly, the image (Fi(f), F1(g)) of any dualizable homomorphism (f, ¢) in C will
be a dualizable homomorphism in D.

The category of dualizable objects. If C is a symmetric monoidal category, written as (C, 0, 1, 7), then
DO(C) is the category of dualizable objects in C. Its objects are the dualizable objects in C and its arrows
are the dualizable homomorphisms in C. This category DO(C) can be equipped with monoidal structure.
If (X,Y,k,A) and (X', Y’ k', \) are dualizable objects in C, then we can also turn XOX’ into a dualizable
object. We define the needed arrows as follows:

Ii// = (KDHI)(Idx DTX/’YD Idy/) 5 )\N = (Idy DT)QYID IdX/)()\D)\/).
Then we will write:

(XY, k, NO(X, Y, &, N) = (XOX', YOV, &, \'). (2.22)
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For any pair of dualizable homomorphisms (f, g) and (h,j) we will write (f,¢)0(h,j) := (fOh,g0dyj), which
is again a dualizable homomorphism. Using naturality of the twist arrows it is easy to check that also XOX’,
as defined in (2.22), is a dualizable object. We thus see that DO(C) is closed under vertical composition,
or O-products. Also note that ((1,1,1d,1d;), (Idy,Id;)) can be regarded as the neutral object for taking
O-products. We conclude that (DO(C), 0, 1) can be regarded as a monoidal category.

A key example. Any vector space V of finite dimension (over k) has a unique canonical dual V*. Thus
V', together with choices for Kk : V@ V* — k and A : k — V* ® V, can be regarded as a dualizable
object in (Vecty, ®,k,7). Then we say V is a dualizable vector space. Of course we can choose another
finite-dimensional vector space W as a dual of V', if an isomorphism exists from W to V*. Any pair of
finite-dimensional vector spaces V and V' induces another finite-dimensional vector space V ® V', which is
again dualizable.

The category of dualizable vector spaces. Now we can define the category DV Sy of dualizable vector
spaces over k:
DVS; := DO(Vecty) = DO(Vecty, ®,k, 7). (2.23)

Note that DVSi can be regarded as a monoidal category (DV Sk, ®,k). In Section 10.5 we will discuss a
relation between DVSy and the category of 1-dimensional topological quantum field theories.
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3 Skeletons of Monoidal Categories

Note: the results of this chapter are not really needed elsewhere in this thesis. This chapter can be
regarded as a side topic, so it is not really a problem if the reader decides to skip this chapter and reads it
later. However, the subject of this chapter is still one of the purposes of this thesis.

In later chapters we will study some (symmetric) monoidal categories, and some skeletons of these cate-
gories. Then we will also study how the monoidal structure of these categories can induce monoidal structure
for these skeletons, and we will do this explicitly. In this chapter we will study how to do it in general, using
a formal, universal approach. If C is a monoidal category, and if C’ is a skeleton of C, then we will present a
proposal for deriving monoidal structure for C’ from the monoidal structure of C. For this purpose we will
use a projection functor P : C — C’. (An arbitrary projection functor can be used!)

The presented techniques are especially meant for nonstrict monoidal categories. In general we can only
say with certainty that, after porting over the structure, the skeleton C’ will be a nonstrict, or not necessarily
strict monoidal category. It does not matter if the monoidal structure of C is strict or nonstrict.

The main thing to do here is checking if the proposed techniques are correct. We will check this by finding
out if C satisfying the coherence constraints, will imply that also C’, equipped with the newly constructed
candidate monoidal structure, will satisfy the coherence constraints. The answer will be yes, but to check
this we need some elaborate steps.

This will also show that in general we do not need the explicit properties of C, or a special choice for
these properties. It is also no problem if C is nonstrict.

So, how will this apply to the things discussed in later chapters? There are examples in which the
operations O and O’ turn out to be the same. For example in 2Cob, the category of oriented cobordisms of
dimension 2. See Chapter 8. Then we define O = O’ := II. The objects in 2Cob are manifolds of dimension
1, and for any two objects X and Y, their disjoint union X ITY is again an object. Then the objects in 2cob,
a skeleton of 2Cob, are just disjoint products of circles with standard orientation. Thus IT also defines a
product of objects in 2cob. This means that the monoidal structure of C and C’ coincides, at least for this
choice of skeleton. Indeed, the chosen skeleton is closed under the operation of taking disjoint union, as we
can also read in [7]. Then we could easily ignore the subtleties discussed in this chapter.

However, we will also study 1Cob, the category of oriented cobordisms of dimension 1, with skeleton
1cob. See Chapter 9. Then we are forced to define O and O’ differently. However, O is already chosen
to be II. The objects in 1Cob are sets containing a finite number of oriented points, and the arrows are
oriented manifolds of dimension 1 between them. Specifying the skeleton 1cob means that we need to pick
objects which can be used as basic building blocks. We will encounter objects which are a finite disjoint
union of positively and negatively oriented points, and we would like to see all positively oriented points in
the left part of the disjoint product. Now, if we take an ordinary disjoint product of two such objects, then
not all positively oriented points will be guaranteed to be on the left. At least,1cob is not closed under the
operation of taking ordinary disjoint union. However, there are still isomorphisms from such an object to
another object which satisfies the desired property. This construction will be used to define such a thing as
the graded disjoint union, which results in a O’ defined differently. To make sure this O’ satisfies elegant
properties, derived from the properties of O, is a topic on its own, and an explanation of a solid theoretical
basis for this fits best here, in the context of the previous chapter.

A more explicit check of properties will be discussed in Chapter 9. Then we will also add symmetric
structure 7’ to lcob, also ported over from the symmetric structure 7 of 1Cob itself. This means that
1Cob should already be regarded as a strict monoidal category then. We should note that 7 is needed
then for explicitly checking the porting over of the monoidal structure, before porting over the symmetric
structure. Then the projection functor P will be related to 7.

In the more general case, as discussed here, we do not need any explicitly defined P, and we also do not
need any (simple) symmetric structure, thus at the same time we also do not need the source category to
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be strict. At least this chapter shows that the explicit check is not needed for porting over the monoidal
structure, and it does not depend on the specific properties of the category in question. The only extra thing
to do afterwards might be strictifying the monoidal structure of the skeleton, if desired.

So this chapter shows that it is no coincidence that we can port over the monoidal structure from 1Cob
to 1cob. The possibility of porting over this structure does not depend on the specific properties of 1Cob.

Formal introduction. If (C, u,n, a, 3,7) is a nonstrict monoidal category, and if C’ is a skeleton of C, then
we can induce functors p’ and n’ and natural transformations o', 8’ and ' from u, 7, o, 8 and ~, turning C’
also into a nonstrict monoidal category. Thus (C', 1/, 7', o/, 3',+") can be derived from (C, u,n, o, 3,7). To
do this we can make use of a projection functor P : C — C’ and the canonical injection functor I : ' — C.
These functors will be used for deriving a (nonstrict) monoidal structure for C’ from the (nonstrict) monoidal
structure of C.

Let Id : C — C and Id’ : C' — C’ be identity functors, let x : Id = IP be the natural transformation
induced by P and let k=% : IP = Id be its inverse. Apart from that, note that Id’ = Id|c. Now define
' = Pu(I x I) and 7' := P, expressed by commuting diagrams:

cxC——=c 1—1s¢
leT / lp n\{ ip (3.1)
C'xC c'
If X’ and Y’ are objects in C’, then we write
X'V = pu, (XY = (uo(X',Y") = (X'0Y") = Py(X'0Y"), (3.2)

which is another object in C’. Similarly, if f/: X’ — Y’ and ¢’ : Z’ — W’ are arrows in C’, then this defines
another arrow f'0'¢ : X'0'Z" — Y'O'W’, and we will write

Fo'd =i (f.d) = (u(f.9)) = (f'0d) = Pi(f'Og) = kyow (£ O )k xiaz- (3.3)

Porting over the weak associativity axiom. We can write u/(y' x Id") and p/(Id" x ) in terms of u,
Id, I and P:

W x1d) = Pu(I x ) ((Pu(I x I)) x 1d') = Pu(IPu(I x I) x I1d') = Pu(IPu(I x I) x 1d I)
= Pu(IPux1d)(I x I x I) = Pu(IP x 1d)(u x 1d)(I x I x I
W(Id xp') = Pu(dxIP)Id xu)(I x I x I).

e Lemma. Weak associativity of p will imply weak associativity of p'.

Proof. The natural transformations x and x~! induce natural transformations ! x Idq : IP x Id =
Id x Id and Idjq x& : Id x Id = Id xIP. These in turn induce natural transformations:

W (' x1d") = Pu(IP x 1d)(u x 1d)(I x I x I)
uldm (k™ xIdra)*Id(, x1ay(1x 1% 1)
PudxId)(u x Id)(I x I x I) = Pu(pu x Id)(I x I x I)
\U/Idp warTd 1 1
Pu(Idxp)(I x I xI)=Pu(ld xId)(Id xpu)(I x I x I)
UldpM *(Idra XK)*1d (14 x ) (1 x 1 x 1)

Pu(Id xIP)(Ad xp)(I x I x I) = p/'(Id" xp')
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We can define

= Idp, *(k™" x Idwa) * Id(ux1ay(rx1x1)s
= Idp*a*Id]X]X],

= Idpu*(ldld Xli) *Id(Id xp)(IXIXT) - (3.4)

Q 9 ©

Composing these three natural transformations induces another natural transformation o’ : p/(p’ x
Id) = p/(Id" xp'), thus o = oap. Attaching object labels yields the following commuting diagram:

Par B! c! -0 oAl B! C!

(A/D/B/)D/C/ ((AIDB/)DC/)/ (A/D(B/DOI))I AID/(BID/C/)

!
Xar. B!

This o precisely defines an associator on C'. Thus weak associativity of u implies weak associativity

of u'.
This can be expressed alternatively:
IPxId
/'M_‘—\\\
pwxId CxC lllﬁ:fl x Idpq CxC Iz
\\M‘M/
/ Id x Id \
' xcxc 2l exexe Vo c—L>c (35)
\ Id x Id / ’
M
Id xp CxC | Idg XK CxC H
— e s
Id xIP

O

We should note that, even if C is a strict monoidal category, then C’ is still not necessarily a strict monoidal
category. If we replace « in diagram (3.5) by an identity natural transformation, then the remaining natural
transformations will not exactly cancel, so there is no guarantee that o’ is an identity natural transformation.

Porting over the weak unit axioms. We can write /(7' x Id") and p/(Id’ x7’) in terms of u, n, Id, I
and P:
wWn' xId) = Pu(IP x1d)(n x Id)(Idy xI),
@ (1d xn') = Pu(ld xIP)(Id xn)(I x Idy).
e Lemma. If 5 satisfies the weak unit axioms, then 7’ does also.

Proof. This can again be expressed alternatively:

IPxId

T T

%CXC l}n_lxldld CxC I

—_— T Y \

Id x Id
1 (3.6)
1xe MLy e Iy c—=>c'

T(1,0)
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Using (2.2) we see that composing the functors in the bottom part yields m( ¢/y. Thus the natural
transformation 3 : pu(n x Id) = (1 ¢) induces a natural transformation 8" : p/(n’ x Id") = mq¢). A
similar diagram can be drawn in case of x/(Id’ x7'), so that the natural transformation «y : p(Id xn) =
T(c,1) induces a natural transformation 4/ : p/(Id" xn') = mc1). Then n satisfying the weak unit
axioms indeed implies 7’ satisfying the weak unit axioms.

]

Again we should note that, even if C is a strict monoidal category, then C’ is not necessarily a strict monoidal
category. If we replace § in diagram (3.6) by an identity natural transformation, then the remaining natural
transformation is not guaranteed to be an identity natural transformation.

Porting over the coherence constraints (Step 1). Now we would like to know, when p and n satisfy
the coherence constraints, whether u’ and 7’ also satisfy the coherence constraints. To find this out we will
start with rewriting some already known symbols. Knowing the definitions of ¢/, p, @ and o, as in (3.4), we
will write, for any triple of objects A’, B’ and C’ in C’, the following:

pAB C (Idp, *(k~' x Id1q) * I, x1ay(rx1xn))Ar,Br "
(Pp)1 (k™" % Id1a) (ux1d) (1 x Ix D))o (47, B7,07)

= (Pp)1(k™" x Idw)aop,cr
(Pp)1(k3r0p,1der) = Pi(kainp01de)

= H(A/DB/)DC/(H,Z}DB/DIdC’)’i(;xl/DB/)/mc'

= (Idp*a*Idrxrxr)a,p .o

= Pi(aaxrxno,s,cy) = Pilaa s cr)

Qar,B,C

= HA/D(B/DC/)OéA/,Bf,c%(_Al,DB/)DC,
oapor = (Idpu*(Idia X&) * Id(a xpy(1x1xn))ar,Br,c
= (Pp)1(Idig xK)ar,rocr = (Pu)1(Idas, kprocr)
= P(lda Orprocr) = kaomocy (1da Okpoc)k s pioe)

Thus we have

Cyper = (00p)arpror = 0ar B, 0anB,ClPAL,B O

-1 —1
= K:A/D(B/DC’)’(IdA/ DHB’DC/)CVA/,B’,C’ (KA’I:IB’D Idc/)H(A’DB’)’DC” (37)

which is an arrow from (A'0D'B")0'C’ to A'0'(B'D'C’). Relation (3.7) can also be explained using the
following diagram, which commutes by definition:

fiil,D oo m7,1 ,0Idqor
(A/D/B/)D/C/ _ ((A/DB/)/DC/)/ (a’oB’)'oC (A/DB/)/DC/ A'oB c (A/DB/)DC/
O‘%’,th/l iaAzﬂBzycl
A/D'(B/D'C/) _ (A/D(B,DC/)/)' Ka’o(B/oc’y A/D(B,DC/)’ Id 4/ Ok grger A'D(B/DC/)

Then we can use that, in general, the natural isomorphisms o4 p,c and aa g’ are, by definition,
related by
QA BC = (n;lD(/{ng/ﬁEl))aAngc/((HADHB)DHCL (3.8)

as for any triple of objects A, B and C in C, the functors p(p xId) and p(Id x p) map the arrow (k4, kB, ko) :
(A,B,C) — (A", B',C") to (kaOkp)Okc and k40(kpOke) respectively. As an example, if A is an object

30



in C and if B’ and C’ already are objects in C’, then kg = Idp and k¢ = Idgr, thus

QA B ,C — (,‘{21[‘(5;/1DK/E}))OZA’,B’,C’((HADHB’)DKC/) =

= (Hzlm(ld]g/ DIdc/))aA/,B/7c/((I{ADIdB/)DIdC/)
= (/621\:\IdBfDC/)(XAI,Bf7C/((l€ADIdB/)DIdC/).

Of course we could write, for example, aarop ¢/, pr in a similar fashion, and we will encouter similar relations
in the following definitions, see (3.9), (3.10) and(3.11).

Porting over the coherence constraints (Step 2). Now define the following natural isomorphisms:

11

19

15

i1 : (A'DB")0C") 0D’ — ((A'0'B")0'Cc"0' D,
ir: (AOB)O(C'OD") — (A'0'B")0'(C'0'D’),
i : A'O(B'OD(C'OD")) — A0/(B'OD(C'D'D")),
iq : (A'O(B'OC"))0D" — (A'0'(B'D'C"))0' DY,
is : A'O((B'OC")0D") — A'0'((B'OD'C")0'D’),

[

K(aropryocyop (KaopyocOldp ) (kaop Blde )O1dpr),

(k
karopyo(cropy (Idaopy Dkerap)(karopOldeopr)
K(arnpyocopy (KaopBldcopy)(daos Okcropr)
K(arnpryacropy (Kaop Okeropr ), (3.9)
KRA'g(B'o(c'aD’))’ (IdA’ Okpo(cropy )(IdA' D(IdB’ Okciopr)),
Karomocyyop (Faomocyldp)((Ida Osproc )0 1dp),

/

Kan(socyopy (Ida Okpoeyop ) (Ida O(kprocO1dpr)).

Then we can write out all natural isomorphisms o/, appearing in diagram (2.10) applied to C’, in terms of
the five isomorphisms defined in (3.9) and the natural isomorphisms « which already satisfy (2.10):

0424/\]/3/70/7]_')/ = i2aA’DB’,C’,D’7:1_13
&arpr oo = i3qar pr.cropriy
0624/’3/70, o’ Idpr = Z'4(OAA/7B/7C/|:| IdD/)il_l, (310)
Oéfav,B/u/c/,D/ = i5aA’,B’DC’,D’iZIa
Id 4/ D,O/B’,C’,D’ = i3(IdA/ DO{B/70/,D/)Z'5_1
Then (2.12) implies
oy g onop @aoipnorpr = isaar pr.cropris aarnp o priy | = iz orop aanp o priy |

= iS(IdA’ DaB’,C’,D’)aA’,B’DC’,D’ (aA’,B’,C’ O IdD/)Zfl
= is(Ida Dapr cr,p )iz isaar,procr,priy Vis(aarpr,oOldp )iy

(IdA/ D/O/B’,C’,D/ )a2/7B/D/C/7D/ (06{4/73/701 D, IdD/) (311)

In other words, if « satisfies its coherence constraints, then o’ does also.

Now, what about 8’ and v'? Just like we worked out o’ in terms of « and other natural isomorphisms,
we can work out 4’ and 4’ from the already given structure. Without showing all the steps we can write for

any object A" in C’:

Ba = Ba(ky'Olda )k a
Yo = yar(Ida Ok rgln,
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Then, similarly to (3.9), (3.10) and (3.11), we can show that (2.13) implies
(Ida O'Bp)ar 1 g = YaO'ldp

In other words, if 8 and ~ satisfy their coherence constraint, then 3’ and 7' do also.

One subtlety here is that the unit objects 1 € Cy and 1’ € C{, related by 1’ = Py(1), are not necessarily
the same. We already know that in a nonstrict monoidal category there is only a weak axiom saying that 1
is only unique up to isomorphisms. Knowing that the isomorphism class ¢; can contain multiple objects, we
conclude there is freedom to choose 1 and 1’ differently. However, in later chapters we will mainly discuss
specific nonstrict monoidal categories with only one possible unit object, which can also be used as the unit
object of the chosen skeleton, thus in that case we simply write 1’ = 1.

About the functor P itself. Assuming that C and C’ are not necessarily strict or strictified yet, we can
have a closer look at the projection functor P : C — C’. A priori we can only say this is a functor of a not
yet specified type. After deriving the monoidal structure for C’ from C we could say it is a monoidal functor.
However, it is not necessarily a strict one, but we could say it is at least a nonstrict monoidal functor. To
be more precise, P is at least a strong monoidal functor, and it is not difficult to check this. Of course this
is no surprise, as P was needed first to derive the (not necessarily strict) monoidal structure for ¢’ from C.
Or, to say differently, only afterwards we can say that P is a strong monoidal functor from C to another
category, C’, which obtained its monoidal structure from C and P.

A trivial example. First assume (C, u,n) is already a strict monoidal category, and let C’ be a skeleton
of C. Also assume C’ already contains 1, which is the unit object of C. Then we know that, as usual, u and 5
satisfy (2.6) and (2.7). This is equivalent to saying that for any triple of objects and for any triple of arrows,
for convenience both denoted by (A, B,C), we can write (AOB)OC = AD(BOC) and 104 = A = AO1
(where 1 is either the unit object itself or the unit arrow Id;). Now, if for any pair X', Y’ € Cj we again
have puo(X',Y') = X’'0Y" € Cj, and if for any pair f', ¢’ € C{ we again have p1(f’,¢’) = f'O¢’ € Cy, then
we can choose a projection functor P : C — C’ satisfying Po(X'0Y") = X’'0Y” and P, (f'0Og’) = f'Og’ for
all objects X’ and Y’ and arrows f’ and ¢’ in C'. We can already say that P satisfies 1’ := Py(1) = 1. This
means that we can define

= Pu(I x I) = pler (3.12)

which is equivalent to saying that O’ := O. Then it is easily proven that also u’ and n’ satisfy (2.6) and (2.7)
on C'. Thus we can say (C’',0,1) is a skeleton of (C,0,1), and it is also a strict monoidal category.

A summary. Now we can summarize all previous elaborate steps. If C = (C, u,n, o, 3,7) is a nonstrict
monoidal category, then a skeleton C’ can also be turned into a nonstrict monoidal category by porting over
the structure. Then we can write ' = (C’', i/, ', &/, 5',+"). Even if C is strict, then C’ is still not guaranteed
to become strict. However, if C satisfies the coherence constraints, then C’ does also. Then we can treat C’
as a strict monoidal category.

Generators and relations for a skeleton of a monoidal category. Now we know that a skeleton C’
of a monoidal category C can also be described as a monoidal category, we can talk about its generators and
relations. As now arrows in a skeleton can be composed horizontally and vertically, by using O’, we can try
to find a generating set G(C’) of arrows in C’ so that every other arrow can be obtained by composing arrows
in G(C') both horizontally and vertically. In many cases this generating set should be smaller, compared to
when we are only allowed to split up arrows horizontally to find a set of generators.
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4 Categories with Frobenius structure and Frobenius algebras

Now we know what a symmetric monoidal category is, we can introduce Frobenius structure. In Section 4.1
we will first introduce monoids, comonoids and (commutative) Frobenius objects. Then we will introduce
the details of (commutative) Frobenius objects in a (symmetric) monoidal category. After this we can
say what a free (symmetric) monoidal category on a (commutative) Frobenius object is. Finally we will
introduce Frobenius structure, which applies to categories generated by a single object. In Section 4.2 we
will introduce Frobenius objects in Vecty, also known as Frobenius algebras. There are some equivalent
definitions for Frobenius algebras. In the rest of this thesis we will mainly focus on the fourth definition. In
Section 4.3 we will introduce cFAy, the category of commutative Frobenius algebras.

4.1 Frobenius structure
Monoids. A monoid in a (strict) monoidal category (C,O, 1) is an object X together with two arrows
px : XO0X -X | nx:1—-X

satisfying associativity and unit axioms, thus pux and nx satisfy

/j,X(,u,XDIdX):/Lx(IdX D/_Lx)’ N:X(nXDIdX):IdXv /sz(IdX an):IdX (41)

The arrow px is called multiplication, and the arrow nx is called unit. In a strict monoidal category, we have
the identity X0O1 = X = 10X for any object X. This means that any arrow with domain or codomain X is
also an arrow with domain or codomain X0O1 or 10X. That is why for example nxOIdy : 1 x X — X x X
can be regarded as an arrow with domain X. As a side note, we should not confuse a monoid in a monoidal
category with an ordinary monoid, however, an ordinary monoid is an example of a monoid in the specific
monoidal category (Set, x,1).

e Lemma. For any arrow px the associated arrow nx is unique.

Proof. Suppose nx and ny satisfy the monoid relations, then

nx =Idx nx = px (Idx Onx)nx = px (MxOnx) = px (nxOldx)nx = Idx nx = nx.

Thus nx is unique.

O

Comonoids. A comonoid in a (strict) monoidal category (C, 0, 1) is an object X together with two arrows

Ox : X - XO0X |, ex:X—1

satisfying coassociativity and counit axioms, thus dx and ex satisfy
(5Xm1dx)5x = (IdX D5x)5x, (GXDIdX)5X =Idy, (IdX DGX)(SX =Idx. (42)

The arrow dx is called comultiplication, and the arrow ex is called counit. Thus relations (4.2) for § and
e are similar to relations (4.1), except that now the direction of the arrows is reversed. Similarly to the
previous lemma we can say that for any arrow dx the associated arrow ex is unique. There exist categories
with objects being a monoid and a comonoid at the same time.

Commutative monoids and cocommutative comonoids. Let X be a monoid in a symmetric monoidal
category (C,0,1,7) and let 7x := 7x x : XOX — X0OX be the twist arrow related to X. Then X is called
commutative if it satisfies px7x = px. If X is a comonoid in a symmetric monoidal category (C,d, 1, 7),
then it is called cocommutative if it satisfies Txdx = dx.
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Graphical representation of monoid and comonoid relations. The monoid and comonoid relations
can be graphically represented. By convention, the domain of an arrow is drawn on the left and the codomain
of an arrow is drawn on the right. The notation order of two composed arrows is from right to left, but in
the diagrams we will now introduce, this order is vice versa. The following diagrams graphically represent
the five basic arrows involved in monoid and comonoid relations:

> -—_— < *— o0
) € IdX

The following diagrams graphically explain the monoid relations:

- > =T

‘LLX(,U,XDIdX) [LX IdX D,uX /JX("]XDIdX)*IdX*,UIX(IdX D??X)

The following diagrams graphically explain the comonoid relations:

-<S <<

(6XmIdx)5X = IdX DCSX Ox (EXDIdx)§X =Idx = (IdX DGX)5

In these diagrams, vertical composition of arrows is ordered from down to up.

Graphical representation of some relations concerning the twist arrows. The following diagrams
graphically represent the twist arrow of an object in a symmetric monoidal category and the relations a
commutative monoid and a cocommutative comonoid need to satisfy:

Ko Xom> XK= e

UXTX =[x Tx0x = 0x

And these diagrams graphically represent relation (2.17):

TxledX IdeTX TXDIdX Idxl:'TX TXmIdX Idxl:‘TX
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Frobenius objects. A Frobenius object in a monoidal category (C,d, 1) is an object X together with four
arrows

x: XOX —-X | nx:1-X | x: X—->XOX |, ex:X—1
satisfying the unit and counit axioms

MX(UXDIdX):IdX :/Jx(ldx D’I]x) s <€XDIdX)6X =1Idx :(Idx DE){)(SX

and the Frobenius relation
S >< 2 (@)

,UXDIdX IdXU(SX —(Sxﬂx— Idxl:',ux 6XDIdX

Note that we should write X = (X, ux,nx,dx, €x) to completely specify a Frobenius object.

e Lemma. A Frobenius object satisfies associativity and coassociativity axioms.

Proof. Composing the arrows in (4.7) with exOIdx and applying the counit properties yield the

following relation:
$ :>C > (48)

€X|:|IdX ,ux\:\IdX IdX D5X (EXmIdx)(leIX—,LLX

As relations like (2.9) show, we can easily insert or remove identity arrows. Inserting (4.8) into
wx (pxOIdy) yields

px(px0Idx) = px((exOldx)(pxOIdyx)(Idx Odx)O1dx)
= ux(éx\dexDIdx)(/LXDIdxDIdx)(Idxl]6xledx).

Now applying the Frobenius relation multiple times we obtain the following relation, graphically ex-
plained by

-2
g
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This finally shows that ux(uxOIdx) = pux(Idx Oux), turning px into an associative multiplication
arrow.

Of course we can repeat this for the comultiplication: we can easily replace ex by nx and interchange
ux and dx. After inverting the direction of composing arrows, we find a coassociative comultiplication

0x.
O
Thus we can safely conclude that a Frobenius object is a monoid and a comonoid at the same time.
e Lemma. A Frobenius object satisfies the following relation:
(exOIdx)(uxOIdx)(Idx Odx)(Idx Onx) = Idx =
(Idx Dex)(Idx Opux)(dxOIdx)(nxOIdx). (4.9)

This relation is called the snake relation.

Proof. We can use the Frobenius relation and the unit and counit relations to prove this. We can do

this graphically:

The top part of this diagram just represents relation (4.9).

(4.10)

O

Free monoidal categories on a Frobenius object and Frobenius structure. Let (C,0,1) be a
monoidal category and let X be a Frobenius object in C. Then we call C a free monoidal category on a
Frobenius object if all other objects can be written as n := X™ = X0O..-0X, and all arrows can be written
as serial and parallel composition of the four basic arrows ux, nx, 0x and ex. If C is such a category, then
we say C carries Frobenius structure.

Commutative and cocommutative Frobenius objects. Let (C,0,1,7) be a symmetric monoidal cate-
gory and let X be a Frobenius object in C. Then we call X a commutative Frobenius object if it is commutative
as a monoid, and it is called a cocommutative Frobenius object if it is cocommutative as a comonoid. We will
claim that X is cocommutative if and only if X is commutative. To prove this we need some intermediate
steps, represented as lemmas.

e Lemma. If we keep ux, nx and ex fixed, and if the counit and Frobenius relations are satisfied for
both dx and d%, graphically represented by
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< <

Sx &y

then dx and 0% must be the same arrow.

Proof. We will prove this graphically:

<= IS T

The third equality in this diagram is based on the equality pux = (Idx Oex)(Idx Oux)(dx0O1dx),
which is similar to (4.8). So we conclude that, if ux, nx and ex are already chosen, then Jx is unique.

]

e Lemma. We have the following two equalities:

IdxijEX— EXDIdX TX (Idxl:‘TX Txl:IIdX Idxl:‘(SX (le:lIdX

Proof. Naturality of the twist arrow implies the following two commuting diagrams

XOX —> X0X XOX ——= X0OX
IdXDEX\L \Lexﬂldx Idxljtsxi \Lﬁxﬂldx
XDlﬁlDX XDXDX@XDX\:\X

The arrow 7x 1 in left diagram equals Idx, as proven in (2.18), and we already know that 7x yox =
(Idx \:\Tx)(TXm Idx)

O

Now suppose dx already satisfies the counit and Frobenius relations, and define ¢’ := 7xdx, graphically

represented by
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Then we would like to know whether this ¢’ also satisfies the counit and Frobenius relations.

e Lemma. If 0x already satisfies the counit and Frobenius relations, then ¢ also satisfies the counit
and Frobenius relations.

Proof. If §x satisfies the counit relation, then the left diagram of (4.12) implies
(meldx)éfx = (€XDIdx)Tx(5X:(IdX DG){)(SX =
Idx = (emedx)(SX :(Idx DEx)Tx(sX :(Idx DEx)élX.

Thus ¢ also satisfies the counit relation. Now, if jx also satisfies the Frobenius relation, then the
right diagram of (4.12) and commutativity of px imply (uxOIdx)(Idx O0%) = 0% ux, graphically

K=K

The second equality comes from the identities (7xOIdx)(7xOIdx) = Idxoxox and ux7x = px. The
third equality comes from applying (4.6). The fourth equality comes from the right diagram of (4.12)
and its dual, i.e. turning the diagram 180 degrees. The other steps should be trivial. In a similar way
we can show that 05 pux = (Idx Oux)(0%0Idx). Then we see that % also satisfies the counit and
Frobenius relations.

O

To conclude, we see that, in case of % = 7xJdx, the conditions for identity (4.11) are satisfied, thus §% = dx.
In other words, commutativity of px implies cocommutativity of dx. Now we can discuss the final lemma.

e Lemma. X is a cocommutative Frobenius object if and only if X is a commutative Frobenius object.

Proof. If X is a commutative Frobenius object, then px is commutative, as an arrow. Then Jdx is
cocommutative, turning X into a cocommutative Frobenius object. The reverse statement being true
can be derived from all previous steps when reversing the composition of all arrows and interchanging
the roles played by (ux,nx) and (dx,€x).

O

A trivial example of a (commutative) Frobenius object. In any monoidal category (C,0,1), the
object 1, together with the trivial arrow Id;, can be interpreted as a Frobenius object. As we know, 1 = 101,
thus we can make a trivial choice:

M1:7]1:51:61:Id1.

It is easy to check that this Frobenius object is also commutative.

Free symmetric monoidal categories on a commutative Frobenius object. Let (C,Od,1,7) be
a symmetric monoidal category and let X be a commutative Frobenius object in C. Then we call C a
free symmetric monoidal category on a commutative Frobenius object if all other objects can be written as
n:= X" = X0O..-0X, and all arrows can be written as serial and parallel composition of the five basic
arrows Ly, Nx, 0x, €x and Tx. Of course this is a special case of a monoidal category on a Frobenius object,
thus C also carries Frobenius structure. In this case the Frobenius structure is commutative.
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Frobenius homomorphisms. Let X and Y be Frobenius objects in a monoidal category C. Then an
arrow f : X — Y is called a Frobenius homomorphism in C if it is compatible with all the structure as in
the following commuting diagrams:

é
xox 2 x —% xox By X

11— X ——1
fﬂfi J{f if'ﬂf R if/ (4.13)
Y

YDY#T)YT)YDY
Y

Of course the identity arrow Idy is a Frobenius homomorphism, and composing two Frobenius homomor-
phisms gives another Frobenius homomorphism. If C is also symmetric, then naturality of the twist arrow
implies that a Frobenius homomorphism is automatically compatible with this symmetric structure.

The category of Frobenius objects. If C is a monoidal category, written as (C,d, 1), then Frob(C)
is the category of Frobenius objects in C. Its objects are the Frobenius objects in C and its arrows are the
Frobenius homomorphisms in C. If C is also symmetric, then cFrob(C) is the category of commutative
Frobenius objects and Frobenius homomorphisms in C.

These two categories Frob(C) and cFrob(C) can be equipped with monoidal structure. If C is a symmetric
monoidal category and if (X, ux,nx,0x,€ex) and (Y, uy,ny, dy, €y ) are Frobenius objects in C, then we can
also turn XOY into a Frobenius object. We define the needed arrows as follows:

pxoy = (uxOpy)(Idx O7ry,xOIdy),

nxoy = nxOny, (4.14)
dxoy = (Idx O7x yOIdy)(dx0dy),

exoy = exUey.

Using naturality of the twist arrows it is easy to check that associativity of px and py implies associativity
of uxoy. Similarly coassociativity of dx and dy implies coassociativity of d xoy. Also nx and ny satisfying
the unit axioms, implies that nxgy satisfies the unit axioms. The same applies to the counit axioms and
the Frobenius relation. Thus the four arrows defined in (4.14) turn XOY into a Frobenius object.

If X and Y are commutative Frobenius objects and if we also write

TXoy = 7TxOv,xoy = (Idx DTX7Y\:|Idy)(TX\:\Ty)(IdX DTY7XDIdy) (415)

as implied by (2.16), then XOY is again a commutative Frobenius object. Again it is easy to check that
commutativity of X and Y implies commutativity of XOY".

We thus see that Frob(C) and cFrob(C) are closed under vertical composition, or O-products. As
(1,Idy) can be regarded as the neutral object for taking O-products of (commutative) Frobenius objects, we
conclude that (Frob(C),d, 1) and (cFrob(C), 0, 1) can be regarded as monoidal categories. In addition we
can assert that a canonical monoidal embedding exists turning (cFrob(C), 0, 1) into a monoidal subcategory
of (Frob(C), 0, 1).

We could ask whether these are monoidal subcategories of C itself. We should be careful however. Of
course, for any pair X and Y of objects in (Frob(C),d, 1), we should write

(X, pux,nx,0x,ex)0(Y, py,ny, 0y, ey) = (XOY, pxoy, nxoy,dxoy, €xoy)-

We thus see that the symbol O does not exactly have the same meaning, when appearing in (C,0,1) and
in (Frob(C),d,1), so the answer to our question is negative. There is even a simpler explanation. The
category Frob(C) is not a subcategory of (C,O, 1), just because more information is needed for specifying
any object in Frob(C)). To be more precise, specifying an object in Frob(C) means specifying an object A
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in (C,0,1) and the needed arrows turning A into a Frobenius object. There could be many different ways of
turning A into a Frobenius object, so the class of objects in the category Frob(C) can be much larger than
that of C itself. For example, in case of C = Vecty every object V admits countlessly many sets of arrows
(v, mv,dv, ey) turning V into a Frobenius object.

A subtle remark. If C is a free symmetric monoidal category on a commutative Frobenius object, and if
X is the commutative Frobenius object generating all other objects X™, then we can say that all the other
objects X™ (n > 2) are also commutative Frobenius objects. We can simply apply relations (4.14) and (4.15)
to these objects. So, saying that C is a category on a commutative Frobenius object does not mean that
it only contains one commutative Frobenius object. It only means that C contains only one commutative
Frobenius object generating all others.

4.2 Frobenius algebras

Algebras. Let k be a ground field, for example R or C, and let A be a vector space over k. We say that A
can be regarded as an abelian group equipped with a k-action Axk — A. As usual we write A* := Hom(A4, k)
for the space dual to A. If A has finite dimension, then A* is isomorphic to A. If a basis for A is defined,
then we can find a dual basis for A*. There is also a natural isomorphism from A to A** = Hom(A*, k).

Now let u: A® A — A, called a multiplication map, and 1 : k — A, called a unit map, be k-linear maps.
Then A is called a k-algebra if the following diagrams commute:

ARARA

p®lda Ida ®p
/ \ A®kIdA®nA®An®IdAk®A
A4 Awd \l“/

A

Of course we mean tensor products over k, or ® = ®j. In fact we see that these diagrams are similar to
the diagrams in (2.1). Only x is replaced by ® and 1 is replaced by k. We say a k-algebra is a monoid in
(Vecty, ®,k).

Coalgebras. Let d: A — A® A, called a comultiplication, and € : A — Kk, called a counit map, be k-linear
maps. Then A is called a k-coalgebra if the following diagrams commute:

ARARA

IRId Ida ®0 € €
/ \ A®kIdA® Ao A ®IdAk®A

AN %
\ / A

A

We say a k-coalgebra is a comonoid in (Vecty, ®, k).

Definitions of Frobenius algebras. The following three definitions, copied from [7], are equivalent:

1. A Frobenius algebra is a k-algebra A of finite dimension, equipped with a linear functional ¢ : A — k
whose nullspace contains no non-trivial left ideals. The functional e € A* is called a Frobenius form.

40



2. A Frobenius algebra is a k-algebra A of finite dimension, equipped with an associative nondegenerate
pairing 0 : A ® A — k. We call this pairing the Frobenius pairing.

3. A Frobenius algebra is a finite-dimensional k-algebra A equipped with a left A-isomorphism to its dual.
Alternatively (and equivalently) A is equipped with a right A-isomorphism to its dual.

The first definition can also be stated alternatively and equivalently. If, instead of left ideals, we write right
ideals nothing really changes.

Terminology not defined here, but also the elaborate proofs of the equivalences can be found in [7]. The
author uses a lot of diagrams to make the reader feel comfortable with these proofs. The definitions will
turn out to represent just the same underlying concept, but described from diffferent points of view. We
should add that the pairing [, mentioned in the second definition, cannot be nondegenerate if we admit a
vector space A of infinite dimension. That is why we would like to restrict to finite dimension.

There is another equivalent definition:
4. A Frobenius algebra is a k-vector space A of finite dimension, equipped with four suitable maps
p:AQA—-A |, n:k—-A |, 60:A—-AQA |, e:A—k

turning A into a k-algebra and a k-coalgebra at the same time, and making A satisfy the Frobenius
relation

(1 ®1da)(Ida ®6) = op = (Ida @) (6 ® Ida),
which is the analogue of (4.7).

We should note that, in general, a vector space A, or an algebra (A, u,n), is not necessarily a Frobenius
algebra. Even a vector space (A, u,7,d, €), which is already an algebra and a coalgebra at the same time, is
still not necessarily a Frobenius algebra. Only if the four maps (u, 7, d, €) are related correctly, we can say A,
equipped with these four maps, is a Frobenius algebra. This only depends on properties of these four maps.

We see that a Frobenius algebra is nothing more than a Frobenius object in (Vecty, ®,k). The symmetric
monoidal category (Vecty, ®,k, 7) also admits commutative Frobenius objects. We will call these commuta-
tive Frobenius algebras. For any Frobenius algebra A there exists a (canonical) twist map 74 : AQA — AQA,
and A is called a commutative Frobenius algebra if pa74 = pa. Whether A can be interpreted as a com-
mutative Frobenius algebra or not depends on the structure.

We should also note that in general there are many different possibilities of turning A into a Frobenius
algebra. If Ay := (A, u,n,d,¢) and if Ay := (A, 1/, 7,8, €') are Frobenius algebras, then the two groups of
related maps can differ. For example, A; can be a commutative Frobenius algebra, while As is not.

The snake relation. Any Frobenius object satisfies the snake relation, defined in (4.9). Written in the
language of (Vecty, ®,k) this translates to

(e@1da)(p®@Ida)(Ids @) (Idg ®@n) = Ida =
(Ida ®€)(Ida @p)(d ® Ida)(n @ Ida) (4.16)

for any Frobenius algebra. As it is quite common to use the pairing 8 : A® A — k, 5 := €u, and the
copairing v :k — A® A, v := dn, relation (4.16) can also be written as

(B®1da)(Ida @) =Ida = (Id4 ®0)(y @ Ida). (4.17)

However, it depends on the chosen point of view whether these 8 and ~y are defined this way or not. If the
maps u, 7, 6 and € were already defined, then it suffices to define 8 and ~ this way. But, in other cases, see
the second definition, 8 (and v) are already defined from the start, and then p and € are related to ¢ and n
by £ and 7.

In the later chapters about cobordisms we will see a relation similar to (4.17), and this relation goes under
the name of snake decomposition. However, there is still a subtle difference between the snake decomposition
and the snake relation.
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4.3 The category of Frobenius algebras

Let k be a ground field. Then Vecty = (Vecty,®,k,7), as already defined in (2.19), is a symmetric
monoidal category. We know that (commutative) Frobenius algebras are (commutative) Frobenius objects
in Vecty. We can use (4.14) for showing that taking the tensor product of two Frobenius algebras yields
another Frobenius algebra. If A = (A, ua,n4,04,€4) and B = (B, up,ns,0p,€p) are Frobenius algebras,
then

A®B = (A p1a,n4,04,€4) @ (B, tB,mB,0B,€B) = (A® B, ltagB,NA2B, 0A0B: €A®B) (4.18)
with
pag = (pa®@pp)(lda®@7p.4 ®@1dp),
NA®B = N4 ®NB,
0aep = (Ida®7ap®1dp)(da®dB),
€EApB ‘= €AQE€Ep

is another Frobenius algebra. We can do something similar in case of taking the tensor product of two
commutative Frobenius algebras. Then the resulting object will also be a commutative Frobenius algebra.
Now we can define the category of Frobenius algebras over k,

FAj := Frob(Vecty) = Frob(Vecty, ®,k, 1),
and the category of commutative Frobenius algebras over k,
cFAj := cFrob(Vecty) = cFrob(Vecty, ®,k, 7). (4.19)
These can be defined as monoidal categories
(FAL, ®,k) , (cFAg, ®,k)

and there exists a canonical monoidal embedding of (cFAj, ®,k) into (FAg, ®,k).

The arrows in FAg (and in cFAy), which are Frobenius homomorphisms when regarded as arrows in
Frob(Vecty), will be called Frobenius algebra homomorphisms. According to a lemma, any Frobenius
algebra homomorphism is in fact an isomorphism. (A proof of this lemma can be found in [7].) This turns
FAy and cFAy into groupoids. These groupoids should of course contain multiple connected components,
as we know that not every pair of Frobenius algebras needs to be connected by an isomorphism.
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5 Morse functions

First of all, the notion of Morse functions is very useful for the understanding of the category of cobordisms,
to be defined in the next two chapters. However, this chapter should be regarded as self-contained. The
notion of Morse functions will be explained, but we will also take a look at the most important property of
a Morse function. For any Morse function we can define a Hesse matrix at every point. This is in general no
tangent space tensor as it does not transform correctly under coordinate transformations. The components
of the Hesse matrix are thus not the components of some tensor field defined on our manifold of interest.
However, we are only interested in the behaviour of the Hesse matrix at critical points of the Morse function.
We will show that, at critical points, the Hesse matrix does transform as a tangent space tensor. In other
words, at critical points, the Hesse matrix can be written as a coordinate free object. The fact that also
the location of critical points of the Morse function, as well as their property of being nondegenerate, do
not depend on the coordinate chosen, is one of the main reasons justifying the usage of Morse functions
as topological objects. The reader who is already familiar with Morse theory can skip all of this chapter,
but is adviced to read at least the last paragraph. There I will explain the custom notion of special Morse
functions, which we will explicitly use in the next chapters.

Critical points. Recall that a topological m-manifold M is a Hausdorff space which is locally homeomor-
phic to R™. Here, m is the dimension of M, which is finite. M is called a smooth manifold if there exists a
maximal C'*° atlas on M. The C*°-property means that all transition maps in this atlas are smooth. Now,
let M be a compact smooth manifold and let f : M — R be a smooth map. This means that for every chart
(U, k), the map for~!:k(U) — R is also smooth. We define I := f(M), which is of course a closed and
bounded, thus also compact, subset of R. Thus f : M — I is a smooth surjective map.

For any p € M we denote the tangent space of M at p by T),M, and f induces a linear map between
tangent spaces, f.«(p) : T,M — Ty,y1, which is called the tangent map at p. A point p € M is called a
critical point of f if the induced map f.(p) is the zero map. Now let us define M.(f), which is the set of
critical points of f.

M(f) = {p € MIf.(p) = 0}.

Another way to write the tangent map is as follows. If X € T,,M then we can define X (f)(p) = f.(p)(X).
This can be interpreted as X acting on f at p. Let now x = {x‘} be a local coordinate around p and define
f) = for~t. Then we can write f*)(x(p)) = (f o k1) (k(p)) = (fo ks~ o k)(p) = f(p). We can use this
to denote the action of X on f at p as follows:

i OF
X = 3 Xy L (s(0). (51)

i=1

Now we can express the vector X in terms of the local coordinate k:
m
.0
_ K3
X = ;X(,{) 5

Let T M denote the dual space of T),M, then the local coordinate also defines a basis for Ty M. For a
covector w € Ty M, we write

It acts on a vector X € T, M according to

Zw(”)dn ZX(R W il (”)Xgn)dn le(”)xf 512@“))@).
2,7 1,7 1=
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The differential of f at p, denoted by df (p), is an element of Ty M. In terms of a local coordinate &, it
can be written as
d o~ 7 dr’
If (p) == ot (K(P))dr".

=1

In a critical point p, f.(p) is the zero map. This means that or all X € T,M we have f.(p)(X) =0, or

o 9fR)
Vx XN =0 = xS X Dy =0

i=1

Thus the statement “f.(p) is the zero map” is equivalent to the statement “df(p) = 0”. Note that the
property of a point being a critical point of f, is independent of the used coordinate.

Let now A = {\'} be another local coordinate around p. Then we can express X (f)(p) with respect to .

Now denote the transition map Ao s~ by A(¥), Then f*) = for™' = fod todor ! = fM) o A¥) and
A(p) = A% (k(p)). Then, for all ,

() 9FN o A m g (A PO,
g,ii k(p)) = 7]0 i = Z f (8Hi) (k(p)).

Jj=1

Substituting this into (5.1) gives:

;X(” o gx(ﬁ i=1 3# ) 55 AP))
LAY G (rc) af(k) noo 8f A)
z; (ZX(“) Ok" Mp”) 8>\J Z (A oNi (@)
J= =1 j=1

This means that, under a coordinate transformation from coordinate k to coordinate A, the vector compo-
nents of X transform according to:

(k) i

XZK)—’X(A ZXJ) 8,{] (5(p))-

Or, in compact notation, using Einstein summation convention for repeated dummy indices:

i i OX'
Xiwy = X0 = g7 X0

The Hesse matrix. When p € M is fixed and a local coordinate x is chosen, we can define the Hesse
matriz (related to k) of f at p by:

92 ()

Hi (0) 1= 555 (5(0)).

ij
Note that, since f is smooth, the operators 9/9x* mutually commute. Therefore H(*) is a symmetric matrix,
thus it can be diagonalized by conjugation with an orthogonal matrix. There exists an orthogonal matrix
M, satisfying MTM = MM? = I (the identity matrix), and a diagonal matrix D with real coefficients, so
that H® = MTDM.
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Now let us derive how H*) transforms under coordinate transformations.

o) - D2 0 af™
e = Fxign AP = a5 on

p
(K)o g ™5 (k) (VY
— o (00 - ( O (o) 25 (A(p»)

=1

” *) (V! UNPYI ()1
:Zaaf AN +Zﬁf( 9 )

oxi orl TP art P exNi T N

m.om 32f(n) a(ﬁ(k))k @(K(A))l m af(n) 32(K(k))l
=22 Okl ¥ (Ap

AN ot P TeNigN
=1 k=1 =1

Or, dropping arguments and summation symbols, Hi(f) transforms according to

H'(,'{) B H(}\) _ an(A) _ 6,46% aZf(rz) N 92! 8f(n) _ 6/&’“87/4 ) N 92! 8f(n)
t 4 ONLON AN ON kKoKt ONON Ok ONE QN TR ONON Okl

(5.2)

We see that, under a coordinate transformation, H (“)(p) does not transform as a tangent space tensor. In
general it is not a tensor field. However, at a critical point p € M, (f), we see that df (p) = (9f") /0k)dk* = 0.
Thus af(”)/ﬁni = 0 for all 7. This means that in such a point the second term in (5.2) vanishes. Thus, only
in critical points, the components of H perfectly transform like those of a symmetric tangent space tensor
of type (0, 2):

k l
() o _ 0" 0K )
Hiy™ = i = o5 gn Hut

This means that, in critical points p € M.(f), H(p) can be used to define a coordinate-independent object.

In this case, when we define M;; := %’ then

HY = My H\P My; = (MT) g HY My, = B = MTHS M.
For an arbitrary coordinate A\, we can always find a valid coordinate x such that M, induced by this
coordinate transformation, is orthogonal, and det(M) = 1. This coordinate transformation can be regarded
as a lift of the change of basis of T, M, from A to a non-coordinate basis. For the corresponding coordinate
transformation we can simply choose a rotation around the point A(p). We may allow any rotation, thus we
can choose  such that H®) is diagonal, containing the eigenvalues of the original matrix H®).

Nondegenerate critical points. A critical point p € M.(f) is called nondegenerate if and only if the
Hesse matrix H(p) with respect to an arbitrary local coordinate , written as

92 ()
= g k),

(k)
Hij ()

is nonsingular, which means that H*) has no zero eigenvalues, thus det(H (”)) #0.

Note that the property of a critical point p being nondegenerate is again independent of the used coordi-
nate. The matrix M corresponding to the coordinate transformation is always nonsingular, thus, if we have
det(H™")) # 0 at p, then also

det(HN) = det(MTH™ M) = det(M7T) det(H*)) det(M) # 0.

This means that the property of H being nondegenerate, does not depend on the coordinate chosen.
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Morse functions. Let M be a compact smooth manifold of dimension m, and let f : M — I C R
be smooth and surjective, then f is called a Morse function if all critical points of f are nondegenerate.
According to [3], Morse functions always exist. From now on, let f be a Morse function.

Let p € M.(f) and let A be a local coordinate with respect to which H is diagonal. Then the indez of
f at p, denoted by n,(f), is the number of negative values on the diagonal of H (M), This is equivalent to
defining the index as the number of negative eigenvalues of H (counted with multiplicity) with respect to
an arbitrary local coordinate . The index n,(f) has another equivalent definition. It equals the maximum
of the set of dimensions of possible linear subspaces of T, M on which H, regarded as a (0,2) tangent space
tensor, is negative definite. Thus the index is also a coordinate-independent quantity, which is also confirmed
by Sylvester’s law of intertia. A more detailed explanation of this can be found in [1] and [3].

The index ny(f) can be any element of {0,--- ,m}. If n,(f) = 0, then p is called a (local) minimum of
f- I ny(f) =m, then p is called a (local) maximum of f. Otherwise p is called a saddle point of f. We will
see that f maps all of its saddle points to values lying in the internal part of I. Suppose M is connected.
Then [ is also connected, thus it is a closed interval. In this case, if a critical point of f is mapped to a
boundary point of I, then we are dealing with a global minimum or maximum. The remaining critical points
are all local minima or maxima, or saddlepoints. When M is not connected, the previous still holds for the
connected components of M, be it separately.

For a Morse function f, the Hesse matrix behaves like a type (0,2) tangent space tensor at every p €
M.(f). It is symmetric and nonsingular, thus, locally, it behaves like a metric with signature. In the context
of calculus on flat spaces like R™, the Hesse matrix tells us in which direction a function changes with the
largest speed, and these directions, regarded as unit vectors, should be mutually orthonormal. However,
we should be careful when trying to adapt this idea to abstract manifolds, as the components of the Hesse
matrix always depend on the coordinate chosen. Besides, we would need to define a metric before we can
say whether a tangent vector is a unit vector.

Euler characteristic. When the critical points of any function are nondegenerate, we can easily see that
these points are isolated, thus we are dealing with countable sets of critical points. So we will not get into
trouble computing sums over all critical points. The number of critical points of any Morse function on a
compact manifold is finite. This justifies the following alternative definition of the Euler characteristic.

The Euler characteristic of a smooth compact manifold M, denoted by x (M), is closely related to the
index of all critical points of any Morse function f on M. It can be defined as

XM= 3 (.

peEM.(f)

What is really remarkable is that it does not matter how the Morse function is exactly defined, as long as it
is a Morse function.

Special Morse functions. Before introducing the concept of special Morse functions, we will discuss
separate critical points. Let p and ¢ be two distinct critical points of a surjective Morse function f : M —
I C R, but with the same critical value, say v, thus f(p) = f(¢) = v. Then we will call p and ¢ mutually
separate if there exists no path in the level set f~*(v) C M connecting p and q. We will also call p and ¢
mutually separate if f(p) # f(q).

We will call f a special Morse function if all of its critical points are mutually separate. This is equivalent
to saying that every connected component of any level set f~1(v) contains at most one critical point of
f. In the application of Morse functions for the understanding of cobordisms, it is desirable to choose a
special Morse function. It will especially help us splitting up a cobordism correctly into disjoint products of
generators. We can split up I into closed subsets I}, each of which containing at most one critical value, lying
in its interior (or in 9I), so that I N I; does not contain any critical value, for any k # . As a consequence,
any critical point of f will lie in the internal part of some f~!(I;) C M. We claim without proof that such
a special Morse function always exists. In the following chapters we will only consider these special Morse
functions.

46



6 Cobordisms

We assume the reader is already familiar with the concept of smooth structure. A cobordism in dimension
n can be interpreted as a smooth interpolation between two compact manifolds of dimension n — 1, without
boundary. These (n — 1)-manifolds are then precisely the boundary of the cobordism. This interpolation
needs not be unique. For an arbitrary pair of (n — 1)-manifolds a cobordism needs not exist between them,
however, if it does, we will call these (n — 1)-manifolds cobordant. We will discuss how to split up a given
cobordism into smaller cobordisms, making use of Morse functions. We will discuss some trivial but at the
same time important examples of cobordisms, for example the cylinder. Though we will introduce the concept
of abstract twist cobordism in the next chapter, we will introduce the concept of natural twist cobordism here,
which is not really a universal notion to be found in the literature though. In an early stage we will define
oriented cobordisms, which permits a sense of direction. The boundary of an oriented cobordism can be
split up into the in-boundary and the out-boundary. We can say this cobordism is a cobordism from its
in-boundary to its out-boundary. This is one of the first steps towards the idea of a category of oriented
cobordism classes, discussed in great detail in the next chapter.

6.1 Manifolds with boundary

Half-spaces. For any n > 1 and for any nonzero linear map L : R" — R we can define a half-space H} by
H} :={z e R"|L(z) > 0}.

We should note that any half-space is contractible, as its topology is induced from that of R™. The boundary
of H} is defined by
OH} = {x € R"|L(x) = 0}.

We should note that 9H}* is homeomorphic to R"~*. When H} is regarded as a subset of R™, we can study
its topology induced from R™. Following terminology of [2] we will call this induced topology the subspace
topology. According to this topology, we will call a subset A of H} open if there exists an open B C R" such
that A = BN H}. This definition of open subsets of H} allows us to give a straightforward definition of a
manifold with boundary.

Manifolds with boundary. A topological space M is said to be a manifold with boundary of dimension
n if every point p € M has a neighbourhood U homeomorphic to an open subset of some H}. The L should
depend on the coordinate patch considered. Here we should note that we could have a patch U C M mapped
to the internal part of some H}'. Here internal means internal with respect to the ordinary topology of R™.
In fact, if we have found all such U, then their plain union will be an ordinary manifold, which we will call
M. The boundary of M is then defined by M := M — M. We note that M itself is locally homeomorphic
to OH}, and as such it should define a manifold of dimension n — 1. We note that the boundary itself can be
defined as an ordinary manifold, thus we say that it has no boundary itself. In general the identity 00M = &
holds. In later applications of manifolds with boundary, we will require all coordinate transformations to be
smooth, and when a manifold with boundary is mentioned, we really mean a smooth manifold with boundary.

We should note that the tangent space 1,M, for any p € OM, is still a full vector space. Recall that
a tangent vector is just an equivalence class of smooth curves through p going in or coming from the same
direction. Knowing one half of a curve is sufficient to know its direction.

Some examples.

e For n = 1 we have a trivial example. Let M be a closed interval in R, say [a,b] (a < b). Then the
internal part (a, b) is an open interval, which is an ordinary manifold of dimension 1. For any ¢ € (a, b)
we see that [a, ¢) and (¢, b] are homeomorphic to open subsets in a half-space of dimension 1. Thus the
set {a,b} is the boundary of M, which is an ordinary manifold of dimension 0 and has two connected
components.
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e For n = 2 we have another trivial example. Let M be the Cartesian product of the previous example
and the circle. Then we have a closed cylinder. The internal part is (a,b) x S!, which is an ordinary
manifold of dimension 2. The set {a,b} x S' = ({a} x S') U ({b} x S) is the boundary of M, which

is an ordinary manifold of dimension 1 and has two connected components, namely two circles.

Closed manifolds. A closed manifold M is, by definition, a compact manifold without boundary. The
latter only means that it suffices to describe M as an ordinary manifold. We should note that, in case we
are only discussing ordinary manifolds, the latter property is automatically satisfied. Only in the context of
manifolds with boundary, this definition makes sense. Of course every ordinary manifold M can be described
as a manifold with boundary, but in this case 9M = @. From now on, when mentioning a manifold, we will
mean an ordinary manifold.

Morse functions on manifolds with boundary: A convention. Let M be a (smooth) manifold with
boundary. Recall the notion of a special Morse function from the previous chapter. It is a Morse function
with all critical points being mutually separate. From now on, when discussing any Morse function on M,
we will assume that it is a special Morse function, and that it is constant when restricted to M. Thus we
will also assume that M contains no critical points of this Morse function. We will mainly be interested in
compact manifolds M with boundary, which means that M itself is a compact space, and that its boundary
is a closed manifold. Recall that if f is a Morse function on M, which means that it is a smooth function,
then I := f(M) is a compact subset of R.

Later we will discuss the behaviour of the extrema of Morse functions. We will also discuss the appli-
cation of special Morse functions, and hopefully afterwards it will get more clear why we are interested in
special Morse functions in the first place. For now we just start with this formal definition without further
explanations.

6.2 Orientation

Orientation of vector spaces. Let V be a real vector space of dimension n, and let {ej,--- ,e,} be a
basis of V. We should remark that we can consider this basis to be ordered. A matrix can be used for
reordering the basisvectors to obtain another basis. In general, an invertible matrix M;; can be used to
define a new basis for V. If we define

fi = Z Ml-jej
j=1

then we have found another basis for V. The matrix can thus be regarded as a basis transformation. The
determinant of an invertible matrix is always nonzero, and as such it has a signature. We will call M
orientation preserving when its determinant is positive. Otherwise we will call it orientation reversing. We
directly see that if M is an even permutation of basis vectors, it is orientation preserving, and if M is an
odd permutation, it is orientation reversing.

An orientation of V assigns a sign to each ordered basis. This should be compatible with the idea
that a basis transformation can preserve or reverse the orientation. In other words, all bases which can be
transformed into each other by an orientation preserving transformation will have the same sign.

In the special case where V' has dimension 0, there is only one (trivial) basis, namely the empty set. The
only basis transformation is the trivial one, which is orientation preserving by definition. Thus we are free
to assign a plus or a minus sign to this unique basis, which can be regarded as being equivalent to assigning
a sign to V itself. Thus, in this case, the property of a map preserving or reversing the orientation, only
depends on properties of the sets involved.

When V is equipped with an orientation, we will call V' oriented.

Orientation of the Cartesian product of two oriented vector spaces. Let V and W be oriented
vector spaces of dimension m and n respectively, then there is a canonical way to assign orientation to their
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Cartesian product V- x W. Let {e1,--- ,en} and {f1,- -, fn} be positively oriented bases of V and W
respectively. Then we would like the basis {e1, - ,em, f1, -+, fu} of V X W to be a positively oriented one.
From now on we automatically assume that, when we are dealing with a pair of oriented vector spaces, the
canonical orientation will be assigned to their Cartesian product.

Orientation of manifolds. Let M be a smooth manifold, let (U, k) be some coordinate patch in its atlas
and let U itself be connected. Then x induces an ordered basis of T, M for any p € U. Then, if for some
p € U, an orientation is chosen for the tangent space 1,M, we can extend this to an orientation of T, M for
any other ¢ € U, just by smoothly transporting a local frame, associated to the tangent bundle, from p to q.
Then we will say the patch U is oriented. Let (V, A) be another connected coordinate patch, such that UNV
is nonempty and connected, then the orientation on U can be extended to V. Then, if M is connected, it is
called orientable if it is possible to repeat this procedure for any patch in its atlas, so that orientation will
agree on any intersection of two patches. Note however that this M will remain orientable if we discard the
choice of orientation afterwards. Thus orientability of M does neither depend on the actual atlas chosen,
nor on the orientation chosen locally on its patches. If M is orientable, we can define a global orientation
on M by making a consistent choice of local orientations, agreeing on all intersections of patches. Then we
say M is oriented. In this case M admits two global orientations. To summarize, every oriented manifold
is orientable. However, if a manifold is orientable it does not need to be oriented yet. Thus the collection
of orientable manifolds contains the collection of oriented manifolds, but when a manifold is unoriented it is
not necessarily unorientable.

Now suppose M is not connected, but instead has a finite number N of connected components. Then for
each component M; we can figure out whether it is orientable, and if so we could fix an orientation. If all its
connected components are orientable, we will say M is orientable, and we can make a choice of orientation
for each component M;. This means there are 2N possible orientations for M.

From now on we will only be dealing with orientable manifolds with a finite number N of connected
components, thus with 2%V possible orientations.

In the special case where the dimension of M is zero, we will just assign a sign to any connected component
M; itself. These M; are just points, and we are still dealing with 2N possible orientations.

We should make clear that assigning an orientation to any orientable manifold M is a matter of adding
information to the bare manifold. If we want to be precise we would need to write (M, o), where o tells us
how each connected component of M is oriented. If an orientation o is assigned to M, we can assign the
opposite orientation & as well. Thus (M,7) is the same as (M, o) with opposite orientation. We will drop
this o from our notation from now on, and write M instead of (M, 7). We always assume M and M carry
the same smooth structure.

The empty manifold @ has exactly one orientation. We could say there is only one map from & to {—, +}.
This also means that we can write & = &.

Orientation of the Cartesian product of two oriented manifolds. Let M and N be oriented mani-
folds, then there is a canonical way to assign orientation to their Cartesian product M x N. For all p € M
and ¢ € N, the tangent spaces T, M and TN are oriented. Using the canonical orientation of the Cartesian
product of two vector spaces, we will assign an orientation to T(, o) (M x N) ~T,M x T,N. This induces a
canonical orientation on M x N. From now on we automatically assume that, when we are dealing with a
pair of oriented manifolds, the canonical orientation will be assigned to their Cartesian product.

Orientation of manifolds with boundary. Let M be an m-dimensional manifold with boundary and
let M be its internal part, which is an ordinary manifold. If M is oriented, it assigns an orientation to
every TpM . Now note that this can be extended to any p € M, especially for p € M. Thus orientation
of M induces an orientation on M. For any p € OM, T,M has an induced orientation. However, M itself
is a manifold of dimension m — 1. That is why it is not possible to induce orientation on 7,0M without
introducing extra information. We need to define an orientation on each connected component of M. We
should note that if M is orientable, then M is orientable. Then also OM is orientable.
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In-boundary and out-boundary. In many cases we will see that M has multiple, say N, connected
components, denoted by dM;. Each of them can have its own orientation. Suppose M and M are oriented.
Now take j fixed. Let p € OM; and let {e1,- - ,em—1} be a basis of T,0M;, with positive orientation. As
T,0M; is a linear subspace of T, M, we can try to extend this basis to a basis of T,M. Let {e1, -+ ,em—1, f}
be a basis of T, M with positive orientation, with respect to the orientation of M. Then there exists a curve
through p which has f as its tangent vector. If this curve points inwards, into M, we will call 9M; an
in-boundary, and if it points outwards, out of M, we will call dM; an out-boundary. This way we can relate
orientation of M and orientation of the connected components of its boundary. We will call f a positive
normal. According to [7] we should note that the normal bundle T'M|sps, /TOM; is a trivial vector bundle
on OMj, thus for any other point ¢ € 9M; we come to the same conclusion whether 9M; is an in-boundary
or an out-boundary.

We should note that this relation works in both directions. If we know orientations of M and of each
OM;, then we also know which OM; are in-boundaries and which are out-boundaries. On the other hand,
if we know an orientation of M, thus of M, and if orientation of OMj is not specified yet, but if we already
know which ones we want to be in-boundaries or out-boundaries, we can define the orientations of all 9M;
to agree our desires.

Soon we will encounter manifolds with boundary which for example only have an in-boundary. Its
out-boundary is just an empty manifold. We will also encounter manifolds with only an out-boundary.

Orientation preserving diffeomorphisms and orientation reversing diffeomorphisms. Let M and
N be connected oriented manifolds of dimension m, and suppose a diffeomorphism ¢ : M — N exists. Then
¢ can either preserve the orientation, or reverse the orientation. For any p € M we can choose an ordered
basis of T,,M, say {e1,-- ,em}, with positive orientation. Now note again that these vectors e; correspond
to equivalence classes of curves, which are maps from R to M. It is possible to define a trivial pushforward
such that these curves become maps from R to N, just by composing with ¢. This means that there is
a canonical way to map the vectors e; to vectors f; € Tyg,)N. The orientation of N tells us whether we
are dealing with an ordered basis of Ty(,) N with positive or negative orientation. If positive, we will call ¢
an orientation preserving diffeomorphism or OPD, and if negative, we will call ¢ an orientation reversing
diffeomorphism or ORD. We should note that we only need to test whether ¢ is an OPD or an ORD in one
point p. Global orientability of M and N can be used to transport our checks from p to any other arbitrary
q € M. The result will be the same.

Again, if M and N have multiple connected components, and ¢ : M — N is a diffeomorphism, then it
can act independently as an OPD or an ORD on each component. In general, a diffeomorphism ¢ : M — N
is an OPD (ORD) if and only if it is an OPD (ORD) on each of the connected components of M. On
the other hand, when M is an oriented manifold of dimension m > 2, but N is not oriented yet, we can
canonically define an orientation on N by using the natural pushforward of ordered bases of tangent spaces
of M. Then ¢ is automatically an OPD.

A special case will be the (artificial) map

Iy : 0 — @. (6.1)

As @ has only one orientation we could say that Iy is automatically an OPD. This map is idempotent and
can always be inserted as an identity. There are no other OPDs from & to itself.

Trivial examples of OPDs and ORDs.
e If we have ¢p: M — M : p+— p, then ¢ is an OPD.
e If we have ¢ : M — M : p s p, then ¢ is an ORD.

These simple examples should make clear that being an OPD or an ORD is not totally an intrinsic property
of a diffeomorphism. A diffeomorphism being an OPD or an ORD often also depends on the manifolds
involved, and how they are oriented.
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This especially applies if we are looking at points, also known as connected oriented O-manifolds. Let p
be an arbitrary single point and let p; and p_ be oriented versions of p. Of course the orientation of p,
(p—) is positive (negative). Then the maps ¢4 : p+ — py and ¢__ : p_ — p_ are orientation preserving,
and the maps ¢4+ : p; — p_ and ¢_, : p_ — p; are orientation reversing. As any map between points
can automatically be regarded as a diffeomorphism, we can say ¢, and ¢__ are OPDs, and ¢, _ and ¢_
are ORDs. Thus in this case it does not depend on the intrinsic properties of the map at all whether we are
dealing with an OPD or an ORD.

Orientation preserving diffeomorphisms between manifolds with boundary. Let M and N be
oriented manifolds with boundary and let ¢ : M — N be a diffeomorphism. Then ¢ is an OPD between
manifolds with boundary if it is an OPD when restricted to M and to M, thus if dlop 1 OM — ON and
&l M — N are OPDs in terms of ordinary manifolds.

6.3 Oriented cobordisms

Let m > 1, and let M be a compact oriented manifold with boundary and with dimension m. Then OM
is a closed oriented manifold of dimension m — 1. Let 04 M be the in-boundary of M, and let _ M be the
out-boundary of M. Then 0, M NI_M = @ and 0+ M UO_M = OM.

Now let X and Y be closed oriented manifolds of dimension m — 1. A compact oriented manifold M with
boundary is called an oriented cobordism from X to Y, if there exist orientation preserving diffeomorphisms
ty : X - 0yM and ¢~ 'Y — O_M. Thus a cobordism M is specified by the following information:
(M, X,Y,t4,t-). Note that we could as well say that M is just an oriented cobordism from 9. M to _M.
However, the more abstract definition will allow us to study cobordisms from X to itself, and to compose
cobordisms. This is one of the first steps making it suitable to study categorical aspects of cobordism theory,
which we will do in the next chapter.

We should note that alternative definitions exist for oriented cobordisms. It is only a matter of convention
to say that there exist OPDs for both the in-boundary and the out-boundary. We could have made a different
choice of convention.

From now on we automatically assume any discussed cobordism to be smooth, compact and oriented, and
its boundary to be smooth, closed and oriented, so we will drop the adjectives. We assume any boundary is
denoted by a capital symbol from the end of the alphabet, for example X, Y, Z or W. Any cobordism itself
is denoted by a capital symbol from the middle of the alphabet, for example M, N or P.

In general there will not always exist a cobordism from any X to any Y, but when a cobordism from X
to Y exists, X and Y are said to be cobordant. It is also possible to study cobordisms from X to Y in case
X or Y (or both) is the empty set.

Reversing the orientation of a cobordism. If M is a cobordism from X to Y, equipped with OPDs
ty : X = 0:M and ¢ 1Y — 0_M, then we can reverse the orientation of M to obtain a cobordism from
Y to X. Reversing the orientation of M really means reversing the orientation of its internal part M, thus
the orientation of the boundary of M will be fixed. Despite this subtlety, we will write M for this oriented
manifold with boundary. As a consequence, the roles of the in- and out-boundaries will be exchanged, so
O4yM =0_M and 0_M = 9, M. The result will be that M will be a cobordism from Y to X.

Examples of oriented cobordisms. The following examples of oriented cobordisms should really be
regarded as key examples.

e Let {0} € R and {1} € R be manifolds of dimension zero, and with positive orientation. Let the open
interval (0,1) C R be a manifold of dimension one, and assign positive orientation to any tangent
vector pointing from 0 to 1. Then the closed interval [0,1] C R, constructed with these (0,1), {0} and
{1}, is an oriented manifold with boundary. Its in-boundary is {0} and its out-boundary is {1}, thus
it is a cobordism from 0 to 1. We will call its orientation the standard orientation.
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e In general we could start with the closed interval I,g := [0, 1], where o, 8 € {+,—}. Here {0} will
carry orientation «, and {1} will carry orientation [, and we will use the symbols 0, and 14 to indicate
these oriented points. The interior (0,1) will still carry the same orientation as defined in the previous
example. Thus I is the interval [0,1] with standard orientation. Then 04 is its in-boundary, and
1, its out-boundary, or 41+ = 04 and 0_I;; = 1. We should be more careful with I, _, I_ and
I__. The oriented point 0_ cannot be an in-boundary of (0,1), and 1_ cannot be an out-boundary.
On the contrary, 0_ is an out-boundary and 1_ is an in-boundary. Thus we have

Op Ly =04 0Ly =14
8+I,+:® 67I7+:07U1+
0.1 —1_ P

We can picture these cobordisms as follows:

| 1
0,0——e], > £ * l_o—e—e (_
04 0_

Iy I I I__
In these figures the in-boundaries are on the left and the out-boundaries are on the right. The arrows
only indicate the choice of orientation for (0,1).

e Let I be the closed interval [0, 1] with standard orientation, thus I := I.,. For any closed oriented
X we can construct a trivial cobordism Cx := X x I. Here ‘trivial’ means that it is induced by the
identity map from X to itself. Then, for ¢ € {+, —}, we have 0.Cx = 0.(X x I) = X x d.I. Thus the
in-boundary is 9; Cx = X x{0}, and the out-boundary is 9_Cx = X x{1}. The maps X — 9, Cx and
X — 0_Cx are trivial OPDs. The cobordism Cx (from X to itself) is called the cylinder generated
by X.

e Of course we could as well look at the cobordisms X x I, X x I_; and X x I__. In most of
the literature these cobordisms are also called cylinders. We should again be careful when indicating
the in- and out-boundaries. Again 0.(X X Io3) = X X 9.ln3. For example X x I;_ has an empty
out-boundary, and its in-boundary is X x 041, = X x (04 U1_). Similarly X x I_; has an empty
in-boundary, and its out-boundary is X x 9_I_4 = X x (0_ U 14).

We should note that the trivial map from X to X x {p_} is orientation reversing, for any point p. This
can be fixed by replacing X by X. For example X x I__ can be regarded as a trivial cobordism from
X to itself. Again we can picture these subtleties:

X x1- X x1;
X %0, X x0-
(6.2) (6.3)
X X I+_ X % I_+

The maps from X to X x 0, and to X x 1, and from X to X x 0_ and to X x 1_ should all be OPDs.
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Cobordisms between diffeomorphic manifolds. For any pair X and Y related by an orientation
preserving diffeomorphism ¢ : X — Y, we can construct a cobordism M from X to Y. We can always start
with the cylinder generated by Y. Let ¢4 : Y — 04Cy and t— : Y — 0_Cy be the desired OPDs. Then
we can precompose ¢+ with ¢ to obtain a cobordism from X to Y. The maps ¢ty o ¢ : X — 0;Cy and
t_ : Y — 0_Cy are the OPDs we can use to describe Cy as a cobordism from X to Y. Of course there
is another way to generate a cobordism between X and Y, based on ¢. We could as well start with the
cylinder generated by X and then precompose ¢ with ¢! instead. As will turn out later, this cobordism
will be equivalent to M.

Twist cobordisms. Again, let X and Y be related by an OPD, say ¢ : X — Y, which has an inverse
1Y — X, and assume X NY = &. Now define ® : XUY — X UY as the OPD mapping X to Y, according
to ¢, and Y to X, according to ¥. Thus ®|x = ¢ and @]y =, or &(X) =Y and &(Y) = X. Then & will
generate a non-trivial cobordism from X UY to itself. We can define this cobordism as

Txy = (XUY)xI=(XxI)U(Y xI)=Cx UCy.

Then 04Txy = 0:Cx U04+Cy and 0_Txy = 0_Cx UO_Cy. Now ¢ induces an OPD from X to 0;Cy
and 9 induces an OPD from Y to 0;Cx. The OPD from X UY to 0_Tx,y is the canonical one.

We will call this Tx y the natural twist cobordism. Later on, when discussing categories of cobordisms,
we will also introduce a more abstract twist cobordism which in general is conceptually rather different.

The existence of OPD-generated cobordisms is also interesting when studying OPDs from X to itself. For
example in dimension 1, if X has IV connected components, which are all diffeomorphic to a circle, then there
will always exist diffeomorphisms ¢ : X — X such that for any p € X, lying in some connected component
of X, the point ¢(p) lies in some other connected component of X. Thus OPDs from X to itself are not all
trivial. Smoothness of ¢ implies that for any connected component X; we have ¢(X;) = Xy, (;), where ¢, is
in fact a permutation.

Morse functions, defined on oriented manifolds with boundary. Let M be an oriented manifold
with boundary, and let f : M — R be a (special) Morse function. From now on we assume that f will reach
its global extrema on OM: if 04 M is not empty, then we assume that the global minimum of f will occur
on 0. M, and if 0_ M is not empty, we assume that the global maximum of f will occur on d_ M. Note that
in these cases the global extrema are not supposed to be related to any critical point of f, but to the fact
that f has extrema on the boundary of its domain. This will be different when 0, M or 0_M is the empty
set, but in every case we can safely assume that none of the critical points of f lie in OM.

Splitting cobordisms into smaller ones by using a Morse function. Let M be a cobordism from X
to Y, and let f: M — I C R be a surjective (special) Morse function. Let I := [p, q] be the smallest interval
containing I, thus p,g € I and p <r < g for all » € I. A value a in the interior of I is called a regular value
if the level set Z := f~1(a) C M contains no critical points of f. This implies that Z itself can again be
described as a manifold. Now we can split up I into two closed subsets I1 and I such that Iy N Iy = {a},
and such that for all b € I; and ¢ € I, we have b < a < ¢. It is clear that I; = I N [p,al, I = I NJa,q] and
I =11 Uly. We will write I7 < I5.

We should note that for any a in the interior of I, but not lying in I itself, thus a € I — I, we can consider
intervals I; and Is as well. As now a is not an element of I, we have I1 NI = &, thus also Z = @.

Defining M; := f_l(I]-) and assuming that the smooth structure of M is induced on these M;, we can
define new cobordisms. These cobordisms should be regarded as new manifolds with boundary, and as such
we need to specify these boundaries. We are free to choose an orientation convention on the new boundary
components, and we will do so by doing the following. We will treat Z as the out-boundary of M; and
at the same time as the in-boundary of M,. This is indeed a valid choice, as there is no continuous path
from a point in the interior of M; to a point in the interior of Ms, which will not cross Z. Thus we have
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O My =04 M, 0_-My =7 =0,M; and 0_ M, = 0_ M. We see that this gives us the following cobordisms:
M, from X to Z, and M, from Z to Y. In case of a € I — I we will find that Z = @. Instead of Z we can
also use any other Z’ diffeomorphic to Z (by OPD). Then we will say that M, from X to Y, is split up into
My, from X to Z’, followed by My, from Z’ to Y. Then we will write

M = MM,

and we will call this a decomposition of M.

As we know, f is a special Morse function on M, and after splitting up M we see that f restricted to M;
or My still remains a special Morse function. Thus further splitting up M; and M, can be done by using
the same f. We can repeat this procedure as many times as we desire. We can choose a set of N points a;
lying in I — &I, which are regular points or lying in I — I, such that j < k < aj < ay for all j and k. We
define I; := I N[aj_1,a;] and M; := f~(I;), thus I = U;I; and M = U;M;. Here ag = p and an+1 = q,
thus f~'(ag) = 04+ M and f~'(ani1) = O_M. Again we can write Iy < Iy < --- < Iny1. The orientation
of M; is canonically induced by the orientation of M. Then we can choose a collection of manifolds Z;
diffeomorphic to M; N M;+1 = f~'(a;) (by OPD). This will give us a chain of new cobordisms:

M,y M, M My My 1
X A Z ... Zn

Again note that it is also possible that one of these Z; is the empty set.

If M is empty it is not possible to define a Morse function on M, and we will not need it either, so we will
always assume that M is not empty. If we assume M is connected, then I = f(M) is also connected. On
the other hand, if I = f(M) is connected, then M is not necessarily connected.

We will also see that, even if M is a connected cobordism, after splitting it up into parts M, these parts
need not be connected cobordisms themselves.

Also, if M itself has no boundary, then f can reach its global extrema in arbitrary points, thus we
have more freedom in choosing this f, thus also in how to decompose M into smaller pieces. Using this
f, we can split up M into a pair of cobordisms: M, followed by Ms, where 0. M; = 0_Ms = @ and
O_M; = 0, My = f~1(a) # @, for some a € I — dI. However, once such a manifold is split up into two
pieces, the direction is fixed for splitting it up further, at least when we are dealing with a connected manifold
or when we use the same Morse function to continue. We can think of numerous other examples looking
more exotic, but we will not discuss these here.

A subtlety in splitting a cylinder. Starting with the cylinder C'x, a trivial cobordism from X to X,
we can try to split it up into two smaller cobordisms, each of which is diffeomorphic to the original cylinder.
We could for example end up with the cobordisms M; := X x [0, 3] and M, := X x 3, 1]. However, the new
boundary M; N Ms in the middle will have an already fixed orientation, according to the splitting rules. Thus
it is not possible to split up Cx into smaller cobordisms, by using a copy of X with opposite orientation in

the middle, as in this figure:

X X X (6.4)

Here X and X are submanifolds of this cylinder, up to OPDs, thus there exist OPDs from X to X x 04
and X x 14, and from X to X x %_. This counter-example of splitting a cobordism was shortly introduced
in [7], but I would like to elaborate a bit more on this to give more direct and more detailed arguments.
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Assume My := X x [04,1 ] is the left part and M, := X x [§_,1] is the right part, then 9, M; =
OM; =X x{04,5_}, 0_My =9, My =@ and 0_My = OM> = X x {3 _,1,}. Recall that the arrows, each
of which is representing some positive normal, should point inwards in case of an in-boundary, and outwards
in case of an out-boundary. The left part is similar to the cylinder X x I, _ (see figure 6.2), having an
empty out-boundary, and the right part is similar to the cylinder X x I_4 (see figure 6.3), having an empty
in-boundary. Despite the fact that 0_M; = 0, Mo, both being empty, this is not what we are looking for,
as something similar to X x I, _ followed by something similar to X x I_4 is not a connected cobordism.
Even worse, none of the newly created in or out-boundaries equals the in or out-boundary of the original
cobordism. So, what we have here is not a valid decomposition into smaller cobordisms.

Another argument to reject this type of decomposition comes from looking at Morse functions. A Morse
function f responsible for this decomposition, must take on the same value on the in-boundary, on the X in
the middle and on the out-boundary, however, we would like f to satisfy f(9;Cx) < f(X x3_) < f(0_Cx).
As both 0 M and 0_ M are not empty, f should reach its global extrema on the boundary, however, in this
case it should also reach a maximum on the interior of M7, and a minimum on the interior of Ms. This
means f will not reach its global extrema on OM, unless f is constant, but then it is not a Morse function
anymore. In fact, this is why we chose conventions for the Morse function and the newly generated in and
out-boundaries in the first place.

The snake decomposition of a cylinder. For any X we can split up the cylinder Cx = X x [04,14] in
a special way. It is possible to define a Morse function f : C'x — I we can use for splitting up this cylinder
into smaller cylinders X x [04,a4], X X [a4,b_], X x [b—,cq] and X X [e4,14], for some 0 < a <b < ¢ <1,
as in the following figure:

o 2o (e

X X X X X

This f is chosen such that it takes on the same value v € I exactly on the three circles, representing
X x{ay,b_,cy}, in the middle of this figure, thus f~!(v) = X x {b,,c_,dy}. In fact this can be interpreted
as an extension of the counter-example as depicted in figure (6.4). However, this time it is possible to split
up this cylinder into two smaller parts, each of which can be described as cobordisms. If we define M; as the
union of part 1 and 3, and M as the union of part 2 and 4, then we will see that 0y M; =0, M = X x 04,
O_M; = 04 My = X x {ay,b_,ci} and 0_-My = 0-M = X x 1. So why is this possible now? This
is simple. Note that now f satisfies f(0+Cx) < f(X x {bs,c—,d+}) < f(0_Cx), thus, contrary to the
counter-example, f does not need to satisfy f(X x by) < f(X x c-) < f(X x dy)). We should also realize
that now f will not need to take on its global extrema on f~!(v) anymore. The only thing to make sure
is that extrema of f on part 2 and 3 lie somewhere between f(0yM) and f(0_M), and in any case it is
possible to find some f satisfying this proposition.

Now we can nicely illustrate this decomposition of C'x into M; and Ms:

R
0=
L ) )
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The left hand side is just the cylinder C'x itself. The right hand side is the cylinder decomposed with
respect to f, where M is the left part, and My is the right part. We see that M is nicely followed by Ma,
but also that M; and M together, despite being disconnected manifolds themselves, will nicely form the
cylinder. This decomposition, as illustrated in figure (6.5), of any cylinder is called the snake decomposition.
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7 Categories of oriented cobordisms

Morse functions are very useful for decomposing cobordisms into smaller ones. However, we also want
to study the reverse process of composing two cobordisms, to obtain a new one. This requires some other
techniques, and Morse functions will be ignored in this process. In fact this is a totally different context.
First we will introduce the concept of cobordism classes. These are much easier to compose and at the same
time a lot of superfluous information is ignored. We can already define a category of cobordism classes,
however, this category is not the final one yet, as we first need to specify more structure. We will introduce
the concept of disjoint union, an operation which will help us finding a monoidal structure. After adding the
monoidal structure we will add symmetric structure. Then we will define (nCob, 11, &, 7), the symmetric
monoidal category of cobordism classes in dimension n. The objects in this category are closed oriented
manifolds of dimension n — 1, and its arrows are cobordism classes based on oriented cobordisms between
these manifolds. The cobordisms themselves are manifolds of dimension n.

In the next chapters we will discuss cobordism categories in dimension 2 (see Chapter 8) and 1 (see
Chapter 9) and a skeleton of each of these. If we study the skeleton, then we can extract some essential
information from the cobordisms and cobordism classes, regarded as arrows. For example the ordering of the
connected components of their boundaries. This ordering is again motivated by the concept of disjoint union.
However, we should be careful when dealing with this ordering, so we need to discuss some subtleties. For
example, if a cobordism M has one or more connected components without boundary, then the possibility
of ordering connected components of M will be partially cancelled. See the part about ‘closed cobordisms
and some properties’ at the end of Section 7.3.

7.1 Cobordism classes

An equivalence relation. Let M and M’ be oriented cobordisms from X to Y. Then there exist ori-
entation preserving diffeomorphisms (OPDs) vy : X — Oy M, «— : Y — 0_M, /. : X — 0. M’ and

!

VY — O_M'. We will define the following equivalence relation. The cobordisms M and M’ are called

equivalent if there exists an OPD ¢ : M — M’ such that the following diagram commutes:

(7.1)

Or, to be more precise, such that ¢ satisfies the following identities:
by =Blo,m =1 07" . ¢ i=¢lo =10 (7.2)
It is easy to show that this indeed defines an equivalence relation.

The equivalence classes related to this equivalence relation are called cobordism classes, and any such
cobordism class can be represented by a cobordism. If M and M’ are lying in the same cobordism class, then
we will write M ~ M’, or [M] = [M']. (Here [M] is a cobordism class.) Dividing out by this equivalence
relation will thoroughly reduce the amount of cobordisms to be studied. At least if M ~ M’, then we could
say that the topological properties of M and M’ are equal.

Observe that if X is empty, then the maps ¢, and ¢/, will vanish, so that only the right triangle in diagram
(7.1) will remain. (Note that we could also say that 1y =/, = ¢4 = I5. Knowing that I, as defined in
(6.1), is an idempotent map we conclude that ¢, satisfies (7.2).) Similarly, if Y is empty, then the maps ¢_
and ¢/ will vanish, so that only the left triangle in diagram (7.1) will remain. If both X and Y are empty,
then only the map ¢ will remain, but this also means that ¢ is not restricted anymore. Then we can simply
say that two cobordisms M and M’ are equivalent, just if an OPD ¢ : M — M’ exists.
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How to interpret the equivalence relation generating cobordism classes: A first step. We could
start with splitting up a cobordism M into its connected components, say M; for 1 < j < N, where the
index should be regarded as just a label. Thus M = M; U My U ---U My. Now suppose we are studying
an arbitrary OPD ¢ : M — M’. Then we could split up M’ according to how M was split up. Any
diffeomorphism maps connected components to connected components, so we define M J’ = ¢(M;). This also
gives us 04 M} = ¢(04 M;) and - M} = ¢(0_M;). Now, if for all j relation (7.2), restricted to 9M; instead,
holds, then also M ~ M’. However, suppose we are examining one ¢, and the result is negative, thus (7.1)
does not commute, then it is still too early to draw any conclusions. In some cases it is possible to find
another ¢' which will satisfy. This ¢’ can differ from ¢ by a permutation of the labeling of the connected
components of M, especially when some of its connected components themselves are diffeomorphic to each
other. Then we need to check all other possible permutations until we are really sure. Thus this first method
might seem a bit excessive.

However, we will see that it is always possible to make one of the two triangles in (7.1) commute. We
can always start with writing ¢4 = ¢/, o Ljrl by definition, even before we define ¢ itself. Then we can try to
find a lift ¢ of ¢, and if this lift exists we can define ¢_ := ¢|s_ps. If this ¢_ satisfies p_ =1/ o:~', then
we are through. Then we immediately can say M ~ M’. Otherwise, if one of the steps fails, we immediately
know that M ~ M'. We could start this testing method with ¢_ as well.

We can describe this testing method as a sequence of two steps:

e Step 1. Define the OPD ¢, : 0. M — 0y M' by ¢, = 1/, o L_T_l. Is it possible to find an OPD
¢ : M — M’, which is a lift of ¢;.? Thus there exists an OPD ¢ such that ¢|, rr = ¢47 If no, then
M = M’ end of test. If yes, go to step 2.

e Step 2. Does ¢_ := ¢|g_nr satisfy ¢_ = ¢/ 01~'? If no, then M » M’, end of test. If yes, then
M ~ M’ thus (7.1) is satisfied, end of test.

If we found a ¢ so that M ~ M’, then we can define M := ¢(M;), and we will conclude that M; ~ M}
for all j individually. We should observe that M; (and M}) are connected sets, but 9, M; and 9_M; not
necessarily. For example, if 01 M; has multiple connected components for some j, and if an OPD ) exists
from 04 M; to itself, permuting its connected components, then this action can not be detected by any ¢
satisfying (7.1). I will try to clarify in more detail what this means later.

In [7] we can read about diffeomorphisms keeping the boundaries fized, or diffeomorphisms rel 9. However,
0+ M and O_M are not really fixed, but what it means is the following. If ¢ satisfies both steps, so that
we find a ¢ satisfying (7.1), then we can pretend that the boundaries are fixed.

How to interpret the equivalence relation generating cobordism classes: Some examples. In
the next examples we will look at cobordisms in dimension 2. In all examples we define X =Y = S} U S3,
a pair of distinct oriented circles, labeled 1 and 2. These circles can be unit circles and can be embedded
in any space, but we will not care about that, so they will be regarded as abstract circles. The cobordisms
considered, thus M, N, P and @, will all be cobordisms from X to Y, thus from S} U S5 to itself. The
used figures should explain themselves for a large part. The labels 1 and 2 attached to the in- and out-
boundaries in these figures point out which circle is mapped to which connected component of a boundary
by the injections ¢.

e Example 1. The following are examples of cobordisms which are not equivalent according to (7.1).
We will only compare M to the other two cobordisms.

a, . a, . 0y o_
M N P
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We immediately see that M ~ N, as M has two connected components, and N has only one, so it
is not possible to find any diffeomorphism between them. Comparing M to P we see that both have
two connected components, each having the form of a cylinder. In fact there exists a diffeomorphism
between M and P. However, this diffecomorphism cannot be regarded as a lift of any ¢4 : 0. M — 04 P.
Translating this analysis to the two testing steps, we see that both examples immediately fail the first
step. The OPD ¢, is always possible, but in both situations it is impossible to find a proper lift of ¢ .

e Example 2. The following are examples of cobordisms which are also not equivalent according to
(7.1). Their boundaries are not necessarily the same, only up to OPD. We will only compare M to the
other three cobordisms.

L0 ;wl 5%@; La
D @ D\ /@ 1

Q

We see that for any pair of these, there exists an OPD relating the two. Now we can try to find a
lift ¢ of ¢. We will see that there exists a lift ¢ : M — N of ¢, but no lifts ¢pp : M — P and
¢ : M — Q. Thus we immediately see that P and  will fail the first step, thus M ~ P and M ~ Q.
We also see that ¢ will fail the second step, as M contains a cylinder from Si to St, but N contains
a cylinder from S} to S3, thus ¢_ = ¢n|o_ s will not satisfy (7.2).

Seeing it from the other side, we can always define ¢_ to satisfy (7.2). Then we will see that there
exists a lift ¢p : M — P of ¢_, but no lifts ¢ : M — N and ¢g : M — Q. Thus we immediately see
that N and @ will fail the first step. Now we see that ¢p will fail the second step, as ¢ = ¢dplo,
will not satisfy (7.2).

e Example 3. The following is an example of a pair of equivalent cobordisms.

Dy a_ N

1
o_
2
M N
We see that there exists a lift ¢ of ¢, and that ¢_ = ¢|s_ns satisfies (7.2).

We see that there are different possible reasons why the first step could fail for a pair M and N of
cobordisms from X to Y. For example when there exists no diffeomorphism or no OPD from M to N, as in
example 1. In example 2 we see that ¢g : M — @ will always fail the first step, but depending on whether
we start the test with ¢ or ¢_ we see that either ¢p: M — P or ¢ : M — N will fail the first step, and
none of the examples will reach the second step. So the first step is equivalent to testing whether M and N
are diffeomorphic at all (by OPD), and whether their in- or out-boundary can be treated as fized.

As a side note, we should realize that in higher dimensions there exist manifolds which can be equipped
with different incompatible smooth structures. This means there exists no diffeomorphism from such a
manifold to itself, respecting this change of smooth structure. Only a homeomorphism exists. However, we
will ignore these subtleties here, as we will mainly concentrate on cobordisms in dimension 1 and 2, in which
smooth structure is unique. A detailed analysis can be found in [7], and this analysis applies to cobordisms
of any dimension. This analysis is based on the method of gluing topological manifolds. I would like to
introduce a slightly different, relatively simple approach, which should be enough in dimension 1 and 2.
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Orientation preserving diffeomorphisms and their induced cobordism classes. Let ¢ be an OPD
from X to Y. As stated earlier, there are two ways of inducing a cobordism from this ¢. It is easy to show
that these two different cobordisms lie in the same cobordism class. Thus any ¢ uniquely induces cobordism
class [My], a class of cobordisms from X to Y.

Let ¢ and ¢ be a pair of OPDs from X to Y. These will generate cobordisms from X to Y, say Mgy
and M,. This pair of OPDs will be called smoothly homotopic if a smooth map ® : X x [0,1] — Y exists,
satisfying ®(p,0) = ¢(p) and ®(p,1) = ¢(p) for all p € X. A proposition says that [My] = [My] if and only
if ¢ and 9 are smoothly homotopic, so this proposition can be used to find differences between cobordism
classes. The proof of this proposition can be found in [7].

Horizontal composition of cobordism classes. Let M be a cobordism from X to Y and let N be a
cobordism from Y to Z. Then we can try to find another cobordism P from X to Z which can be regarded
as the horizontal composition of M and N. Of course this P should not be an arbitrary cobordism from
X to Z, so we would like to see properties of both M and N returning in P. At first sight we might say
we need to find a P which can be split up into two parts using a Morse function, such that one part equals
M and the other part equals N. However, it turns out to be highly exceptional for this to be possible, as
we would like 0_ M and 04 N to be the same manifold, and it should be possible to consistently extend the
smooth structures of M and N to P, so we need a different approach. We will try to look from the other
side.

If P is a cobordism from X to Z, and if it can be split up into two parts, say P; followed by P», using a
Morse function, such that P, ~ M is a cobordism from X to Y, and P, ~ N is a cobordism from Y to Z,
then P can be regarded as a composition of M and N. From now on, assume this is the case. The problem
is that this P will not be unique. In other words, it is not possible to consistently compose cobordisms
themselves. However, for any other M’ ~ M and N’ ~ N, any such P can also be regarded as a composition
of M’ and N’. So, to be able to find a unique composition, we will need to divide out by the equivalence
relation ~ generating cobordism classes. We can define the operation of horizontal composition of cobordism
classes:

This means that any P’ € [P] can be split up into P{, followed by Pj, such that [P{] = [M] and [Ps] = [N].

This approach will also turn the horizontal composition into an associative operation. For any triple
of cobordisms, say M from X to Y, N from Y to Z and P from Z to W, there exists a cobordism @
from X to W such that [Q] = ([P][N])[M] = [P]([N][M]). We can start with [Q] = ([P][N])[M] and split
up @ with respect to a suitable Morse function, into two parts, say Q1 and R, such that [@1] = [M] and
[R] = [P][N]. Thus [Q] = [R][M]. Using the same Morse function we can split up R into Q2 and Q3 such
that [Q2] = [N] and [@Q3] = [P]. Thus we have split up @ into three parts, @1, Q2 and Q3. It does not really
matter in which order we split it up. We can also split it up into three parts immediately. Now defining
S = Q1UQ2, 045 = 0+Q1 and 9_S = 0_Q2, we immediately see that [S] = [Q2][@1] = [N][M], thus
[Q] = [P][S] = [P]([N][M]). Associativity means that we can ignore parentheses and write [Q] = [P][N]|[M]
from now on.

Now only information about topological properties of the manifolds involved will survive, making the
theory suitable for studying topological quantum field theories. There is a reason for calling this composition
the horizontal composition. There is also a vertical composition. These subtleties will be discussed later.

Invertible cobordisms. Let Cx (Cy) be the cylinder cobordism from X (Y) to itself. A cobordism M
from X to Y is said to be invertible if both [M][M] = [Cx] and [M][M] = [Cy]. The inverse of a cobordism
cannot unambiguously be indicated. In fact this is another reason to study cobordism classes instead. Then
we can say, if M is invertible, then [M] is the unique inverse of [M].

The cylinder itself is the most trivial example of an invertible cobordism. In fact it is its own inverse,
so [Cx][Cx] = [Cx], turning the cylinder into an idempotent cobordism class. It should be clear that if an

OPD ¢ : X — Y exists, then the cobordism generated by this ¢ is invertible.
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For any manifold M we define v(M) as the number of its connected components. Then v(M) =0 if M is
the empty manifold and v(M) =1 if M is connected.

e Lemma. If M is an invertible cobordism from X to Y, then v(X) =v(Y) = v(M).

Proof. First of all, v(Cx) = v(X x I) = v(X) for any X. Of course we can safely assume v(M) = v(M)
and v(M') = v(M) for any M’ € [M], so we can easily define the number of connected components of
a cobordism class: v([M]) := v(M). If M is invertible, then [M][M] = [Cx] and [M][M] = [Cy], thus
v([M][M]) = v(X) and v([M][M]) = v(Y). From now on assume M is invertible.

We call M horizontally connected if for any p € M there exist py € 0+ M and p_ € 0_ M such that p,
p+ and p_ lie in the same connected component of M. For this to work properly, we assume 9y M and
O0_ M are both not empty. In fact this means that M has no connected component without boundary,
or with only an in- or an out-boundary. We already know any cylinder is horizontally connected.

Splitting up a cylinder into two pieces which can be considered as mirror images of each other will
result in a pair of cobordisms which are also horizontally connected, and we can safely assume that
the topology of each of the two pieces is similar to the topology of the cylinder itself. This will be the

case when splitting up Cx into Cx 1 € [M] and Cx 2 € [M], and Cy into Cy,; € [M] and Cy,2 € [M].
So we may conclude that v(M) = v(M) = v([M][M]) = v([M][M]), thus v(X) = v(M) = v(Y).

O

A special case of this lemma is when v(M) = 1. If M is invertible and connected, then X and Y are also
connected.

Composition with a cylinder. Let Cx and Cy be cylinders.
e Lemma. For any cobordism M from X to Y the following identity holds:
[Cy][M] = [M] = [M][Cx]. (7.3)

Proof. We can always find a suitable Morse function f we can use to split up M into three parts,
say My, My and Ms, assuming f has no critical points on M; and Mjs. This is only possible when
M; € [Cx] and M3 € [Cy], which implies that M and M share the same topological properties. In fact
M and M, will be diffeomorphic by an OPD satisfying (7.1), so we can write [M] = [M3][Ms][M;] =
[Cy]|[M][Cx]. Knowing that any cylinder is idempotent with respect to horizontal composition, we can
write [M] = [Cy][M][Cx] = [CyY][CY][M][Cx] = [CY][M][Cx][Cx], thus [M] = [Cy][M] = [M][Cx].

O

The category of cobordism classes: A first step. Now it is possible to describe cobordisms and
their compositions in terms of category theory. We define nCob as the category of oriented cobordisms in
dimension n. The objects in nCob will be closed oriented manifolds of dimension n — 1, and the arrows
in nCob will be cobordism classes. Any arrow can be represented by an oriented manifold of dimension n
with boundary. If X and Y are objects, and if M is a cobordism from X to Y, where ¢; : X — 0, M and
t— Y — O_M are the desired OPDs, then the cobordism class [M] indicates an arrow from X to Y, and we
will write [M] : X — Y. We should observe that the maps ¢4 and ¢_ form part of the information specifying
an arrow.

Indeed, for any pair of cobordisms, say M from X to Y and N from Y to Z, the corresponding arrows
[M] and [N] can be composed, and the arrow [N][M]: X — Z is unique. This composition is associative, as
pointed out before. From (7.3) in the preceding paragraph, we can conclude that any cylinder [Cx]: X — X
constitutes an identity arrow, thus that Idx = [Cx]. Any invertible cobordism M can be interpreted as an
isomorphism [M] between two objects.

In this context we can say that the action of reversing the orientation of a cobordism is the effect of
a contravariant functor from nCob to itself. This functor will map any object to itself, and reverse the
direction of any arrow.
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We say this is a first step because it is possible to indicate more structure. The category nCob can be
equipped with monoidal structure, and indicating this structure is really the right use of language, as no
additional structure on nCob itself is really needed, only a functor. After indicating monoidal structure we
will indicate symmetric structure, turning nCob into a symmetric monoidal category. But, before we do so,
we first need to introduce the concept of disjoint union.

The category of cobordism classes: Isomorphisms. As stated earlier, if for a pair of closed oriented
manifolds X and Y, now considered as objects, an orientation preserving diffeomorphism ¢ : X — Y exists,
then we can construct a cobordism My, generated by ¢. The diffeomorphism has an inverse, also being
orientation preserving, thus M, is an invertible cobordism. Then the corresponding cobordism class [My)]
also has an inverse arrow, so any cobordism class induced by an OPD between two objects, generates an
isomorphism between these two objects. To any OPD ¢ a unique isomorphism [My] is associated, but it is
still possible for two distinct but smoothly homotopic OPDs ¢ and 1 to generate the same isomorphism.

7.2 Disjoint unions

The disjoint union of sets. Let a # b be two arbitrary points. Then, for any ordered pair of sets (X,Y)
we can introduce their (binary) disjoint union, written as X II1Y. We could define it as

XY =X, UY, =X xaUY xb.

The universal property of the disjoint union, which I will not explain in more detail, mainly says that it really
does not matter what we chose a and b to be. When we have another such pair of points a’ # b’, we can
canonically identify X, UY} to X,UY}. So in fact it does not really matter how a and b were chosen, at least
as long as we keep it consistently. As a marginal note, we should realize that writing X I1Y = X xaUY x b
is also a matter of choice. We could as well use a x X instead of X x a, or something else. From now on we
will just write it down in a more abstract way, ignoring a and b, and just write X II Y = X; UY5. We can
treat these numbers as labels. Later, when X and Y are oriented manifolds, we automatically assume 1 and
2 to be positively oriented points, thus X IY = X x 1, UY x 24.

We note that in general Y IT X = Y7 U X5 #£ X7 UYs = X 1Y, contrary to the ordinary union of sets
X UY, which satisfies X UY =Y U X in a natural way, without more structure being specified. Of course
the input of the ordinary union could be regarded as an ordered pair of sets, thus (X,Y) — X UY, but as
the result for (Y, X) is the same, we say the ordinary union is a symmetric operation, and the disjoint union
is not.

However, we can define a canonical isomorphism between X II' Y and Y II X. For any point p € X
and ¢ € Y we write p; and ¢o as elements of X II'Y, and ps and ¢; as elements of Y II X. We also write
Tx,y : XY =YX and 7yv,x : YII X — XIIY, which are maps only interchanging the labels of points.

We could try to repeat this for any number of sets, however, the disjoint union is not a priori an associative
operation. Writing (X HIY)IIZ = (X7 UY2)1UZs = X113 UYUZy and XTI (Y Z) = X3 U (Y1 UZy)e =
X1 U Y12 U Zys, we see that there is no exact equality. However, there is a unique canonical isomorphism
between these two.

The multi-disjoint union of sets. For any n-tuple of sets X', -, X", we can define
X' IX":=X{U---UX":=X'"x1U---UX" xn.

Note that the upper index is just a label to keep track of the sets of interest. We could as well look at sets
like, for example, X" IT--- T X2 X' = XPU---UX2_,;UX]. If the n-tuple is already canonically ordered,
then we can easily identify the lower index to the upper one. Comparing this to the previous definition of
binary disjoint union, we can write unique canonical isomorphisms (XIIY)[1Z ~ XII(Y11Z) ~ XIIY I Z.
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The disjoint union and the multi-disjoint union of closed oriented manifolds. Let (X,Y) be an
ordered pair of closed smooth oriented manifolds of dimension n. Then it should be clear that we can copy
smooth structure and orientation of X and Y to X II'Y and Y II X in a canonical way, turning X I Y and
Y I X into smooth oriented manifolds. Doing this for the multi-disjoint union of any ordered n-tuple of such
manifolds does not really need any more effort.

A more subtle discussion is based on the idea of splitting up a closed manifold into smaller parts, each
again being a closed manifold. In the context of closed smooth manifolds we can easily introduce a concept of
irreducibility. If the manifold M is closed and connected, and if we split it up into two parts, each again being
a connected set, it is unavoidable that one part is open, thus is not compact, and the other part is compact
but has a boundary, thus is not closed. Thus splitting up any closed M, not necessarily being connected, into
its connected components gives us a collection of irreducible closed connected manifolds M?!,--- , M™. Now
the upper index is still nothing more than a label, however, we can order these components as we like, for
example using standard ordering 1 < --- < n, and write a canonical isomorphism from M to M'II---II M™.
Again, another arbitrary ordering is also allowed.

As an example, we could look at a pair of oriented closed connected manifolds X and Y satisfying
XNY =@. Then X UY is again an oriented closed manifold and the following diagram commutes:

XuY

Here all maps are canonical orientation preserving diffeomorphisms. The maps ¢xy and ¢ty x are just canon-
ical maps unambiguously attaching a label to any point,

In general, for any manifold M with n connected components, we can make such diagrams based on
multi-disjoint unions of n arbitrarily ordered factors. From now on we will ignore the subtle differences
between the ordinary disjoint union and the multi-disjoint union.

The disjoint union of compact oriented manifolds with boundary. Let M and N be compact
oriented manifolds with boundary. Then M II N is again a compact oriented manifold with boundary. We
write Oy (M IIN) =0, MU0, N and O_-(MIIN)=0_-MIII_N.

The disjoint product of maps. Let X = X'II X2 and Y = Y'IIY?, and let ¢; : X! — Y and
¢9 : X? — Y2 be OPDs, then these maps canonically induce an OPD ¢ : X — Y. Restricted to the disjoint
factors X7, this ¢ will coincide with ¢;. We will write ¢ = ¢; 11 ¢2, and we will call it the disjoint product
of the maps ¢; and ¢,.

The disjoint product of cobordisms. Let X, X', Y and Y’ be closed oriented manifolds of dimension
n — 1. Then X II X’ and Y II Y’ are again closed manifolds with canonically induced orientation. If
M is a cobordism from X to Y and M’ from X’ to Y’, then M II M’ is a cobordism from X II X’ to
Y II'Y’. This cobordism is again canonically constructed: We can write 04 M 119 M’ = 0 (M 11 M’) and
O_MUO_M =0_-(MIM). Ifvy : X —0.M, 4t : X' —0.M,1_:Y —0_Mand/ : Y — 0_M
are the needed OPDs, then ¢ T/ : XTI X" — 0, (M I M’) and ¢ I : Y IIY" — 0_(M II M’) are the
OPDs needed to turn M II M’ into a cobordism from X IT X’ to Y IT1Y".

The disjoint product of cobordism classes. The concept of disjoint products of cobordisms is com-
patible with the concept of cobordism classes: if M and N are equivalent cobordisms from X to Y, and if
M’ and N’ are equivalent cobordisms from X’ to Y/, where ¢ : M — N and ¢’ : M’ — N’ are the OPDs
needed to make (7.1) commute in each case, then ¢ 11 ¢’ : M II M’ — N II N’ is again an OPD satisfying
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(7.1). Thus [M] = [N] and [M'] = [N'] implies [M 1T M’'] = [N II N’]. The reverse implication is easily
shown, just by restricting the maps in question to the disjoint parts, thus

{[M] = [N]} A {[M'] = [N']} & {[M TTM'] = [N TTN']}.

7.3 The symmetric monoidal category of cobordism classes

Introducing monoidal structure. Knowing nCob is a category, we can try to equip it with monoidal
structure. The disjoint product structure of cobordisms naturally induces a monoidal structure for the
category of cobordism classes. We define a functor p : nCob x nCob — nCob as introduced in (2.5): for
any two objects X and Y we write uo(X,Y) = XOY := X 1Y, and for any two arrows [M]: X — Y and
[M']: X' — Y we write u1 ([M], [M']) = [M]O[M'] := [M IT M’'], which is an arrow from X II X’ to Y IIY".
Instead of [M]O[M’'] we will write [M]II [M’]. We should be careful what IT means in this case. It is not
literally the disjoint union of [M] and [M’], but it should really mean [M II M’']. We will call this the vertical
composition of cobordism classes. Now we can use the II-symbol instead of the O-symbol, in case of objects
and in case of arrows.

Now writing 1 := nCob®, which is the empty product category of nCob, we can define a functor
n: 1 — nCob as introduced in (2.5). The image of this functor will be the object 1 = n(1) := &, and the
arrow Id; = Idg = [C] = [@]. (Note that [Cz] can be regarded as the cylinder generated by the OPD Ig.)
This corresponds to the empty cobordism, which of course has empty boundary, thus [@] : @ — &. Then
there are natural identifications @ II X = X = X I &, for any object X, and [@] Il [M] = [M] = [M] 11 [@],
for any arrow [M]. A special case is when X = @ and [M] = [@]: then we have natural identifications
@ =2l and (@] =[] 1[2].

We claim without proof that these functors p and 7 satisfy (2.6) and (2.7), be it only in the weak sense,
thus only up to invertible natural transformations. We also claim without proof that these invertible natural
transformations satisfy the coherence constraints, and we will ignore them from now on. In other words,
we claim that the diagrams (2.10) and (2.11) commute in this case. Then (nCob, i, 1) = (nCob, I, @) is
a monoidal category, or to be more precise, it is a nonstrict monoidal category. As discussed in Chapter 2
it is possible to treat a nonstrict monoidal category as a strict one, at least when the coherence constraints
are satisfied, which is the case here. Finding a canonical identification between repeated ordinary disjoint
unions and the multi-disjoint union, can be interpreted as finding a trivial associator making (2.10) and
(2.11) commute, after redefining p and 7. This allows us to observe II as an associative operation and to
ignore parentheses, thus to write (W I X)IIY)IIZ =W IO XY II Z, for example. So from now on we
can observe (nCob, 11, &) as a strict monoidal category, which also means that from now on any natural
identification can be regarded as an exact identification.

We should note that an arbitrary closed oriented n-manifold X is not necessarily the disjoint product of
smaller manifolds, but, as illustrated in figure (7.4), we can always split up X into connected components
Xi,--, XN, and make a choice for ordering them. For any such choice there is a canonical OPD ¢ : X —
X;IO---II Xy, and this OPD generates a unique cobordism class [My], which is an isomorphism.

Twist diffeomorphisms and twist cobordisms: The abstract ones. For any pair X and Y of closed
oriented manifolds we can define a canonical diffeomorphism 7xy : XIIY — Y II.X. It will only interchange
labels: for any p € X and ¢ € Y we can write p; and g2 as elements of X I Y and ps and ¢; as elements of
Y II X. Then 7xy will map p; to ps and g2 to ¢;. We will call this diffeomorphism 7x y the abstract twist
diffeomorphism. The inverse of 7x y will be denoted by 7y x.

The diffeomorphism 7x y induces a cobordism T'x y called an abstract twist cobordism. Its cobordism
class [T'x,y] is unique and invertible, and its inverse is written as [Ty, x|, thus [Ty x|[Tx,yv] = [Cxny] = Idxuy
and [Tx v][Ty,x] = [Cyux] = Idyux.

It should be clear that the abstract twist cobordism is not quite the same thing as the natural twist
cobordism, as X and Y do not need to be diffeomorphic themselves, and their intersection does not need to
be empty. So, in general, natural twist cobordisms and abstract twist cobordisms are conceptually rather
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different. However, any abstract twist cobordism from X IT X to itself can also be described as a natural
twist cobordism from X II X to itself. Apart from that, monoidal structure was not needed to introduce
natural twist cobordisms. The abstract twist cobordism is not really needed to describe a cobordism from
X to itself, connecting different connected components, resulting in a natural twist cobordism.

From now on we will not discuss natural twist cobordisms anymore. So from now on, when a twist
diffeomorphism or twist cobordism is mentioned, we will assume it is an abstract one.

Now consider two cobordisms M from X to Y and M’ from X’ to Y’. Then M II M’ is a cobordism from
XIIX toYIY’, and M'II M is a cobordism from X'IT X to Y'IIY. Then Tx xs and Ty,y- are (abstract)
twist cobordisms. We claim without proof that these cobordisms, considered as cobordism classes, satisfy
the following:

[Tyy/ ][MUOM'|=[M1IM|Tx x]

As a consequence, we can write [M'II M| = [Ty, y/][M IO M'][Tx: x].

As the diffeomorphisms 7x y will not be discussed anymore from now on, we can reuse the symbol for
something else. We will now use the Tx y symbol for the twist arrow, induced by a twist diffeomorphism.
So from now on we will write 7xy = [Tx v].

Twist cobordisms and braiding. We should note that, in this context, specifying a twist cobordism
does not involve specifying which part twists over or under which other part, and the used figures reflect
this. In other words, we will not discuss braiding. Determining the degree of braiding is only possible
after introducing more rules, and for an arbitrary pair of connected components of a cobordism we need
to be sure it is possible at all to regard them as embedded into another space. And, even if the connected
components can be regarded as embedded, we still need to specify in which space we would like to see
them embedded, and we also need a reference point according to which one part twists over or under the
other. So, allowing braidings would restrict our framework, but they can be of more use when studying more
specific theories. For example in physics, if we would like to study 2-dimensional cobordisms embedded
into 4-dimensional spacetime, and the cobordism boundaries will have constant time, then there is a good
framework for studying the braiding properties of these cobordisms.

Introducing symmetric monoidal structure. For any X and Y it is possible to construct a twist
cobordism T’y y, and its corresponding unique cobordism class can be regarded as an arrow 7xy : XIIY —
Y II X. We claim without proof that any such arrow satisfies the properties of a twist arrow, as discussed in
Chapter 2, so all these arrows together can be used to specify symmetric monoidal structure on nCob.

The symmetric monoidal category of cobordism classes. From now on we will sometimes drop the
square brackets indicating a cobordism class, thus we will write M instead of [M]. Hopefully it will be clear
from the context whether a cobordism or a cobordism class is mentioned.

We started with the category nCob, and turned it into a nonstrict monoidal category (nCob,II, &),
which can be strictified. Then we can add symmetric structure. The twist cobordism defines a twist arrow
for any pair of objects, so the monoidal category (nCob,II, &) can be turned into a (strict) symmetric
monoidal category (nCob, I, &, 7).

From now on we will sometimes write nCob instead of (nCob, I, &, 7). This is a nice starting point for
studying two interesting symmetric monoidal categories, namely 1Cob and 2Cob, the category of cobordisms
in dimension 1 and 2. In this case, also considering that a complete classification of lines and surfaces is
known, we do not need to worry about problems with incompatible smooth structures of one and the same
manifold. All manifolds of dimension 1 or 2 carry unique smooth structure.
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Closed cobordisms and some properties. Let M and N be cobordisms, and let N also be closed, thus
ON = @. Then N is a cobordism from & to itself, in which case we will see that the -maps, appearing
in diagram (7.1), will vanish, so making this diagram commute gets much easier. Then the canonical OPD
from M II N to N II M, only interchanging labels, is compatible with diagram (7.1), thus it is easy to show
that [M IIN] = [NII M]. We could say that any closed cobordism commutes with all other cobordisms with
respect to disjoint union, or vertical composition.

Now let also M be closed, then it is also easy to show that [M][N] = [N][M], thus any two closed
cobordisms commute with respect to ordinary (or horizontal) composition.

For any cobordism P in the cobordism class [M][N], an OPD from P to M IIN exists, so we can combine
the former two properties and obtain the following identity:

[MIIN] =[N M]=[M][N] = [N][M]. (7.5)

Thus any two closed cobordisms commute with respect to horizontal and vertical composition, and we
can even exchange the procedures of horizontal and vertical composition themselves. We will review these
properties later when discussing topological quantum field theories.
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8 The category of 2-cobordisms

In this chapter we will study the category 2Cob of cobordism classes of dimension 2. We will also study
2cob, a skeleton of 2Cob. It is mainly the skeleton 2cob we will use later, in Section 10.4, when we will
study 2-dimensional topological quantum field theories. Before doing so, it would be nice if we can also
turn 2cob into a symmetric monoidal category. We know that 2Cob is already a symmetric monoidal
category, and after restricting its symmetric monoidal structure to 2cob, we will see that it still functions
as a symmetric monoidal structure. So there is a trivial way of porting over all the structure from 2Cob
to 2cob. This chapter will also present the properties of 2Cob and 2cob. We will study some generators
and relations of 2cob. We have relations like the naturality of the twist, the snake relation, monoid and
comonoid relations and the Frobenius relation. The circle S! can be regarded as a commutative Frobenius
object in 2Cob and 2cob. We can say that the circle, also regarded as the basic object of 2cob, makes
2cob into a free symmetric monoidal category on a commutative Frobenius object.

2Cob, the category of oriented cobordisms in dimension 2. Any object X in 2Cob is a closed
oriented manifold of dimension 1, and has Nx connected components. Any arrow in 2Cob, from X to Y, is
a class of equivalent cobordisms of dimension 2, from X to Y. Any connected component X; of X has the
topology of a circle, thus we could say that any connected component of a 2-cobordism has the topology of
a compact surface of some genus and possibly with some open disks of dimension 2 missing. From now on,
if we mention any 1-manifold, we will assume it is closed and oriented. We claim without proof that for any
arbitrary pair of objects X and Y there exists at least one cobordism from X to Y.

The oriented circle, a basic object in 2Cob. Let S, regarded as a manifold, be the standard unit
circle in R? with standard orientation, and let S be the same circle with opposite orientation. There exists
a class of orientation preserving diffeomorphisms from S to ST. These two closed oriented manifolds can
be regarded as objects in 2Cob, and any OPD ¢ : S* — ST induces a cobordism My, which we can call an
orientation reversing cobordism. The corresponding cobordism class [My] can be regarded as a unique arrow
in 2Cob, and this arrow is an isomorphism.

Diffeomorphic objects and invertible cobordisms. Now, if we have an arbitrary (connected) object
X and if we found a diffeomorphism 1) : X — S*, then this 1 is either orientation preserving or orientation
reversing. In the latter case ¥ is an OPD from X to ST, but, as there also exist OPDs ¢ from S* to ST,
there exists an OPD ¢~ ! o from X to S'. Thus the existence of a diffeomorphism from X to S* implies the
existence of an orientation preserving diffeomorphism from X to S*. This OPD induces a unique cobordism
class, and it again generates an isomorphism in 2Cob.

Later we will see that this is not the case when we are dealing with oriented cobordisms in dimension
1. Then the diffeomorphism we start with must already be orientation preserving. However, as we do not
need to restrict to orientation preserving diffeomorphisms now, we will see that a skeleton of 2Cob will be
somewhat easier to define.

Another consequence: in general, in the category nCob, it is always possible to find a cobordism between
X 1I X and @. The cobordisms depicted in figure (6.2) and in figure (6.3), also called cylinders, reflect this.
However, in 2Cob a cobordism between for example S' I1.S! and & is also possible. Similar cobordisms are
not possible in 1Cob, as we will discuss later.

Objects diffeomorphic to N copies of the circle. We already know that any connected component
X; of X has the topology of a circle. As we are dealing with smooth manifolds this means that any Xj is
diffeomorphic to S*, which in turn implies that for any X; there exists an OPD ¢; from X; to S*. These
¢; generate unique cobordism classes M; : X; — S*. Let SV be the multi-disjoint union of N circles:

SN .=g'I-..1ms. (8.1)
N
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Writing N = Ny, the uniqueness of M; implies that ¢; II--- Il ¢y generates a unique cobordism class
M II-- - IIMy: X IO---II Xy — SV,

Note that here we equipped the connected components of X with ordering, and that this ordering coincides
with their labeling. We could call this canonical ordering. Now note that there exists a (canonical) cobordism
class from X to X7 II---II Xn. Composing this with M; IT--- II My we obtain a cobordism class from X
to SN. This resulting cobordism class is again an isomorphism, and for any choice of labeling the connected
components of X, this isomorphism should be unique. As this cobordism class is an isomorphism, it also
has an inverse, and this inverse will help us finding a cobordism class from S to X. So it does not matter
if X plays the role of an in-boundary or an out-boundary; in both cases X can represented by S™.

We should take some care however with this approach, so a short comment should be added here. We
could already have X := X; II X, as an object, where both X; and X5 are connected. Then we do not need
to insert the cobordism class from X to X II X5. But, another example is when Y7 and Y5 are ordered
connected components of Y, but Y itself happens to be Y5 I1Y;. Then we still need to insert the cobordism
class from Y to Y7 I1Y5. We can interpret this as reordering the connected components of X or Y, in case
they are already ordered.

Of course, if also partial ordering is regarded, then nothing really changes. Here we mean if X = X; 11 X5,
but if X; and X5 are still not connected themselves. In this case we are dealing with partial ordering. Thus
describing X (or Y) with this approach comes down to overwriting the (partial) ordering which eventually
already exists. But from now on we will not really worry about this.

Diffeomorphic 1-manifolds. In general, if for a pair of 1-manifolds X and Y a diffeomorphism ¢ : X — Y
exists, then there also exists an OPD ¢’ : X — Y, and this OPD generates an invertible cobordism from X
to Y. Then the manifolds X and Y also have the same number of connected components.

We claim without proof that the reverse implication is also true. If there exists an invertible cobordism
from X to Y, then there also exists a diffecomorphism from X to Y. Thus saying that X and Y are
diffeomorphic is equivalent to saying that there exists an isomorphism from X to Y, regarded as objects in
2Cob.

Thus, if X and Y do not have the same number of connected components, then there exists no isomor-
phism between them either. A special case is when X = S™ and Y = S™. If m # n, then X and Y do
not have the same number of connected components, thus there exists no isomorphism between them. As a
result we can say that for any skeleton C’ of 2Cob and for any pair of distinct objects X and Y in C’, the
corresponding manifolds also have distinct numbers of connected components.

2cob, a skeleton of 2Cob. Let M be a cobordism from X to Y, and let m = Nx and n = Ny be the
numbers of connected components of X and Y. Then we can choose an ordering of the connected components
of X and Y. These orderings induce OPDs ¢ : X — S™ and ¢ : S — Y, and these OPDs in turn induce
cobordism classes [Mg] and [My]. Then we can split up M into three parts: [M] = [My]M[Mg], where M
is a cobordisms class from S™ to S, induced by M itself of course. We should note that [My] and [M,] are
isomorphisms, thus we can also write M = [My] ' [M][My] " = [My-1][M][My-].

We already know that for any object X there exists an isomorphism from X to S™, where m = Nx. So
we can say the collection of objects S* (with k arbitrary) forms a skeleton of 2Cob, and we will use the
notation 2cob to refer to this skeleton. The only remaining isomorphisms are those from any object S* to
itself. A large class of objects and arrows in 2Cob will not appear in 2cob. For example, the orientation
reversing cobordism from S! to St is an isomorphism between two distinct objects, so it will not appear as
an arrow in 2cob. The object S! will also not appear as an object in 2cob, as S' is already an object in
2cob, and there exists an isomorphism from S* to ST.

Porting over the structure from 2Cob to 2cob. As stated earlier, 2Cob is just shorthand notation for
(2Cob, 0,1, 7), or (2Cob, 11, &, ), so we are already dealing with a (strict) symmetric monoidal category.
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Now we can try turning 2cob into a symmetric monoidal category also. To do this we can shortly look at
candidate operators. In other words, we will try to find operators O’, 1’ and 7’ so that (2cob,0’,1’,7’) is a
symmetric monoidal category. The claim will simply be that O’ =0 =11, I’ =1 = & and 7/ = 7, so that
also (2cob, II, &, 7) is a symmetric monoidal category. Now we will elaborate on that.

Let us first have a look at porting over the monoidal structure from 2Cob to 2cob. For k£ and [ arbitrary,
the oriented manifolds S* and S’ are objects in 2cob. If we are dealing with the nonstrict monoidal category
2Cob, then we say there is a canonical isomorphism S* I1 5! ~ §¥+! and S¥*! is also an object in 2cob. In
the strict case this isomorphism will of course be an identity: then we will just write S IT §! = S¥+!. Also
the disjoint union of two arrows in 2cob will be another arrow in 2cob, as easily shown, so 2cob is closed
under taking disjoint unions of objects and arrows. The object S° can be identified with the empty set, so,
using formal symbols, this is all in accordance with the commuting diagrams in (3.1). See also the example
of (3.12). So we directly see that (2cob,II, &) can be regarded as a strict monoidal category.

Now we can have a look at porting over the symmetric structure. Let 7x y be the twist cobordism class
in 2Cob, regarded as an arrow from X ITY to Y IT X. We should be aware that only some of these arrows
are also lying in 2cob: the arrow 7x y only lies in 2cob if X 1Y =Y II X. This reflects the fact that the
only isomorphisms in a skeleton, are arrows from an object to itself. The twist arrows remaining in 2cob
are Tp : SFI1S" — SLI1 Sk, As 2cob carries the same monoidal structure as 2Cob we can say the arrows
Tk, are also twist arrows with respect to 2cob. Thus we can say (2cob,II, @, 7) is a symmetric monoidal
category.

About the ordering of connected components of any object. Not every arbitrary object X in 2Cob
is equipped with an ordering or labeling of its connected components. On the other hand, every object in
2cob is automatically equipped with such an ordering. We can however discuss some of the properties of
these objects and their ordering within the context of Chapter 3: we can discuss any projection functor
P : 2Cob — 2cob. As we are already dealing with 2Cob and 2cob being strict monoidal categories, we
could as well say that P is a strict monoidal functor.

We should recall that there is no canonical way of choosing this functor, but suppose we already made
a choice. This means that for every object X in 2Cob, having N connected components, an isomorphism
tx : X — SV is chosen. This means that, after choosing P, we also chose an ordering of the connected
components of every object in 2Cob. But, this is only mentioned as a sidenote; the functor P was not really
needed here, for porting over the monoidal structure. From now on we will mainly mention the skeleton
2cob, not 2Cob, so we will not mention any relation between objects (or arrows) in 2cob and objects (or
arrows) in 2Cob.

Generators and relations of 2cob. Every arrow f : S™ — S” in 2cob, regarded as a cobordism class,
can be split up horizontally and vertically into six very simple basic arrows:

DRI LI T

528 nig—8 §:51' =852 €:S'5o Id:S'—8' 7:8%2 52

We will call these the generators of 2cob. The arrow Id, also called a cylinder is nothing more than the
identity arrow of S, so it satisfies Id* = Id. If we take arbitrary m-fold disjoint products IdII--- I Id,
then we see that we obtain the identity arrows Id,, of all the other objects S™. We can always write
f=1d, f = fId,,, for every arrow f : S™ — S™ as expected. See also (7.3). Note that 7 : S? — §?2
equals 7 1 : STIIST — STI1.SY, and we will call it the twist generator. Also note that 7 is its own inverse:
2 =1dy = IdII1d.

Every arrow f can be constructed by composing these generators horizontally and vertically. For example,

a vertical composition of the arrows Id, p and n yields another arrow, say f := Id Iy II n:
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a

O

f=1dlpIln

If f is an arrow from S™ to S™, and if g is an arrow from S™ to SP, then we can write gf as an arrow
from S™ to SP, which we will call the horizontal composition of f and g. For example, suppose we have the
following two arrows: f:S? — S3, f:=1d1lé and g : S — S3, g := uII§. Then the horizontal composition

of these gives gf = (u 11 9)(Id 116):

f=1d115 g=plls gf = (p116)(1d116)

We should note that the connected components of any object are ordered. This ordering is induced by the
disjoint product structure and by the fact that every object in the skeleton 2cob is written as the disjoint
product of circles. The pictures we use, and which can also be found in [7], reflect this; knowing that
the connected components of any object are ordered justifies the way we depict the arrows. We will risk
confusion if we use the same way of depicting arrows in 2cob for depicting arrows in the category 2Cob.

If M is a cobordism, lying in the cobordism class f, then we can always define a surjective special Morse
function m : M — I C R. Recall that every connected component of any level set m~!(v) contains at most
one critical point of m, and that we can split up I into closed subsets I}, each of which containing at most
one critical value, lying in its interior (or in OI). Using this m we can split up M into parts M; := m~!(I;).
However, splitting up should also satisfy another condition: we can split up further until all parts of M;
containing more complex twists are split up into twist generators. Then we redefine I;, according to the
final splitting. Finally we can redefine parts M; := m_l(Ij)7 and each part can be expressed as a disjoint
product of generators. Note that this splitting will still satisfy the condition that each I; contains at most
one critical value. We cannot say with certainty that this would all be possible if m is not a special Morse
function.

We should make clear that we use a Morse function to split up a cobordism, but we use a whole class of
equivalent Morse functions to split up the corresponding cobordism class f. We say two Morse functions m
and m’ are equivalent if the results of splitting up f with respect to m and m’ are the same.

Now we can discuss some relations. Most of these relations can be explained by using special Morse
functions. For example, assume f : S3 — S! is an arrow which can be split up into f = u(p I 1d) with
respect to one Morse function m. Just by choosing a different Morse function m’, not equivalent to m, we
can as well split up f into f = p(IdIIx). This yields the relation p(pIT1d) = p(IdIy). Similarly, we can
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split up the cylinder Id into p(n IIId) or wu(IdIln), with respect to different Morse functions. Thus, using
Morse functions, we obtain some relations, and these relations are similar to those of a monoid, see (4.3).
The following diagrams should express these two relations:

D 3y

w(pITId) = p(I1d p) p(n11d) = 1d = p(Id n)

Similarly, we can find relations similar to those of a comonoid, see (4.4), as expressed by the following
diagrams:

QR o,

(0111d)o = (Id116)d (eII1d)o (IdIIe)d

There are some other relations however which cannot really be explained by using special Morse functions.
For example, the properties of a general twist cobordism cannot be detected by using a (special) Morse
function, but of course the information of interest is hidden in the corresponding cobordism class itself. The
class of equivalent injections ¢, telling us how the connected components of X, 0, M, Y and 0_ M are related,
carries this information. So, many times we can directly see whether two such cobordisms are equivalent, and
the following examples of splitting up such cobordisms will reflect this. For example, the following diagrams
express relations similar to those of commutative monoids and cocommutative comonoids, see (4.5):

35-52 B

76 =0

The naturality of the twist generator is another example of such a relation, see (4.6):

ey

(rI1d)(Id 7)) (7 1 1d) = (Id 1I7)(7 1T 1d) (Id II7)
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There are numerous other relations similar to this one: see (2.14) for the naturality of the twist in general.
Using the naturality of the twist generator 7, we can explain how to express a general twist arrow
7oyt SFITSY — SUITS* as a horizontal composition of disjoint products of 7 and Id. These general twist
arrows can we used to generate arbitrary permutation cobordisms. As an example, let ¢ : S* — S% be
the OPD sending every point in connected component k to a point in connected component 5 — k, and let
f: 8% — 5% be the arrow generated by ¢. Then we can write f = (Id 7 1 Id)(7 11 7)(Id r I Id)(7 1L 7).

Finally, we will present a relation similar to the Frobenius relation, see (4.7), and this relation can again
be explained by using special Morse functions:

(b 1d)(IdI16) = op = (Id ) (6 1T Id)

The relations introduced so far, also called the relations of 2cob, can be regarded as a minimal set of
relations, generating all other possible relations. These relations also tell us that the circle, the object S*,
can be regarded as a commutative Frobenius object in 2cob. We know that this object S! generates all other
objects S™ in 2cob. We also know that every arrow in 2cob can be written as a horizontal and vertical
composition of the six generators. These six generators are the identity arrow Id and the five basic arrows
, 1, 0, € and 7. The conclusion will be that 2cob is a free symmetric monoidal category on a commutative
Frobenius object. We can again apply (4.14) and (4.15), and then we can say that S! is the commutative
Frobenius object generating all other commutative Frobenius objects S™ in 2cob.

The snake relation. As (4.9) and (4.10) show, any Frobenius object satisfies the snake relation. As we
know, the circle can be regarded as a Frobenius object in 2cob, so it also satisfies the snake relation. On
the other hand, the cylinder generated by any object in nCob in general satisfies the snake decomposition,
see (6.5). The snake relation and the snake decomposition are not quite the same, but they are related. The
snake relation is a result of the Frobenius relation, but it can also be regarded as a slightly modified special
case of the snake decomposition. In 2cob we can split up the cylinder Id into four parts. One of these parts
can be regarded as an arrow 3 : ST I1.S! — @, satisfying 3 = eu, and another of these parts can be regarded
as an arrow vy : @ — S'II 81, satisfying v = 0n. However, we should note that the snake relation does not
apply in nCob for all n. To be more precise, it does not apply in 1Cob, the category discussed in Chapter
9. Let p+ be a positively oriented point, and let p_ be a negatively oriented point, both regarded as objects
in 1Cob. Arrows like 4 : py U py — @ or f_ : p_ Ll p_ — @ are simply impossible in 1Cob, so it is
impossible to find a relation in 1Cob similar to the snake relation in 2cob. On the other hand, arrows like
B :py Up_ — @ are possible in 1Cob, so at least the snake decomposition still holds in 1Cob.

Cobordisms in 2cob with some connected components being closed. Let f, g and h be arrows
in 2cob, and assume g and h can be represented by closed cobordisms. Then we know that we have the
identities fI1g =g Il f and gh = hg = gLl h = h 11 g, as already explained in (7.5). Of course this means
that the pictures corresponding to the complex arrows f Il g and gII f, looking different at first sight, should
be regarded as identical. The same applies to the pictures corresponding to each of the complex arrows gh,
hg, gI1 h and h1lg. We could call this an artifact of the II-operator. As a consequence we might wonder, at
first sight, whether we can interpret the already used pictures correctly. But, there is no real problem, just
because it is mainly the ordering of the connected components of the objects that matters. The structure of
the arrows does not matter that much, so this artifact does not really contradict anything.
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The normal form of a connected cobordism in 2cob. Every connected cobordism M can be described
as a surface of genus g, with n open disks missing. If k of these disks contribute to the in-boundary, and
if I of these disks contribute to the out-boundary, then k& + 1 = n. Then M can be described as a genus
g cobordism from S* to S!. Of course we assume M itself is not empty. According to a theorem, which
we will not explicitly prove here, the corresponding cobordism class can always be decomposed into three
parts, say M = MsM,M;, according to a standard scheme. We will call this scheme the normal form of
a connected surface, and to prove this theorem we can use the relations of 2cob. The first part My, also
called the in-part, will be an arrow from S* to S of the following form:

My = p(pT11d)(p ITIATIId) - - (uITIATT- - TT1d) = o(pe TTId) (T Idy) - - - (o T1 Idjo_s).

The middle part My, also called the topological part, will be an arrow from S! to S, of the form My = (ué)9.
This part can always be interpreted as a genus g surface with two disks missing. The last part M3, also
called the out-part, will be an arrow from S' to S! of the following form:

Mz = (§TI1dTT---T11d) - - (§ ITTATTId) (S TTId)§ = (S TTTId,_) - - - (5 T Idy) (5 TT Id)6.

Of course, if K = 0 then we assume M; =7 and if £k = 1 then we assume M; = Id. Similarly, if [ = 0 then
we assume M3 = € and if [ = 1 then we assume M3 = Id. Finally, if g = 0 then we assume M, = Id.

As an example, we can have a look at the normal form of the cobordism (class) M : S* — S of genus
two:

(0O Id)opdpdp(p I 1d) (p T I IT1d)

It is striking that the generator 7 is not involved in this context of connected cobordisms and expressing
them using the normal form. But, as we are dealing with connected cobordisms, we should realize that any
twist arrow, which eventually appears, will be cancelled by the relations ur7 = p and 7§ = §. Of course, if
we already decomposed a connected cobordism into generators, and assume a twist generator is involved by
accident, then we can always use naturality of 7 to move it left or right, until it meets a generator p or §.
Just realize that both connected components of 7 are somehow connected to each other, by a path within
the connected cobordism, so the fact that the cobordism is connected assures us that such a generator p or
0 can always be found. Such a generator will cancel the twist generator.

Thus it is enough to use the generators u, 1, §, € and Id, and we should realize that using (special) Morse
functions is enough for finding out how to split up any connected cobordism into these five generators.

General cobordisms. Let M : S7 — S* be a general cobordism class in 2cob. Then M can be considered
as the result of joining multiple connected cobordisms (or in fact cobordism classes) M;. Each of these
M;, when viewed as independent cobordism classes, can be decomposed into generators, according to the
normal form. However, the domain (and codomain) of M should in general be considered as a mixed up
composition of the domains (and codomains) of M;, not just simply as the disjoint product of these domains
(and codomains). For example, if M = (7 I11d)(p I §)(IdI7) then it is an arrow from S to S3. The

73



connected components of M can be written as M7 = u and My = 4, but we cannot say M equals M7 11 My
or My 1T M;. On the other hand we can write M = (7 I11d)(M; IT My)(Id1Ir) = (Id II7) (Mo IT My ) (7 1T 1d).
In general, if M : S7 — S* has m connected components M;, we can always write

M=Ty(M;11--- I M,)T1.

The arrows T} : S7 — S7 and Ty : S* — S* can be regarded as general permutation cobordisms, so they
can be regarded as being a horizontal and vertical composition of the generators Id and 7. Recall that the
arrows M;, when written in normal form, do not contain any twist generators.

If N : S* — S!is another general cobordism, with n connected components and written as

N=Uy(N,II---TI N,,)Uq,
where Uy : S¥ — S¥ and U, : S — S! are general permutation cobordisms, then
P:=NM=U(N,0---II N, U To(My IT - - - 11 M,,,) Ty

is an arrow from S7 to S'. Using the naturality of the general twist we can move the middle part U;Th to
the left or to the right, so that 77, Us, or some generator u or § absorbs the involved twist generators. Then
P can be rewritten as

P=Vo(P 1I---P,)V4,

where V; : 87 — 87 and V4 : 8! — S! are again general permutation cobordisms.
We conclude by observing that the only permutation cobordisms appearing, are those which do a per-
mutation of those connected components of S7 and S* which are not connected via M itself.
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9 The category of 1-cobordisms

In this chapter we will study the category 1Cob of cobordism classes of dimension 1. We will also study
1cob, a skeleton of 1Cob. But first we will look at the category 1Cob’, as an intermediate step, which we
will call a stripped version of 1Cob. This category is a full subcategory of 1Cob (but not a skeleton), and
it is still closed under the ordinary disjoint union II, so we can copy the symmetric monoidal structure from
1Cob to 1Cob’ without any difficulties. Here we can already study some generators and relations, without
much confusion. We have, for example, relations like the naturality of the twist and the snake decomposition.
Using some fuzzy language we could say that 1Cob’ is nearly a skeleton of 1Cob.

But finally we will focus on 1cob. We will also discuss 1cob when we will study 1-dimensional topological
quantum field theories in Section 10.5. Before doing so, it would be nice if we can also introduce 1cob with
symmetric monoidal structure. As 1Cob is already a symmetric monoidal category, we would like to find
a way of porting over this structure to 1lcob. However, the monoidal structure of 1Cob cannot just be
copied to 1cob. It needs to be modified. The monoidal structure can be slightly altered in this case, and
this chapter will present a special proposal for this altered monoidal structure. The result will be that also
1cob can be regarded as a monoidal category (even a strict one). After that, we will find out how to copy
the symmetric structure from 1Cob to 1cob. Then we can rewrite the generators and relations we already
found for 1Cob’. Finally we could say that 1cob (but also 1Cob’) is a free symmetric monoidal category
on a dualizable object. This basic dualizable object (p) generates all other dualizable objects in 1cob.

9.1 Introducing 1Cob, 1Cob’ and lcob

1Cob, the category of oriented cobordisms in dimension 1. Any object X in 1Cob, fully written as
(1Cob, II, @, 7) and regarded as a symmetric monoidal category, is a compact oriented manifold of dimension
0, and has Nx connected components. Any manifold of dimension 0 can be assumed to have no boundary,
so they are automatically closed. Using somewhat less abstract language, any object is a finite collection of
oriented points. We define N; as the number of positively oriented points in X and Ny as the number of
negatively oriented points in X. These numbers should, of course, satisfy N;(' + Ny = Nx. We then also
say that X has (N3, Ni) connected components.

Any arrow in 1Cob, from X to Y, is a class of equivalent cobordisms of dimension 1, from X to Y. Any
connected component X; of X is an oriented point, thus we could say that any connected component M; of
a 1-cobordism M, with boundary dM; not empty, has the topology of an oriented line with two ends.

If OM; is empty, then M; itself is represented by a closed connected 1-manifold. The only closed connected
l-manifold existing is the circle. There exist OPDs from S* to ST and we know 95! = 9ST = @. Now see
(7.1) applied to the special case of X and Y both being empty. Then S! and ST lie in the same cobordism
class, thus the arrow corresponding to M; will be the standard circle without orientation. From now on, if
we mention any 0-manifold or any connected 1-manifold with boundary, we will assume it is oriented.

We claim without proof that, contrary to the situation of 2Cob, not for any arbitrary pair of objects
X and Y there exists at least one cobordism from X to Y. We define the signature of each object X as
N(X) := Ny — Nx. We claim without proof that if and only if 3(X) = £(Y), then there exists at least one
cobordism from X to Y. As a consequence, there exist no cobordisms from X to Y if Ny — Nx is an odd
number.

If for example Nx = Ny = 0, then Ny — Ny = Ny — Ny, = 0, thus a (closed) cobordism M, with
m connected components, exists from X to Y. Then any connected component M; is closed, so M can be
regarded as a collection of m circles without orientation.

Basic objects in 1Cob. If we choose an arbitrary point p without orientation, then p; and p_ are
oriented points. We can use these two points as basic objects in 1Cob. Recall that there are no OPDs
possible between py and p_, thus no cobordisms exist from p; to p_. Of course we already know that
Y(p+) =1 and X(p_) = —1, which implies that no arrows exist from p; to p_.

We can take disjoint powers of py and p_, for example pﬁ :=py ---IIpy. We can also take arbitrary
disjoint products of p; and p_, for example p_ IIp; Ip_ I p_. There are 2" possible choices of such disjoint
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products of n oriented points, and these are also objects in 1Cob. We could look at a stripped version of
1Cob, only containing these objects, written as 1Cob’. Then 1Cob’ is a full subcategory of 1Cob. For
any object X in 1Cob having (k,) := (N3, Ny ) connected components, we can say an isomorphism exists
from X to an object X’ in 1Cob’. As the connected components of X’ in 1Cob’ are already ordered, we
can say that each such an isomorphism also induces an ordering of the connected components of X.

Some other examples of cobordisms which are not possible in 1Cob. Knowing that the rule
¥(X) = 3(Y) must be satisfied, we can say that there exist no cobordisms in 1Cob like the following;:

My :py —py Upy py, My:pyUpy — @, Ms:py —p_lpy, My:py — .

As mentioned before, we can say that the snake relation, a relation valid in 2Cob, will not be applicable in
1Cob, knowing that cobordisms like M; not being possible in 1Cob is mainly responsible for this. But, it
will get clear later that we can at least do snake decompositions.

Properties of the category 1Cob’. In 1Cob’ we can simply take ordinary disjoint products of objects
and arrows, and the resulting objects and arrows are again lying in 1Cob’. Or, to say differently, 1Cob’ is
closed under taking disjoint unions of objects and arrows. Also the empty set @ = pi = p° is an object in
1Cob/, so we can say 1Cob’ carries the same monoidal structure as 1Cob. Thus (1Cob’, 11, @) can also be
regarded as a strict monoidal category.

Any twist arrow in 1Cob, also lying in 1Cob’, is also properly functioning as a twist arrow in 1Cob’.
So we can directly say that 1Cob’ carries the same symmetric monoidal structure as 1Cob. Then also
1Cob’ = (1Cob’, 11, &, 7) is a symmetric monoidal category, thus it is a full symmetric monoidal subcategory
of 1Cob.

Arrows and generators in 1Cob’. The basic cylinders in 1Cob’ are the identity arrows Id, : py — py
and Id_ : p_ — p_. By using disjoint products of these basic cylinders, we can construct general cylinders.
The following diagrams should express these two arrows:

Id, Id_

The arrows drawn on the lines, not to be regarded as arrows in a category, indicate the orientation of the
1-manifold in question.
We also have some basic twists

T+ :py Upy —py Upy, 7-:p_Ip_ —p_Ip_,
Ty ipy dp —p_Hpy, 7 y:p_Ipy —pyIp_,

satisfying
72 =Idyy =1dy OIdy, ™ =Id__=Id_MId_,
T—_4T4— = Id+7 = Id+ HIdf, T4H_T—4 = Id7+ =1Id_ HId+ .
Note that 7_4 = T;i and 74— = 7'___‘1_. The following diagrams should express these four arrows:
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+ + - - - + + —
T+ T— T4— T—+

By using disjoint products and horizontal compositions of these four arrows and identity arrows we can
construct general twists and permutation arrows. Note that we cannot say that 1Cob’ is a skeleton of
1Cob, as arrows like 7, _ and 7_, are still allowed, which means that 1Cob’ still contains isomorphisms
between distinct objects.

We have another four arrows:

BipyUp. — @, v:@—p Up_, B:p_lp, -2 ,7:@—p_lp,.

The following diagrams should express these four arrows:

B v B

Two of these can be expressed as compositions of some of the other arrows:

2l

B = 67_—-‘1- ) ’_Y =T+-7-

Note that this implies that
By = PBr—q1r_v = (. (9.1)

Note that the arrow g7y : @ — @ represents a connected cobordism without boundary, thus it represents the
circle. Also note that identity (9.1) reflects the fact that the arrow representing the circle does not carry any
information about its orientation. Only after splitting up a circle into two parts with boundary we see that
each part will be oriented again.

So finally we have eight independent arrows: Idy, Id_, 74, 7—, 74—, 7—4, 8 and 7. We claim that every
other arrow in 1Cob’ can be written as a horizontal and vertical composition of these arrows. We could say
these arrows are generators of 1Cob’.

Some relations in 1Cob’. There are a few relations which apply to the generators of 1Cob’. The relation
of the snake decomposition holds in any nCob. For example, we can apply the snake decomposition to the
cylinders Idy and Id_. For Id; we have the following relation:

(BI1d4)(Id4 119) = Idy = (Id4 118)(y [T 1d4)
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And for Id_ we have the following relation:

—_— e _— (9.3)

(BI1d_)(Id_TIy) = Id_ = (Id_TIB)(y 1 1d_)

Of course the naturality of the twist implies other relations.

We could express the relation between the objects p; and p_ as follows. We could say p_ is the object
dual to p,, and the existence of the generators § and v and the snake decomposition support this. So, just
as we called 2cob a free symmetric monoidal category on a commutative Frobenius object, we could say that
1Cob’ is a free symmetric monoidal category on a dualizable object. (A similar statement can be found in
[9].) For that we can use the arrow (8 : p I p_ — & and its dual arrow, which is 4 : p_ IlIp, — & in
this case. Thus (p4,p—,[3,7) can be regarded as a dualizable object, generating all other dualizable objects
in 1Cob’. (Note that (py,p_,[3,7) induces another dualizable object (p_,p,,/3,7v).) Note that the snake
decomposition implies the zig-zag identities, see (2.21), for these objects.

Splitting up a cobordism in 1Cob’ into generators. As we know, we can use a special Morse function
for splitting up any cobordism into disjoint products of generators. We are a bit lucky in this case, as any level
set of a Morse function on a 1-manifold is a finite collection of points. Then we can always say that especially
all critical points are mutually separate, so every Morse function on a 1-manifold is automatically a special
Morse function. Thus, after picking an arbitrary Morse function, we can always split up any cobordism
into generators, at least if it reaches its global minimum at the in-boundary, and its global maximum at the
out-boundary. The relation of the snake decomposition can again be explained by using Morse functions, as
already explained in Section 6.3.

Again, relations coming from the naturality of the twist cannot be explained by using Morse functions.
Only the twist parts cannot be detected by using any Morse function, but again we can use the information
hidden in the class of equivalent injections ¢ telling us how the connected components of X, 0, M, Y and
O_M are related. As already pointed out before, any arrow, or cobordism class, contains this information.

Thus, if f is a cobordism class, and if M is a cobordism lying in f, then we can define a surjective
Morse function m : M — I C R. Then we can split up I, using this m, into closed subsets I;, each of
which containing at most one critical value, lying in its interior. Using this m we can again split up M into
parts M; = m_l(Ij). Again, splitting up should also satisfy another condition: we can split up further
until all parts of M; containing more complex twists are split up into twist generators. Then we redefine
I;, according to the final splitting. Finally we can again redefine parts M; := m~1(I;), each expressed as a
disjoint product of generators.

Invertible cobordisms. If we have arbitrary objects X and Y in 1Cob, and if we found an orientation
preserving diffeomorphism (or just an orientation preserving map) v : X — Y, then this OPD induces a
unique cobordism class, and it generates an isomorphism in 1Cob. The reverse is also true: if an isomorphism
exists from X to Y, then there exists and OPD v : X — Y. The fact that 8 and ~ are not invertible reflects
this. To conclude, we can say that an arrow f : X — Y is invertible if and only if (N3, Ni) = (N5, Ny ).

The basic isomorphisms in 1Cob’ are Id, Id_, 7y, 7_, 74 _ and 7_ . Only the last two are isomorphisms
between distinct objects. If 1Cob’ has C’ as an arbitrary skeleton, which is also a skeleton of 1Cob itself,
then we can say that C’ does not contain the arrows 7, and 7_,. For any C’ and for any pair of distinct
objects X and Y in C’ we can say that (N3, Ny) # (Ny, Ny,).
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1cob, a skeleton of 1Cob. We can choose a standard ordering for any object X in 1Cob’ with (Nj(, NY)
connected components. There exist isomorphisms from X to pi 11 p' , where k := N} and [ := Ny. The
collection of these objects of the form pﬁ I p! (with k and [ arbitrary) can be used as a skeleton of 1Cob’
and 1Cob. We will use the notation 1cob to refer to this skeleton, and we can say that 1cob is also a full
subcategory of 1Cob’. Note that the empty set, regarded as the unit object in 1Cob, is also an object in
1cob, thus we can introduce it as the candidate unit object in 1cob. Now we will try to find operators O’, 1’
and 7’ so that also (1cob,0’,1’,7') is a symmetric monoidal category. First we will prove that (1cob, 0’,1")
can be regarded as a strict monoidal category. As we know, 1’ = 1 = &, so we will write (1cob, 0’ 1,7")
from now on.

9.2 Porting over the structure from 1Cob to 1cob

We know that 1Cob is shorthand notation for (1Cob, I, &, 7), so we are again dealing with a symmetric
monoidal category. Also 1Cob’ = (1Cob’,II, @, 7) is a symmetric monoidal category. Then we can try
turning 1cob into a symmetric monoidal category also, but this step will not be totally trivial, as was the
case for 2cob.

Taking the graded disjoint union of objects. If we just take an ordinary disjoint product of two
arbitrary objects pﬁ IIp! and p* LI p™ in 1lcob, then we obtain p’j_ I pt I p* I p™ , which is not an object
in 1cob, except in some cases. Thus we cannot say that 1cob is closed under the ordinary disjoint product
II. Thus, we need to define IT', regarded as a candidate operator on 1lcob, differently. We first need a
projection functor P : 1Cob — 1cob (or P’ : 1Cob’ — 1cob) to do this. So we define p’ := Pu(I x I),
where I : 1cob — 1Cob is the canonical injection functor. If X is an object in 1Cob with (k,1) connected
components, then we define X' = Py(X) := p% 1 p’ .

For any two objects X’ := p% IIp! and Y’ := pT I p” in 1cob, we will write X' II' Y’ = (X' IIY")" =
Py(X'IIY"), if we apply (3.2) to II. We can do something similar in case of arrows, see (3.3).

Now we will define IT" explicitly for objects. Let X/, := p% and let X’ :=p’ , then X’ = X} I X’ . Then
we define:

XY =X, IX )W (YUY )=Py(X, IX Y, IY'):=X, TY,TTX TIY’. (9.4)
Or written differently:
XY’ = (pf Wpl ) ' (pf T pl) = ply Tpl Tpt T p2 = plt™ 1 pt™,
But also:
YU X = (PP L pt) I (ph T ph) = p L ph T p» Tpt = pP i llpnt = ... = X' 1Y,

Note that we already treat 1Cob as a strict monoidal category, thus its associator is trivial, thus we can
write

(X, X/ ) IV (VI ITY!) = Ry((X, T X' ) I (Y] IIY")) = Po(X, X/ Y, 1Y),
which was used in (9.4). Also note that X’ II' Y’ is again an object in 1cob, thus we can write
(X'I'Y'), =(X,TY,IX 1Y), =X, 1Y, =Y, I1X,. (9.5)

Similarly we can write (X’ II'Y")_ =X’ Y =Y/ I X'.
Note that for any object X’ = p% IIp' in 1cob we have Py(X’) = X', which implies the following:

pEIpt = Po(ph TIph) = (ph Tpl) = pk 11 pt = pl 11 pk.
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We know that P is already defined, but we are still free to choose P;. Choosing P; is a matter of choosing
isomorphisms ¢y : X — p% IIp’ for any object X in 1Cob, with (k,l) = (N3, Ny ) connected components.
Of course X'ITY” is still an object in 1Cob, for any two objects X’ and Y’ in 1cob. We can make a special
choice for P in case of disjoint products of any pair (X', Y’). We define ¢x/1y/, which is an arrow from
X'TY to X/ II'Y' = Py(X' 11Y"), as

LXITIY! - X;HXL HYJ:EHYL —)XiHYJ,HXL HYL 5 LX'1Yy’ = IdX_/*_ HTX’_,Y_*,_ HIin . (96)

In general we will restrict ourselves to a projection functor P, related to natural isomorphisms ¢x which
can be written as a (horizontal and vertical) composition of only three generators: Idy, Id_ and 7_4. Of
course this is with respect to the full subcategory 1Cob’, instead of 1Cob itself, and any vertical composition
of these three generators is based on the ordinary disjoint product I, not II’. This restriction can be explained
using somewhat less abstract language: the mutual ordering of the positively oriented points, viewed as a
part of the total object X in 1Cob’, will not be changed by ¢. The same applies to the mutual ordering
of the negatively oriented points, viewed as a part of the total object X in 1Cob’. We could say that the
positively oriented points will all be moved to the left, without destroying the mutual ordering.

If we take a look again at (9.6), then we see that the twist arrow TX' v, can indeed be written as a
composition of these three generators, and that indeed the mutual ordering is not destroyed. This is why we
will call the operator I’ the graded disjoint union, or the graded disjoint product.

Taking the graded disjoint union of arrows. Now we can write down II’ explicitly for arrows. Let
f'+ A — B and ¢’ : C' — D’ be arrows in 1cob. Using (3.3) and (9.6) we can define f'II' ¢, regarded as
an arrow from A’ I’ C’ to B’ II' D', as follows:

fg = P(fTg)=(f'T1g") = pup (f g ) aher

Now we can conclude that 1cob is closed under the graded disjoint union II’. As a consequence we can write
the following;:

Idx, I Idys = Py (Idx: I1dy+) = Py (Idxmy+) = exony Iy txipys = Idxory - (9.8)

The identity (2.8), which already applies to II, was also used here. So, II satisfying (2.8) implies that II" also
satisfies (2.8).
Assume f” and ¢’ can be written as f' = f| I f/ and ¢’ = ¢/, Il g’ , with arrows

fi A —-B, f A —-B ¢ :C_—D, g :C_—D.

and note that we can write f'II ¢’ = (fL . I f) 11 (¢ 11 g" ) = fL I f. 11 g/, I ¢’ . Then (9.7) and naturality
of the twist 7 will imply that

f/ H/ g/ = (IdB/+ HTBLDQF HIdDL)(f_/,'_ H f’_ Hgg_ Hg/_)(IdA/+ HTC;,AL HIdCL)
= fillgiIf Ig". (9.9)
As a special example of (9.9) we can write:

Idx I Idy: = Idyuxs I dy;mys = (Idyy Tdy ) I (Idy; TTdy )
= Idy; Tldy; TIdy MIdys = Idyg nygux myr = Iy
This is in harmony with the (universal) identity (9.8).

If A’ 11 C/ =A1 C/ and B'II' D' = B' 11 D/, then also LA = IdA/]_[C/ and LB'1ID! = IdB/]_[D/. Then
we can say that

f/ H/ gl = LB’HD’(f/ H g/)L;’lHC' = IdB’HD’ (f/ H g/) IdA’HC’ = f/ H g/. (910)
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We already mentioned that 7. and 7_; are not arrows in lcob. They will be projected to identity
arrows by P. If we write +— = p;4 Il p_, then we have ¢y = Id;_ = Id; IId_ and ¢« = 7_4. Then,
knowing that Py(p+ I p_) = Py(p— U py) = p; LI p_, we obtain:

Pi(ri-): Po(py p_) — Po(p-Upy) , Piry )=ty il =7 4 =1dy .

Similarly we have Py (7_4) = Id;_.

About the ordering of connected components of any object. Before choosing a projection functor
P : 1Cob — 1cob, not every arbitrary object X in 1Cob is equipped with an ordering or labeling of its
connected components. On the other hand, we already know that every object in 1cob is automatically
equipped with an ordering of its connected components. After choosing a projection functor P : 1Cob —
1cob also an isomorphism ¢x exists for all objects X in 1Cob. These isomorphisms induce ordering of the
connected components of each X.

Porting over the monoidal structure from 1Cob to 1cob. Now a candidate operator II’ is defined,
but we still do not know exactly what type of category we are dealing with. According to the theory discussed
in Chapter 3, we can say that 1cob is at least a (not necessarily strict) monoidal category, but before porting
over the symmetric structure, we will first check that we are dealing with a strict monoidal category. If 1cob
is not a strict monoidal category, then we can strictify it, but this will alter the originally induced structure.
However, we can do some explicit checks, and in fact we are already dealing with a monoidal category which
is strict a priori. But, these explicit checks can be rather laborious. Anyway, we will try to do these checks
here.

A first step will be checking the strict behaviour of the unit object (and arrow). Let X’ be an object in
1cob, then @ is the candidate unit object for 1cob:

gl X' = (@I X') =(X')=X=(X'llo)=X1g2.

So, indeed & behaves like a (strict) unit object in 1cob, with respect to II'. This check was rather easy, and
we can do a similar thing in case of arrows.

A following step might be checking the strict behaviour of the operator IT', with respect to objects. We
can write X' II' Y’ = X/ II'Y] T X’ 11'Y’, thus the associator o’ of II" might be trivial if we can say that
X'y Yz =X'Ir (Y'I' Z’), for all objects X', Y" and Z’ in 1cob. This is indeed the case:

X'y )z = (X,Oy OX' Oy )II'(z, 0z )=X, 0y, 0z OX' 1Y 112
(X Oox)w(yuz, ny' nz )=x'ay'n z’).

We need to do another check before we can say that IT" behaves like a strict operator. We did not check
yet whether its behaviour is strict with respect to arrows. We cannot do a similar trick in case of arrows,
but we can do it in a different way. Let f': A’ — B’, ¢’ : C' — D’ and h' : E' — F' be an arbitrary triple of

arrows in 1cob. Then we can say that o’ will be trivial if we can say that (f'II' ¢') II' b/ = f'II' (¢’ IT' 1),
for all arrows f’, ¢’ and h'. To check this we will rewrite the triple products of arrows:

(fIg s = ypwpyue((fIg¢)II hl)L(iAl’H'C')HE’
= wpwoynr (eup (f g )y I h/)L(_Al/H/C/)HE’
= wpwpyur (eup LIdp)((f T g ) LA (e T IdE’)L(iAl’H’C’)HE’
(g R) = pupwe)(f (g T h/))LZ’lH(C’H/E’)
= ey (f Depue (g1 h/)LE"lHE’)L;’lH(C’H’E’)
)(

= lp'1(D''F’ ldp HLD’HF’)(f/ il (9/ nl h/))(IdA’ HLE}HE/)LZ}H(OH/E/)
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We already know that (f'IT¢")ITh' = f'II (¢’ IT A'). Also note that, for example
(LE}HC’ I IdEl)L(i;’H’C’)HE’ = (L(A'H’C’)HE’ (LA’HC’ I IdE/))_l.
Then all we need to check is whether

vxryynz (txmy Wldz) = exmy ez (Idxr Oey iz ), (9.11)

for any triple of objects X’, Y and Z’. Then we can conclude that (f'II' ¢') II' A’ = f' I (¢’ I’ b’). Indeed,
we know that « is trivial, as 1Cob is already strict. Then (3.7) shows us that o’ will also be trivial if (9.11)
holds.

We can explicitly write down the arrows tx/11y, in terms of identities and twists, to prove (9.11). We
should note that we need the arrows 7x/ y/, indicating the symmetric structure of 1Cob, to do this explicit
check. So, we already explicitly know the behaviour of the arrows ¢ x/1y/. In the general case we cannot do
it this way. In the context of this subject it is still a mystery how to do it in general.

Using the explicit definition (9.6) of ¢x/mys, but also relations (2.9), (2.15), (2.16) and (9.5), we can
rewrite (9.11). Here we have some intermediate steps:

vxwynuze = ldoowyn, Orxowyny -z, Tldge = Idx nyy Oy nyr z, Hldze
— Idy, UTdy; H(rx z; My, )(Idy Trys ) Ty
— Idy, I(Idy; Iy 7, Oy )(Idy; Dldy: Trys g ) D1
Iy, Ty y; [T 1dy, [Tdy, 11dy
exmyrzy = ldxy Hrxe yivzny, Wldyrzy o = dxy Orxe vz, Dldyr g
Idx, I(Idy; Try: g )(mxs y; 1dy, ) M Idys TIdy,
— Iy, O(dy; U7y Iy )(7xs vy 1y Ty, ) I
Idx Mymz = Idy, MIdy dIdy; Ty g Tdy,

txry L Id g

Composing these arrows gives us:
vxryyuze (txry dz)
= (Idx; O(Idy; Irys 7, W 1dy: )(Idy; Dldxs Trys g7 ) I1dzr )(Idyy rys y; H1dys IT1dy, H1dg )
=ldx, H(Iin Uryr 7, 1 IdYL)(Iin OIdx, HTYL,Z#)(TXLvyi T Idy~ HIdZ;) MIdy
=ldx, H(IdYL U7y 7, M1dys )(TXL’Yi I 1dz, 1dy- )(Idx I 1dy, HTYL,Z;) OIdy
= (IdX/+ H(IdYL Hryr 7 1 Idyi)(TXL’YJ/r 1dz, OIdy ) IO IdZL)(IdX/+ [I1dx: Hldy; Hry: 7z 1T Idz )
= txmyrzy(Idx ey mizr)

The third equality is obtained after applying relation (2.14). This finally proves (9.11), which in turn

proves associativity of arrows in lcob, using II’. Thus also o’ is a trivial natural transformation, turning
(1cob,II’, @) into a strict monoidal category. Then we can try to add symmetric structure to 1cob.

Porting over the symmetric structure from 1Cob to 1cob. We know that (1Cob, I, &, 7) is already
a symmetric monoidal category, thus the arrows 7x y already satisfy the three rules mentioned in Section
2.3. See for example (2.14) and (2.15). On the other hand we know that II' # II, contrary to the situation
of 2Cob and 2cob, so we need to find different twist arrows 7%, y, for 1cob. The arrows 7x y satisfy the
rules for turning 1Cob into a symmetric monoidal category, but we need to define T&,yy, differently so that
these arrows satisfy the rules for turning 1cob into a symmetric monoidal category.

If X’ and Y” is a pair of objects in 1cob, then the arrow 7x/ y+ from X' IIY’ to Y’ II X’ can be written
as follows:

oy XL IX YL MY! — Y. IY TX, X"

TX’,Y’ = (Idy_*/_ HTx_/*_’y_/ H IdX/_)(Tx_/'_’y_{_ H TX’_,YL)(IdX;_ HTX/_’y_*/_ H Idyl)
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Then we can define 7/, regarded as the candidate twist arrow on 1cob:

/ —1
Txryr = Purxyr) = vmxe Ty by
= (Idnyr HTYLXﬁr II IdXL)7‘)(/71//(Idx/+ HTYJHX', II Iin)

= 7xyy; Hrxe yr (9.12)

We can say that X,y i purely generated by 7, (and Id; ), and that 7x/ y/ is purely generated by 7_

(and Id_). Note that 7%, y, are also natural isomorphisms, as 7’ itself is a composition of other natural
transformations:
T/ :IdP*T*Id[XI.

We should say that this is just an explicit choice for a candidate natural transformation, to be used to turn
(1cob,IT’, @) into a symmetric monoidal category. Within the material discussed here we cannot say that
this method will also work in general. Now we can check if the three relations mentioned in Section 2.3,
applied to 7/, hold:

1. For any two arrows f': A’ — B’ and ¢’ : C' — D’ we have:

(¢ f)y7h o = Pug T f)P(rarc) = Pi((g" T f))Tarcr)
= Piu(rp.p(f'11g) = Pi(re,p)Pi(f' 1Lg") =75 p(f ' g).

Thus 1Cob satisfying (2.14) implies that also 1cob satisfies (2.14).

2. For any two objects X’ and Y’ we have:
Tll”,X’TS(’,Y’ = Pl(Ty/’X/)Pl(TX/’y/) = Pl(Ty/’X/TX/’y/) == Pl(IdX’HY’) = IdX/]_[/y/
The last equality is a result of (9.8).

3. For any triple of objects X', Y’ and Z’ we have:

X ywz = T vz, W vz = 1x vz, Lrxe vz
= (Idy_*/_ HTX;aZZF)(TX_/*_aY_(_ HIdz_/'_) II (Idyi HTX’_,Z’_)(TX’_,Y_’ HIdZ/_)
= (Idy_{_ HTX-/%—’Z-/F HIdyL HTX’_7Z’_)(TX;,Y_{_ HIdz; HTX’_,YL HIdZ/_)
= ((dy; IIdy ) I (7x1, 27, Wrxr 20 )) (7 vy Mrxer v ) T (Id gy, TId 20 )
= (IdY’ HIT;{’,Z’)(TA;(’,Y/ H/ IdZ’)

The first equality is a result of (9.12) and the fifth equality is a result of (9.9). Thus 1Cob satisfying

(2.15) implies that also 1cob satisfies (2.15).

Thus 7 satisfying the three rules implies that also 7’ satisfies the three rules. Thus we can say that
(1cob,II', @, 7’) is a symmetric monoidal category.

A remark. To conclude, we can now finally say that, in this specific case, the fact that 1Cob is a symmetric
monoidal category implies that 1cob is also a symmetric monoidal category, but we should be aware that we
needed explicit definitions and checks for this. We could even think that we needed suitable choices for these
definitions. For example, we used explicit definitions for P, ¢ and 7/. Especially note that the symmetric
structure of 1Cob was already needed for turning 1cob into a strict monoidal category.

In the general case, as discussed in Chapter 3, we do not need explicit definitions of P and ¢, at least
not for copying the monoidal structure from a category C to a skeleton C’ of C. In that case even C being
nonstrict was no problem, and a symmetric structure was not needed yet. However, then we cannot be
sure if we are dealing with a skeleton which is a strict monoidal category a priori. So, in general this will
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be a mystery, but we could always strictify this skeleton afterwards, if desired. On the other hand, for the
approach introduced here we were already assuming 1Cob to be strict.

So both approaches, the formal one of Chapter 3 and the explicit one of this chapter, each have their
own advantages and disadvantages. At least we know that we do not really need special restrictions on P to
be sure that the skeleton can be regarded as a (not necessarily strict) monoidal category. So we would not
need specific properties of the mentioned categories at all. However, in this chapter the specific properties
of 1Cob and ¢ were needed for the explicit checks. We even made a special choice for ¢, just to make sure
we obtain the desired result, and we can say this is a restriction. This restriction was used to make sure
that 1cob itself will a priori also be strict, as a monoidal category. Especially note that strictifications and
redefinitions are not needed then, thus adding simplified symmetric structure is directly possible. At this
moment we (still) cannot say that the explicit definitions and checks, of 7/ and its properties, can be used in
the general case to make sure that the skeleton we are dealing with is also a symmetric monoidal category.

Of course, for the next chapter, we would like to know explicitly how the strict symmetric monoidal
structure of 1cob is defined, so the explicit porting over of the structure was at least needed for this. We can
say that Chapter 3 was needed to check whether the monoidal structure can be ported correctly in general,
and whether or not it all depends on the specific definitions and properties of C, a skeleton C’, P and .
Indeed, in general the monoidal structure can be ported, and no specific information of C is needed for this.
In some cases we only need to do one extra step, if desired, which is strictifying the skeleton in question.

9.3 Generators and relations of 1cob

Generators of 1cob. Every arrow f' : pﬁ mpt — p* LI p™ in 1cob can be split up horizontally and
vertically into the six basic arrows Idy, Id_, 74, 7—, 8 and 7. These can be regarded as a minimal set of
generators of 1cob. Then 7, and 7_ are the twist generators. Thus, again, every arrow f’ in 1cob can be
constructed by composing these generators horizontally and vertically.

The connected components of any object are ordered. However, the ordering of the positively and
negatively oriented points is separate, which is induced by the properties of the graded disjoint union. We
should also note that 3 and 7 are not arrows in 1cob, as the object p_ II p, and the arrows 7,_ and 7_
would be involved then.

Let f’ and ¢’ be two arrows in 1cob. As already explained by relation (9.10), we can for example write
f ' g = f' 11 ¢’ in some special cases, if the domain and codomain of f’IT ¢’ are already objects in 1cob.
For example:

Id,IVId_ =1d, IIId_, Id,I'AIVId_ =1d, UAIId_, 7 II'7 =7, II7_.

Relations of 1cob. Now we can discuss the relations of 1cob. Note that the snake decomposition in its
standard form will be invalid here, as objects like p, IIp_IIp, and arrows like 3 are involved then. However,
we can modify the snake decomposition. We know that in 1Cob’ we can write Id, = (811 1d)(Id, I1¥).
Then we can write

ldy = Pi(ldy) = PA((BI1dy)(Idy 7)) = P1(8 T 1dy ) Py (Id4 119)
= -+ = (Idy OB)(r4 T 1d_)(Idy Iy).

We can rewrite Id_ in a similar way, and the following two diagrams will express these relations:

(9.13)

Id, = (Idy T18) (74 T1d_)(Id; 1Iy)  Id_ = (B111d_)(Id, IIr_)(y T Id_)
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These relations are in fact equivalent to relations (9.2) and (9.3), which apply to 1Cob’. We can call these
relations examples of the modified snake decomposition. We could also say that the zig-zag identities (2.21)
hold with respect to 11:

Idy = (BI'1dy)(Idy IT'y) = (Idy 1) (4 T Id-)(Id4 ITy) = (Id4 I'B) (y I 1d4 ),
Id. = (BIVId_)(Id_1I'y) = (BI11d_)(Id; Ir_)(y L Id_) = (Id_ IV3)(~ IT" Id_).

Of course this identity also holds in 1Cob’, so it should really be considered as a rewrite only. Note that we
used that

B="P(B)="r(B) , v=P®) =P ). (9.14)
We can say that v : p_ Il'p; — & (or v : pp II' p_ — &) is the arrow dual to 8 : pL II'p_ — & (or
B:p-'py — 2).

The other relations of 1cob remaining, are those coming from the naturality of the twist, see (2.14).
Note that we cannot say that any commutative object exists in 1cob, so there is no other way to cancel
twist generators. We know that 1Cob’ is a symmetric monoidal category on a dualizable object. We can
say that also 1cob is a symmetric monoidal category on a dualizable object. This time (p4,p—,3,7) can
be regarded as a dualizable object, generating all other dualizable objects in 1cob, and it induces another
dualizable object (p—, p+,3,7)-

Relations of 1cob: An example. As an example of applying the relations, we will discuss the graded
disjoint product of g with itself. We know that 8 : py Il p_ — @ is an arrow in 1cob, so we can write:

BI B= (BUB) =1x(BU BT, = (B B)(Idy Lry_ TT1d_),

which is an arrow from py I py U p_ I p_ to @. This is still not written as a composition of the generators
of 1cob itself, as S 11 8 and 7, _ are no valid arrows in 1cob, so we will try to rewrite it. The first step will
be:

pu'p = (BUP)(Idy Ury_ IT1d-)
— B(BUId, 111d_)(Id, L7y 111d_)
— B, I1d_1B)(Id, r,_ I11d_).

The following diagram expresses this:

SID-

Now, using naturality of the twist, see (2.14), we can do a following step of rewriting. For example, the
following two relations are a result of (2.14), together with (2.18), applied to 1Cob':

6 I Id+ = To,pt (ﬁ I Id+) = (Id+ Hﬁ)Tp+Hp,,p+ = (Id+ Hﬁ) (T+ I Idf)(ICLF H7'7+),
Id 1B=1, z(Id_T18) = (BIId )7y ,.up. = (B111d_)(Id; Ir_)(r_; 111d_).

(9.15)

As a consequence, we can say:
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(BIIdL)(Idy Ury_) = (Idy IB)(ry 1d_)  (Id_ IIB)(r4_ II1d_) = (311 1d_)(Id4 II7_)

These specific relations can be inserted into diagram (9.15), whereupon we will finally obtain the following
relation:

DD =

BI 3= B(Id; B Id_)(r HId_111d_) = B(Idy BT 1d_)(Id, IT1d, IIr_)

This diagram helps us expressing 5 II' 3 as a composition of generators of 1cob, and in the meantime the
second equality expresses a specific relation, derived from (2.14).

The generalized normal form of a cobordism in lcob. Every cobordism class M in 1cob can be
described as a collection of oriented lines with boundary and circles without orientation. Let X = pi 11 pt
and Y = p' I p" be objects in 1cob, and assume k — [ = m — n, so that at least one arrow exists from X
toY. Now let M : X — Y be such an arrow in 1cob. Just like we did in Chapter 8, we claim without proof
that any cobordism class M can be decomposed into three parts, say M = M3zM,M;, according to some
standard scheme. We will call this scheme the generalized normal form of an arrow. This scheme is rather
different when compared to the normal form of connected cobordisms in 2cob.

The first part M; and the last part Ms, also called the in-twist part and the out-twist part, will be
isomorphisms. These are arrows M; : X — X and M3 : Y — Y. These arrows are compositions of the four
generators Idy, Id_, 7 and 7_ only. Note that we can say that

My =M1 M; =M 1IM; , Ms=M;1I' My = M; 11 M.
Then M, and M; are compositions of Id; and 74, and M; and M, are compositions of Id_ and 7_. The
middle part My : X — Y is a composition of the four generators Idy, Id_, 8 and ~ only. It can be regarded
as a horizontal composition of parts, each being written as a graded disjoint product of multiple arrows of
type Idy first, then either a § or a v, and finally multiple arrows of type Id_. The splitting will not be
unique, because of the naturality of the twist.

As an example, we can have a look at the normal form of a cobordism class M : pi Ip? — pi I p? -
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(9.16)

Using the naturality of the twist, we can rewrite any composition of multiple arrows into the generalized
normal form. Let M and N be two arrows, already written in the generalized normal form, and assume
N M exists, then we can move many of the twist parts from the middle to the left or to the right, using the
naturality of the twist. The remaining twists are part of a loop, and the relations in (9.13) can be used for
removing these loops immediately. Thus we can rewrite NM into the generalized normal form. Rewriting a
vertical composition of multiple arrows into the generalized normal form is only a matter of inserting some
extra twist arrows.

Any middle part M; can be indicated by five positive integers (zero included), say (k,l, m,n,p), and this
information is sufficient. These numbers tell us that My contains:

e [ cylinders with positive orientation, thus Idi =Id,0O---TIIdy,
e [ half circles from py Il p_ to @, thus 3,

e m circles,

e 1 half circles from @ to py I p_, thus v,

e p cylinders with negative orientation, thus Id” =Id_1II---ITId_.

For example, the middle part M5 in diagram (9.16) obtains the numbering (k, I, m,n,p) = (2,2,3,3,1). Note
that M is an isomorphism if and only if [ = m = n = 0. We directly see that [, m and n will not contribute
to the countings N; — Ny and N{}' — Ny. We also see that k = N;(' = N;‘ and p = Ny = Ny, so that

Y(X)=N{ -Ny=k—p=N; — N, =%(Y).

The twist parts M; and M3 can each be indicated by two permutations, one for the positively oriented
points and one for the negatively oriented points, contained in X or Y. So we have four permutations in
total, each being an element of one of the symmetric groups. Actually it depends on how points in the
boundary are connected, inside of Ms, which of these combinations of four permutations will be considered
as identical. So, in many cases we do not need the full symmetric groups for indicating the twist parts. Any
arrow in lcob can be written in generalized normal form, indicated by four permutations and five positive
numbers.
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Cobordisms in 1lcob with some connected components being closed. As already mentioned in
Section 7.3, see (7.5), and in Chapter 8, we have some relations when closed cobordisms are concerned.
A closed connected component M; of any arrow M in 1Cob’ can be placed anywhere in a picture. As a
reminder, any such M; can only be a circle without orientation, so a cobordism with m closed connected
components simply contains m circles. In a picture of any arrow in lcob, in generalized normal form, we
will however, by convention, draw the circles as a horizontal string of arrows 3.
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10 Topological Quantum Field Theories

Finally we will discuss topological quantum field theories. First we will discuss three definitions, looking
very different at first sight.

In Section 10.1 we will start with the definition of TQFTs which looks very straightforward, nearly trivial.
It is the definition by J. Kock (see [7], 2003). The concepts of symmetric monoidal categories and functors,
as introduced in earlier chapters here, will mainly be discussed. In this section we will also shortly discuss
what is so topological about topological quantum field theories.

In Section 10.2 we will present the definition of TQFTs by M. Atiyah (see [4], 1988). This definition
looks totally different at first sight, and no categories and functors are explicitly mentioned. The axioms
presented there are not really explicitly focussed on cobordisms. We will compare this definition to the first
definition, by Kock.

In Section 10.3 we will present the definition of TQFTs by C. Blanchet & M. Turaev (see [8], 2005). At
first sight this definition seems to be a mixture of the definitions by Kock and Atiyah. The axioms presented
there are focussed on cobordisms. Categories and functors will also be discussed, be it briefly and only in an
alternative definition, not in the main definition. At the end of Section 10.3 we will compare this definition
to the definitions by Kock and Atiyah. The results can be regarded as the main conclusion of this thesis,
but not as the only conclusion. A short list of key points of this conclusion can be found in Chapter 11.

In Section 10.4 we will discuss 2D-TQFTs and present another result from [7]: the category of 2-
dimensional topological quantum field theories is equivalent to the category of commutative Frobenius
algebras. In this context we will restrict to 2cob, skeleton of 2Cob, as the source category for any 2D-
TQFT.

In Section 10.5 we will discuss 1D-TQFTs. We could say that the category of 1-dimensional topological
quantum field theories is equivalent to the category of dualizable vector spaces. In Chapter 9 we already
concluded that 1cob can also be regarded as a symmetric monoidal category, so in this context we can also
restrict to 1cob, skeleton of 1Cob, as the source category for any 1D-TQFT. We can also restrict to 1Cob’
instead.

In this chapter we will use an artificial symbol: we say that @, is the empty n-dimensional manifold.
Sometimes we will rewrite it as @(,) = @(,,—1) x I, where I = [0, 1].

10.1 Topological Quantum Field Theories as described by Kock

Main definition. The definition of topological quantum field theories by Kock ([7]) looks very straight-
forward. Let nCob be the symmetric monoidal category of cobordism classes of dimension n, as introduced
in Section 7.3, and let Vecty be the symmetric monoidal category of vector spaces (and linear maps) over
some ground field k, see (2.19). An n-dimensional topological quantum field theory, or nD-TQFT, over k is
nothing more than a symmetric monoidal functor

A: (nCob, 11,9, 1) — (Vecty, ®,k, 7). (10.1)

We will call the image of nCob under an nD-TQFT a linear representation of nCob. The empty set @, _1),
together with its cylinder &,y = @(,—1) x I, can be regarded as the neutral object of nCob. A TQFT will
map J,_1) to k and I, to the identity map of k.

Alternative definition. An n-dimensional topological quantum field theory, over some ground field k, is

arule A = (Ap,.A;) which maps each closed oriented manifold X of dimension n—1 to a vector space Ag(X),

and maps each oriented cobordism (class) M, from X to Y, to a linear map A; (M) : Ag(X) — Ap(Y).
This rule A should satisfy the following six axioms:

K1. Two cobordisms M and N have the same image if they are equivalent:

[M] = [N] = Ai1(M) = Ay (N).
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K2. For any manifold X of dimension n — 1, the cylinder X x I (= X X I}, ), which is a cobordism from
X to itself, will be sent to the identity map of Ay (X).

K3. If M can be written as a decomposition M = MM, then
A1 (M) = Ay (Mo M) = Ay (Ma) Ay (My).

K4. If X = X1 HX2 then
Ao(X) = Ao(X1 TT Xo) = Ag(X1) @ Ag(Xa).

Similarly, if M is a cobordism from X = X; IT X5 to Y = Y7 1 Y5, and if there exist cobordisms M;
from X7 to Y7 and My from X5 to Y5, such that M = M; IT Ms, then

A1 (M) = Ay (M 1T M) = Ay (My) @ Ay (Ma).

K5. The empty manifold will be sent to the ground field k:

X = D(n-1) = .Ao(X) =k.

K6. If Tx y is the canonical (abstract) twist cobordism from X ITY to Y II X and if 7y, is the canonical
twist map from V@ W to W @V, then Ay (Txy) = T, (x),A0(Y)-

The equalities in these axioms should be regarded as strict, not up to isomorphism or something else. We
note that axiom K5, combined with axiom K2, implies that the empty cobordism, which can be viewed as
the cylinder @,), will be sent to the identity map of k. Also note that axiom K6, which was not explicitly
mentioned by Kock, is a consequence of axiom K4, thus we could say axiom K6 is rather trivial.

Axiom K1 says that the rule A does not fully depend on the cobordism, only on the cobordism class.
This is in harmony with describing the collection of cobordism classes as the arrows in the source category.
Axiom K3 can also be rewritten in terms of cobordism classes instead. We can split up cobordism classes,
but we can also compose them. Then axioms K2 and K3 show that we are dealing with a functor. Axioms
K4 and K5 show that we are dealing with a monoidal functor, and axiom K6 shows that we are dealing with
a symmetric monoidal functor. Then we can say that the main definition (10.1) is just a summarized version
of this alternative definition.

A proposition. Now we can discuss a consequence of these axioms, combined with the snake decomposition
(6.5). For example, see (9.2) for the snake decomposition of the identity Id; in 1Cob (1Cob’). In nCob
we can rewrite this to

Idx = (Bx Hldx)(Idx Hvyx), (10.2)

for any arbitrary X equipped with arrows Bx : X 1 X — @ and vx : @ — X I[I X. If A is a (non-trivial)
TQFT, then (10.2) can be mapped to a relation in Vecty. We define the vector spaces V' := Ay(X) and
W := Ap(X), and the linear maps 5 : VW — k, 8 := A1 (Bx) and v : k - WV, v:= A1 (yx) and

write:

IdV = Al(Idx):Al((ﬁxﬂIdx)(Idxﬂ’yx)):Al(ﬁxﬂldx)Al(IdXH’yX)
= (A(Bx) @ A1 (Idx)) (A1 (Idx) ® Ai(yx)) = (B @ Idy)(Idy ©7). (10.3)

As can be read in [7] we can now draw a conclusion from this. The fact that relation (10.3) holds, is precisely
to say that the pairing 0 is nondegenerate.

The proposition will be that if A is an nD-TQFT and if X is a closed manifold (of dimension n— 1), then
the image vector space V := Ag(X) comes equipped with a nondegenerate pairing with W := A¢(X). This
nondegenerate pairing induces a canonical identification of W with V*, the vector space dual to V. This
can be rewritten as another axiom
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but we should note that this rewritten axiom does not exactly fit anymore in the context of Kock’s axioms,
as a restriction is involved here. We conclude that this axiom is a consequence of the main definition of
TQFTs and the snake decomposition, which is a relation which holds in the source category nCob. We will
soon return to this conclusion, when we will discuss TQFTs as described by Atiyah: (10.4) fits best in the
context of Atiyah’s axioms. A corollary of (10.4) is that a TQFT will map any object in nCob to a vector
space of finite dimension.

A question. We could ask what is so topological about topological quantum field theories. We could say
that a quantum field theory is topological if definition (10.1) is sufficient to describe the theory completely.
In this case the theory will not depend on anything else, for example a metric, defined on the manifolds
and cobordisms in question. We could also say a theory is topological if it only depends on the topology,
direction and orientation of the manifolds in question.

We could say that a TQFT is at least topological with respect to the arrows in nCob. A cobordism class
mainly contains the topological information of the cobordisms involved.

A TQFT is not topological with respect to the objects in nCob, which may seem a bit remarkable. If
X and Y are distinct objects, then there is no rule in general saying that Ay (X) = Ao(Y") in specific cases.
Even if an orientation preserving diffeomorphism ¢ : X — Y exists, then we still cannot say that Ag(X) and
Ao (Y) should be identical, only isomorphic.

Topological invariants. If M is a cobordism class corresponding to a closed cobordism, then we see that
M is a cobordism from the empty set to itself, thus we can write M : @ — &. Any arbitrary TQFT A will
map this to A1 (M) : Ag(@) — Ag(D), or A1(M) : k — k. This is a linear map from the field k to itself,
thus we can say that A; (M) can be described as a multiplication with an element c¢p; € k. This constant
cyp can be regarded as a topological invariant of any closed cobordism lying in the cobordism class M.

Note that k itself is commutative and that k ® k = k, implied by the relation k@ V =V =V @ k. If M
can be written as M = NP, and if N and P are also closed, then c); = cycp = cpen. If M can be written
as M = NII P, and if again both N and P are closed, then ¢y = ey ® cp = enycp = cpey = ey @ cp. Thus
we can write:

Ay (NI P) = A (PIIN) = A (NP) = A (PN).

Of course this is no coincidence, as this should already follow from the relations closed cobordisms themselves
should satisty, see (7.5). We conclude that the relations presented here, induced by the properties of k, are
in harmony with the relations expressed in (7.5), as expected.

10.2 Topological Quantum Field Theories as described by Atiyah

Main definition. The definition of topological quantum field theories by Atiyah ([4]) looks very different,
compared to the definition by Kock. In some relations the word functorial is mentioned, but in general we
will not encounter notions like categories and functors. The notion of cobordisms is used but cobordism
classes are not explicitly mentioned. We note that Atiyah mentions ground rings A and finitely generated
A-modules, but we will restrict to vector spaces, which are special examples of A-modules. We also note
that an n-dimensional topological quantum field theory as described by Atiyah, is equivalent to an (n + 1)-
dimensional topological quantum field theory as described by Kock. We will slightly rewrite the definitions
and axioms of Atiyah: an nD-TQFT corresponds to an (n — 1)D-TQFT in [4], and we will mention vector
spaces over k instead of A-modules.

An n-dimensional topological quantum field theory, over some ground field k, is a rule Z consisting of
the following data:

e A vector space Z(X) of finite dimension over k, associated to each oriented closed smooth manifold X
of dimension n — 1.

e An element Z(M) € Z(OM) associated to each oriented smooth manifold (with boundary) M of
dimension n.

91



These data are subject to the following axioms:
A1l. Z is functorial with respect to orientation preserving diffeomorphisms of X and M.

A2. 7 is involutory, thus Z(X) = Z(X)*, where X is X with opposite orientation and Z(X)* denotes the
vector space dual to Z(X).

A3. 7 is multiplicative.

A4. 7 is subject to the non-triviality axiom.

More detailed definitions and some remarks. We will now elaborate on the precise meaning of these
axioms:

e Axiom Al means that an orientation preserving diffeomorphism (OPD) f : X — Y induces an iso-
morphism Z(f) : Z(X) — Z(Y) and that if g : Y — Z is another OPD then Z(gf) = Z(9)Z(f). (We
should also note that Z will map identity OPDs to identity linear maps.) Also, if f extends to an OPD
from M to N, with OM = X and ON =Y, then Z(f) takes Z(M) to Z(N).

e Axiom A2 already explains itself, so it should be clear.
e Axiom A3 can be split up further into three sub-axioms:

A3.1 If the closed oriented (n — 1)-manifold X can be written as X = X II X5, then
Z(X)=2(X1 0 X3) =2Z(X1) ® Z(X2).

A3.2 If we have n-manifolds M; and M,, with boundary OM; = X; 1Y and OMy = Y 11 X,, and if
M = M; Iy M, is the manifold obtained by gluing together the common Y-component, then we
require:

Z(M) = (Z(M,), Z(Mz)),

where (Z(Mj), Z(Ms)) denotes the natural pairing

Z(X1)® Z(Y) ® Z(Y) ® Z(Xa) — Z(X1) ® Z(Xs).

A3.3 If we apply A3.2 to the special case Y = &(,,_1), so that we can write M = M; IT My, then A3.2
reduces to the obvious multiplicative requirement

Z(M) = Z(My 1 M) = Z(My) @ Z(M>).

Note that if X; = Xo = @(,,1) = X1 II Xy, and if we write V := Z(@(,,—1)), then axiom A3.1 implies
that V' =V ® V. Also note that if My = My = @,y = My 11 My, and if we write f := Z(9(,y) € V,
then axiom A3.3 implies that f = f® f. (Here we write 09,y = @(,,—1).) These equations do not yet
imply that V and f are non-trivial.

Axiom A3.2 can be reformulated. First we could rewrite any boundary dM: we can choose X; and
X5 such that OM = X1 I X5. Then axiom A3.1, combined with axiom A2, implies that

2(0M) = 2(X, 11 X3) = Z(X1) ® Z(X,) = Z(X1)* ® Z(X2) = Hom(Z(X1), Z(Xa)).

Then we can reformulate M, with boundary M, as a cobordism M with in-boundary (‘3+M = X3
and out-boundary O_M = X5. Thus OM = 8+M UO_M ~ X, 11 Xo. (Note that the same convention
introduced in Section 6.2 can be used here for the orientation of in- and out-boundaries.) The TQFT
7 will map this cobordism to the linear map

Z(M): Z(X1) — Z(Xs).
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Then we can write Z(M) = A;(M). (Here A means a TQFT according to Kock’s definitions, see
(10.1).) Now assume we have n-manifolds M; and My with boundary OM; = X111Y and OM, = Y11 X5,
and M = M, Iy My. (We write X; instead of X; just for convenience.) Then these can be rewritten
as cobordisms M1 from X7 to Y and Mg from Y to X5. Then axiom A3.2 can be reformulated as

Z(M) = A1 (M) = Ay (M) Ay (M) = Z(Ma) Z(M). (10.5)

From now on we will write M instead of M, but we should realize that if an n-manifold M with
boundary, discussed in the context of Atiyah’s axioms, is rewritten as a cobordism M from X to Y,
then the in-boundary of the cobordism M has reversed orientation compared to the original n-manifold
M.

e Also axiom A4 can be split up further into three sub-axioms:

A4.1 We would like @(,,_1) to be mapped to the non-trivial solution of the equation V @V =V
(where V is a vector space over k):

A4.2 We would like &(,) to be mapped to the non-trivial solution of the equation f? = f (where

fek):
Z(@(n)) = Ig.

A4.3 For any (n — 1)-manifold X, the cylinder X x I will be mapped to Z(X x I). We will assume
that Z(X x I) is an identity map.

The manifold X x I in axiom A4.3 should already be considered as a cobordism. In [4] we can read
that o := Z(X x I) should be an element of End(Z(X)), and that this o should be regarded as an
idempotent operator: 02 = o. Any such o would be suitable in any TQFT as, according to [4], its
image will still satisfy all the axioms, but we simply choose o = 1 so that the theory does not degenerate
into a (partially) trivial one.

Some other comments.

e When discussing axiom A4.3 we should remark that it is not totally clear a priori why we can say that
o is idempotent, but hopyfully this can be more clearly understood if we take axiom A1 into account.
Gluing together two copies M; and My of the cylinder X x I gives us another copy M of the same
cylinder. But from the context of [4] we cannot clearly conclude why they should be the same, or at
least give the same image under a TQFT. (Does M have twice the length of M; or Ms, or not? Is
their length of any importance anyway?) In [4] we can also find the statement Z(X x I') € End(Z (X)),
so apparently M7, Ms and M are regarded as cobordisms from X to itself. Then at least their images
Z(My), Z(Ms) and Z(M) should be elements of the same vector space: Z(X I X). Then we can
apply axiom Al. If we use the trivial OPD fx : X — X (f(p) = p for all p € X), then this fx
induces a trivial OPD gy from X I1 X to itself, and this OPD can in turn be lifted to OPDs F} from
M to M;. Then Z(Fj) should take Z(M) to Z(M;), but knowing that gx is trivial this implies that
Z(M) = Z(M;) = Z(Ms) = 0. Combining this with (10.5) implies that o = 0.

However, it is still not clear why we can write Z(X x I) € End(Z(X)) in the strict sense. Atiyah at

least does not make clear what II exactly means, and why we could write 9(X x I) = X I1 X as a strict
equality. Of course we could say it is an equality up to, for example, an isomorphism.

Also note that Atiyah mentions the notion of disjoint union, but in [4] he uses the symbol U, not I,
which should mean ordinary union as usual. However, then we cannot say that axiom A3.1 has any
exact meaning, as in general we can write X UY =Y U X, but not Z(X)® Z(Y) = ZY) ® Z(X).
Thus, knowing that [4] could cause some confusion, we could still assume that the standard disjoint
union IT was mentioned here.
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e We see that all manifolds (possibly with boundary) involved here are regarded as oriented, but for
example OM and M can each have their own orientation, and these orientations are independent. This
also applies to each of the connected components of M and OM. In this context we do not decide yet
which part of M is an in-boundary or an out-boundary.

e As we will soon discuss, (n — 1)-manifolds are related to objects in nCob in Kock’s context, and
n-manifolds with boundary are related to arrows then. Note that axiom A2 only mentions the effect
of reversing the orientation of the (n — 1)-manifolds. The effect of reversing the orientation of the
n-manifolds is not described by axiom A2 or any other basic axiom. However, an extra axiom can be
used to describe this effect. We will discuss this later.

e We also note that axiom A2 is in harmony with the idea that @ = @ and that k* ~ k: Z(2) =
Z(@)* =k* ~k =Z(92).

e Note that if X = X;1I.X,, then the ordinary orientation reversal will give us X = (X II X) = X 11X 5.
Then axiom A2, combined with axiom A3.1, will give us:

Z(X) = Z(X)" =(Z(X1 I Xy))" = (Z(X1) ® Z(X2))",
Z(X) = Z(X11Xs) =2Z(X1)® Z(Xq) = Z(X1)" ® Z(X2)".

This yields an exact identity (V @ W)* = V* @ W*. However, if V and W are finite-dimensional, then
there only exists a natural isomorphism between (V ® W)* and V* ® W*. This raises the question
whether we should really understand axioms A2 and A3.1 as identities, or just as natural isomorphisms.

Comparing Atiyah’s definitions to Kock’s definitions. Now we can discuss the connection between
Atiyah’s axioms and definitions and Kock’s axioms and definitions.

e There seems to be a connection between axiom Al and the definition and properties of nCob itself.
The first thing to notice is the relation between different n-manifolds M and N with the same boundary
X, and the relation it induces between Z(X), Z(M) and Z(N). Suppose OM = ON = X, and let
f: X — X be the identity OPD. This should of course induce the identity map Z(f) : Z(X) — Z(X).
If f can be extended to an OPD f : M — N, then Z(f) takes Z(M) to Z(N). Knowing that Z(f)
is an identity map, this should induce that Z(M) = Z(N). This should remind us of (a special case
of) relation (7.1). Now we write X = X; II X, for convenience. Suppose X; = ;M = 0, N and
X9 =0_M = 0_N, and suppose that the injections are all trivial. Then we can say that M and N
can be smoothly deformed into each other, with Z(M) = Z(N) remaining constant. In the context of
cobordisms we can say that the TQFT Z is insensible to smooth deformations. This seems to support
the idea of restricting to cobordism classes instead. Knowing that in Kock’s context the idea of gluing
cobordism classes is a more natural concept, compared to gluing cobordisms, we do not need to worry
about subtleties of composing cobordisms from now on. We conclude that axiom Al is connected to
axiom K1, so that we can restrict to cobordism classes, which we will do from now on.

e In general there seems to be a connection between axiom A1l and generating cylinders as an intermediate
step. We could then say that axiom K3, especially applied to these cylinders, implies axiom Al. In
the context of Kock we could start with an OPD f : X — Y. Then, according to the properties of
nCob, f induces a general cylinder C; from X to Y, regarded as a cobordism class, thus as an arrow.
We already know that this arrow is an isomorphism. Now assume A is a TQFT satisfying Kock’s
axioms, and that Z(X) = Ay(X) for all (objects!) X. (Then Z also satisfies axioms A3.1 and A4.1.)
Then A will map Cy to A1(Cy) : Z(X) — Z(Y), which should again be an isomorphism. Then we
can simply define Z(f) := A;(Cy), thus Z(f) : Z(X) — Z(Y') is indeed an isomorphism. If now f can
be lifted to an OPD f : M — N, where OM = 0_M = X and ON = O_N =Y, so that M and N
can be represented by cobordism classes [M] : @ — X and [N] : @ — Y, then we can assume that
Cy¢[M] = [N], so that Z(f) will map Z(M) to Z(N). If we now assume that we have another OPD
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g:Y — Z, then this g induces another arrow C,. The functorial property of A, see axiom K3, yields
that indeed
Z(gf) = A1(Cyr) = A1(CyCy) = A1(Cy) A1 (Cy) = Z(9) Z(f).

Thus Z is indeed functorial with respect to OPDs. Rewriting this into the context of Atiyah, with
0Cy ~ X 1Y, gives us an equivalent statement: Z(f) € Z(0Cy) ~ Z(X)* ® Z(Y'). We conclude that
if Ais a TQFT according to Kock’s axioms, then Z satisfies at least axiom Al.

e Axiom A2 can be directly related to the ‘extra axiom’ described by (10.4). We can say that this axiom
is caused by properties (see the snake decomposition) of the source category nCob itself, as already
worked out. However, in Kock’s context we have more freedom in choosing an image W of X, if X is
already mapped to V. Then the strict relation W = V*, presented here, can be replaced by a weaker
relation W ~ V*.

e Axiom A3.2, viewed from the context of cobordisms and related to the ordinary (horizontal) composi-
tion of arrows in nCob, can be directly related to axiom K3. Axiom A4.3 can be directly related to
axiom K2. Thus axioms A3.2 and A4.3 together are related to the properties of any ordinary functor.

e Axioms A3.1, A3.3, A4.1 and A4.2 can be related to the monoidal properties of a TQFT-functor.
Axiom A3.1 equals the rule for vertical composition of objects in nCob, and axiom A3.3 is related to
the rule for vertical composition of arrows in nCob. Thus axioms A3.1 and A3.3 are related to axiom
K4. Axioms A4.1 and A4.2 are related to axiom K5 and its consequences. Especially axiom A4.2 is
related to the combination of axioms K5 and K2.

e In the context of Atiyah there is no mention of symmetric structure and twist cobordisms, thus there
is no explicit connection with axiom K6. But as already discussed, axiom K6 is rather trivial, thus it
is not really needed.

We conclude that Atiyah’s definition and Kock’s definition are equivalent. Only their point of view differs.

Closed cobordisms. In mathematics there is always a risk of overlooking things. Why should we think
that the definitions and axioms of Kock and Atiyah are really equivalent? In many situations we can say
that these different approaches give the same result, but there are some exceptional situations when we are
studying closed cobordisms, and in these situations we are not sure yet. At least reading [4] could cause
some confusion when we focus on the details about closed cobordisms. There we can read that if M is a
closed cobordism, and if the extra hermitian axiom is satisfied, then Z (M) will change to its conjugate Z (M)
under orientation reversal (M +— M). We know that if M is a closed cobordism, then Z(0M) = Z(2) = k.
For example if k = C, then we can say that Z(M) is simply the complex conjugate of Z(M) € k. In [4] we

can read that the basic axioms A1,A2,A3 and A4 do not yet give a relation between Z(M) and Z (M) for
closed manifolds M, but also that the relation Z(M) = Z(M) implies that numerical invariant Z(M) might
help us detecting the orientation of M. Unfortunately this seems to be a mistake. To remove this mistake
we will introduce the proposition that in many cases Z(M) equals its own conjugate.

If we study Kock’s approach, then we directly see that for any closed cobordism M an OPD ¢ : M — M
exists, at least if dim(M) € {1,2}. (For dim(M) > 3 we are not sure.) As M = @ we can say that
¢ has no restrictions, thus it automatically satisfies relation (7.1). Then we can say that the cobordism
classes [M] and [M] are equal. (As an example we have 3y = 37 in 1Cob, see (9.1).) Then of course also
A1 ([M]) = A1 ([M]). Using Atiyah’s approach we can say that such a map ¢ can always be interpreted as
a lift of the canonical OPD Iy : @ — &, see (6.1). Then we can apply axiom Al and use the identity map
Z(Iz) : k — k. Then we should come to the same conclusion: Z(M) = Z(M). This should be the easiest
way.

Of course we could say that Iy is a rather artificial map, thus it is not really an OPD, but then we can
still use a different approach and apply axiom A3 instead. For example, if M; is a closed cobordism and
if M5 is an arbitrary one, so that M := M II M, then we can write a relation. If X = M5 then we can

write that Z(OM) = Z(0My) ® Z(0Ms) =k ® Z(X) ~ Z(X). Now we can write k := Z(M;) € k. Then
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also Z(M) = Z(M; 1 My) = Z(M;) ® Z(My) = kZ(Ms). Now define N := M; Il M,, and assume that
Z(M,) = k, then Z(N) will be mapped to kZ(Ms). On the other hand, we know that M = N = X,
thus the trivial OPD fx : X — X can always be lifted to the OPD ¢ : M — N. Then also Z(M) = Z(N).
To conclude: then Z(M) = kZ (M) = kZ(Msy) = Z(N). As this should apply for all choices for My, this
should imply that k = k. Thus k = Z(M;) is its own (complex) conjugate. This result is in harmony with
the result of Kock’s approach.

At least if dim(M) € {1,2} we conclude that the proposition of saying that k = k, for any k = Z(M),
with OM = @, is just a direct consequence of Atiyah’s basic axioms and the fact that an OPD ¢ : M — M
exists. Hopefully this removes the paradox we meet in the literature. Thus we can also safely conclude that
in many cases Z(M) does not depend on the orientation of M, also in case of a TQFT satisfying the extra
hermitian axiom.

We should also note that it is easy to get confused by reading the parts concerning closed cobordisms
in [4]. We could as well assume that there is no mistake there and start to wonder why Kock’s axioms
and Atiyah’s axioms differ (only) at this point. We know that Kock starts with the definition of cobordism
classes, which first mainly focusses on the cobordisms, before focussing on the boundaries: two cobordisms
M and N are considered equivalent if an OPD ¢ : M — N exists such that relation (7.1) holds. We also know
that Atiyah starts with axiom Al, but this axiom first focusses on the boundaries, not on the cobordisms
themselves. This might imply that we are really dealing with a subtle difference in describing equivalent
cobordisms. Luckily this does not seem to be the case.

Of course we cannot say that for every cobordism M with dim(M) > 3 an OPD ¢ : M — M exists. In
this case there is no restriction on Z(M) either: it is not necessarily its own conjugate. Then all we know
is that Z(M) = Z(M). Thus, if M does not admit such an OPD ¢, then we can indeed say that it might
perhaps be possible to detect its orientation.

10.3 Topological Quantum Field Theories as described by Blanchet & Turaev

Main definition. The definition of topological quantum field theories by Blanchet & Turaev ([8]) looks
a bit like a mixture of the definitions by Kock and Atiyah, but it also has an appearance of its own. The
main definition itself does not explicitly mention categories and functors, but a short alternative description
is also presented, indeed mentioning them. The notion of cobordism is mainly used, but also here cobordism
classes are not explicitly mentioned. All manifolds and cobordisms discussed here are supposed to be smooth
and oriented.

An n-dimensional topological quantum field theory V', over some ground field k, assigns to every closed
(n — 1)-dimensional manifold X a finite-dimensional vector space V(X)) over k and assigns to every n-
dimensional cobordism (M, X,Y) a k-linear map

Vi(M) = Vi(M, X,Y) : Vo(X) — Vo(Y).

A cobordism (M, X,Y) from X to Y is a compact manifold M with boundary. There is a diffeomorphism
from X IIY to M. A TQFT must satisfy the following axioms.

BT1. Any orientation preserving diffeomorphism (OPD) of closed (n—1)-dimensional manifolds f : X — X’
induces an isomorphism fy : Vo(X) — Vo(X’). For an OPD g between the cobordisms (M, X,Y’) and
(M', X')Y"), the following diagram is commutative.

(9lx)¢
_—

Vo(X) Vo(X)

w(M)l lva’) (10.6)

(9lv )z

V() —=W(Y")
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BT2. If a cobordism (W, X, Z) is obtained by gluing two cobordisms (M, X,Y) and (M’,Y’, Z) along an
OPD f:Y — Y’, then the following diagram is commutative.

Vi(W)
Vo(x) 1M vy 2)

V1(M)l Tvl(M')
Vo(V) —Z= v (v)

BT3. For any (n — 1)-dimensional manifold X, the linear map
Vi([0,1] x X) : Vo (X) — Vo(X)
is identity. (We assume that [0, 1] has standard orientation.)

BT4. There are natural isomorphisms
WX IY) = V(X))o W) , Vo) =k
such that the following diagrams are commutative.

Vo((X TY) 11 Z2) === (Vo(X) @ Vo(Y)) @ Vo(Z)  Vo(X 112) —> Vp(X) @ k

l l L

Vo(X 11 (Y 11 2)) — Vo(X) @ (Vo(Y) ® Vo(2)) Vo(X) Vo(X)

The vertical maps are respectively the ones induced by the canonical OPDs, and the standard isomor-
phisms of vector spaces.

BT5. The isomorphism
WX YY)~ V(Y IIX)

induced by the canonical OPDs corresponds to the standard isomorphism of vector spaces

Vo(X) @ Vo(Y) =~ Vo(Y) @ Vo(X).

Comparing the definitions by Blanchet & Turaev to Kock’s and Atiyah’s definitions. Now
we can discuss the connections between the axioms and definitions by Blanchet & Turaev and Kock’s and
Atiyah’s axioms and definitions.

e We first note that we assume the #-symbol satisfies the following equalities (for all f, g and X):

9 =gefy » (Idx)y=Idyx)-

(Of course this is no surprise as the f-symbol is often used for denoting a functor.) This property is
equivalent to the first part of axiom Al.

o Note that there is a diffeomorphism, say p, from X IIY to OM. We cannot find any a priori comments
in [8] about the behaviour of this p. Thus we can say that p is not necessarily orientation preserving.
However, mentioning X I1Y seems to fit best in the context of Atiyah’s axioms, so we could assume
that this p is meant to be an OPD. (If X IIY = OM then p should be the trivial OPD.) It all depends
on the convention used for the orientation of M. In this case we say that IM = p(X I1Y) takes over
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the orientation of X ITY. We will use the symbol 94 M instead, and the subscript A means that we
are dealing with the boundary of an n-manifold in the context of Atiyah.

Now we can redefine the orientation of M as follows: the orientation of p(X) will be reversed.
Something similar is discussed in Section 10.2, in the more detailed definition of axiom A3. There is
a relation between the orientation of the n-manifold M with boundary, in the context of Atiyah, and
the orientation of (the boundary of) the cobordism M. After redefining the orientation of dM we can
rewrite p as an OPD ¢ = iy x,y from X II'Y to OM. In this case we say OM = (X II'Y) takes over
the orientation of X ITY. From now on we will assume that ¢, just like p, is an OPD. (The maps p and
¢ are actually the same if we regard them as diffeomorphisms only.) We also note that 94 M # OM if
orientation is considered.

Note that using ¢ is equivalent to Kock’s definition of a cobordism: ¢ maps X to 04 M, which is the
in-boundary of M, and Y to d_ M, which is the out-boundary of M.

Note that maps like g|x (see axiom BT1) should be regarded as a pullback of the map g|ans to a map
from X ITY to X' ITY’, of course after restricting to X. We can do something similar to g|y. If
t=tm,x,y and ¢ =y x7yr are OPDs, then the following diagram commutes:

XY —4—= oM

gxuyi igaM

XY —= oM’

Here we already assume that g|x maps X to X’ and that g|y maps Y to Y’, thus we can also write
glxuy = glx O gly. We also note that gloasr : OM — IM’ is just the natural restriction of the map
g: M — M'. Saying that g is an OPD from (M, X,Y) to (M’, X', Y’) means that g|x, g|y and g
restricted to the internal part of M, are OPDs.

Now we note that axiom BT1 can be regarded as axiom A1, reformulated into the context of cobordisms.
We assume that OM = X 1Y and that M’ = X' 11 Y’, so that + and ¢/ are trivial OPDs and
glxuy = gloapr- Then we note that any OPD ¢ : X TY — X' Y’ satisfying X’ = ¢(X) and
Y’ = ¢(Y), can be rewritten as an OPD ¢4 : X IIY — X'T1Y’. Then the boundaries of M and

M’ can be redefined as O4M = X 1Y and 94 M’ = X' 11Y’. Then we obtain an OPD (9lom)a =
(glxuy)a = glxny = 9loanm from OaM to 94M'. Now define f := g5y . Especially note that g
itself can still be regarded as a lift of this f. Now we can rewrite diagram (10.6). First we rewrite maps
like (g]x)g : Vo(X) — Vo(X') as Z(g|x) : Z(X) — Z(X'). A linear map like V1 (M) : V(X)) — Vp(Y)
will be an element Z(M) of Z(X)* ® Z(Y) = Z(0aM). Then we can define Z(f) such that it will
map Z(M) to Z(M') = Z(gly)Z(M)Z((g|x)~'). This shows that axiom BT1 implies axiom Al. The
reverse implication also holds (at least for special cases of trivial ¢). We conclude that axioms Al and
BT1 are equivalent.

If X=X and Y/ =Y and if the cobordisms M and M’ from X to Y lie in the same cobordism class,
then we may assume that g|xmy reduces to an identity map. We then rewrite ¢’ = ¢p xy and the
following diagram commutes:

XY —= oM

glonm

oM’
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This diagram is equivalent to diagram (7.1), and g|xuy = Idxmy implies that diagram (10.6) can be
reduced to the identity Vi (M) = Vi (M'). This again shows that V; only depends on the cobordism
class, thus we can say that we can restrict to cobordism classes only: Vi (M) = Vi([M]). In other
words, we can say that V effectively maps from the category nCob to the category Vecty. We already
know that we can directly compose two cobordism classes [M] and [M'], corresponding to cobordisms
(M, X,Y) and (M',Y, Z), thus we can also glue M and M’.

Axioms BT2 and BT3 are equivalent to the ordinary properties of a functor. If we have the trivial case
Y’ =Y and f = Idy, then we also have f; = Idy,(y), so that we can write

Vi(W) = Vi(W]) = Vi([M'][M]) = Vi([M'))VA([M]) = Vi(M')Vi(M)

as a result of axiom BT2. This is the ordinary property of any functor. If Y' £ Y or if f is not trivial,
then axiom BT2 reflects an extra property of the source category: any OPD f: X — X' generates a
cylinder from X to X', which in turn generates an isomorphism Cy in nCob, and V' will map this C
to fz. We say that axiom BT3 is equivalent to axiom K2, which in turn is equivalent to axiom A4.3,
and that axiom BT2 is similar to axiom K3, which in turn is equivalent to axiom A3.2. Thus V is
indeed a functor, from nCob to Vecty.

We already mentioned that the collection of axioms of Blanchet & Turaev has an appearance of its
own. We could say that axiom BT4 looks similar to assuming that V' is a monoidal functor. However,
there are no exact equalities mentioned here, only natural isomorphisms. Apparently also (X 1Y) Z
and X II (Y II Z) are considered to be distinct objects, so we can assume that in this context, nCob
and Vecty are regarded as nonstrict monoidal categories, and V' as a nonstrict monoidal functor. To
be more precise, we assume V' can be regarded as a strong monoidal functor. If we also take account of
axiom BT5, then nCob and Vecty seem to be nonstrict symmetric monoidal categories, and V' seems
to be a nonstrict (or strong) symmetric monoidal functor.

On the other hand, the axioms of both Kock and Atiyah are in the context of strict monoidal categories
and strict monoidal functors. Then the symmetric structure is added to the already strictified categories
(nCob, II, @) and (Vecty, ®,k) before mentioning any strict symmetric monoidal functor. Thus, if we
strictify nCob and Vecty before writing down the axioms of Blanchet & Turaev, then all the natural
isomorphisms will turn into natural identities, so that we can ignore the two commuting diagrams in
the description of axiom BT4.

We note that disjoint products of cobordisms, and their image under a TQFT, are not explicitly
mentioned in axiom BT4. At least not as the second part of axiom K4 shows us. However, we are
dealing with a natural isomorphism from Vo(X ITY) to Vp(X) ® Vp(Y). Assume we are dealing with
the strict monoidal categories (nCob, I, &) and (Vecty, ®,k) so that the natural isomorphism will in
fact be a natural identity. Then we can say that also V(M I N) = V(M) @ Vi(N), for any pair of
cobordism classes M and N. In this case we can say that axiom BT4 is equivalent to axioms A3.1,
A3.3 and A4.1 together, which in turn are equivalent to axioms K4 and K5 together. Thus axiom BT4
describes the properties of a monoidal functor.

We know that axiom A4.2 is related to axioms K5 and K2. Similarly we can say that axiom A4.2 is
related to axioms BT3 and BT4. Thus, if g(,) is the empty cobordism, then axioms BT3 and BT4
imply that Vi(@(,)) = Idy.

Axiom BTS5 is equivalent to axiom K6, describing the property of a symmetric monoidal functor.

Note that the equality Vo(X) = Vo(X)*, which is equivalent to axiom A2, is also mentioned in [8], but
it is not introduced as one of the axioms. We know that it is also not introduced as an axiom in [7],
but there it is related to the snake decomposition, which is related to a property of the category nCob
itself.
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A conclusion. We conclude that the definitions by Blanchet & Turaev are equivalent to Atiyah’s and
Kock’s definitions, even if they look very different at first sight. We could say that this conclusion is not
totally unexpected. We found relations between the three different collections of definitions and axioms, and
these relations are not that trivial.

10.4 Topological Quantum Field Theories in dimension 2

In this section we will present topological quantum field theories in dimension 2, or 2D-TQFTs. We will
use the definition of TQFTs by Kock, and we will also present the category of these 2D-TQFTs.

Main definition. A 2D-TQFT, over some ground field k, is a symmetric monoidal functor A from the
symmetric monoidal category 2Cob to the symmetric monoidal category Vecty:

A: (2Cob, 11,2, 7) — (Vecty, ®,k, 7).

In Chapter 8 we discussed that the circle S' can be interpreted as a commutative Frobenius object in 2cob,
skeleton of 2Cob. This object generates all other objects S™ in 2cob, as defined in (8.1), and these can also
be turned into commutative Frobenius objects if we apply (4.14) and (4.15). Thus 2cob is a free symmetric
monoidal category on a commutative Frobenius object, say S = (S, u,n,d,¢). (See (8.2) for a definition
of the arrows u, 7, 6 and €.) Then we can say that also the image .4(2cob) is a free symmetric monoidal
category on a commutative Frobenius object, say

A= (A pa,na,0a,€a) = (Ao(SY), Ai(n), Ar(n), A1 (8), A (e)). (10.7)

Then A is a commutative Frobenius object in Vecty, thus it is a commutative Frobenius algebra over k.
(Note that the arrows Id and 7 corresponding to S* will always be mapped to the arrows Id4 and 74 in
Vecty, by any TQFT which maps S* to A.)

We know that any object in 2cob can be written as S*, for some k, and its image can be written as

AP = Ag(SH) = ASH @ 9 ASH) =A® - ® A.

Any arrow f in 2cob can be written as a composition of the six generators of 2cob, and A; (f) can be written
as a composition of the six generators Id 4, 74, 4, 4, 04 and €4. To conclude, (10.7) completely defines A,
thus we can say there is a one-to-one correspondence between the collection of TQFTs A : 2cob — Vecty
and the collection of commutative Frobenius algebras.

The category of 2-dimensional topological quantum field theories. We define
2D-TQFT, := SymmMonCat(2Cob, Vecty)

as the symmetric monoidal functor category of linear representations of 2Cob. Any 2D-TQFT, first regarded
as a functor from 2Cob to Vecty, will now be regarded as an object in 2D-TQFT,, and the arrows are
monoidal natural transformations between them.
Now we define
2d-TQFT, := SymmMonCat(2cob, Vecty)

as the symmetric monoidal functor category of linear representations of 2cob, skeleton of 2Cob. We could
say this is a skeletal version of 2D-TQFT,.

There are relations between these categories 2D-TQFT, and 2d-TQFT,, and the category cFAg of
commutative Frobenius algebras. In Section 4.3 we already introduced cFAy as the category of commutative
Frobenius objects in Vecty, see (4.19). Then we write cFA; = cFrob(Vecty). The one-to-one correspon-
dence between the collection of TQFTs A : 2cob — Vecty and the collection of commutative Frobenius
algebras can be regarded as a one-to-one correspondence between the collection of objects in 2d-TQFT,
and the collection of objects in cFA.
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What about the arrows? Let for example a be a monoidal natural transformation between TQFTs A

and A’, depicted by
A

/\
2cob J a Vecty
~—N . 7

A/

Then S* (together with the four generators p, 1, § and €) will be mapped to A := Ay(S!) and A’ := A} (S1),
and we define ay : A — A’ as the natural arrow corresponding to S'. It suffices to check the natural
properties of a; with respect to the generators, to be sure that this oy indeed generates a monoidal natural
transformation, an arrow in 2d-TQFT,. We already know that A and A’ (together with the images of the
four generators) are commutative Frobenius algebras. Then «; precisely corresponds to a Frobenius algebra
homomorphism, an arrow in cFAg. For example, the following diagram commutes:

Ag(5?) = Ap(S1) ® Ag(SY) = A A2 4 481

a2—a1®a1i ial

AL (S2) = AL (SY) @ AL (SY) = A @ A/ Al = AL(SY)

par=A1 (1)

This diagram is similar to the left part of the left diagram in (4.13).

Kock’s main conclusion. Now we can say that there is also a one-to-one correspondence between the
collection of arrows in 2d-TQF T, and the collection of arrows in cFAg. Then we can say that

o the category 2d-TQFT}, is isomorphic to the category cFAy.
Similarly we can say that
e the category 2D-TQF T, is equivalent to the category cFAy.

Thus saying that 2d-TQFT, and cFAjy are isomorphic should mean that for any commutative Frobenius
algebra A there exists a unique A in 2d-TQFT,, such that A = A(S*), and that for any Frobenius algebra
homomorphism f : A — A’ there exists a unique monoidal natural transformation o : A — A’. In general,
a monoidal functor is determined completely by its values on the generators of the source category. The
source category 2cob of any A in 2d-TQF T, has only six generators, so we only need the image of these six
generators to determine A completely. (Of course two of these six images are trivial: Id and 7 will always be
mapped to Id 4 and 74 respectively.) Thus such a TQFT can be described more easily if we restrict to 2cob
instead of 2Cob, as its source category, and this description corresponds exactly to that of a commutative
Frobenius algebra. This can be regarded as the main conclusion of Kock’s book [7].

The monoidal category of 2-dimensional topological quantum field theories. In Section 4.3 we
also discussed that cFA itself can again be regarded as a monoidal category, say (cFAg, ®,k). This implies
that at least also 2d-TQF T, can be regarded as a monoidal category. This is in harmony with the idea
that a pair of 2D-TQFTs A and A’ can be used to construct a new one, say A": if

(Av HAsTIA, 6147 6,4) = (AO(Sl)v -Al (M)? Al (W)Al (6)-’41 (6))

and if

(Ala KA, TIA, 6A'7 EA’) = (‘AIO(Sl)) Al]_ (:U’)? A;. (77)"43_ (6)"4?]. (6))7
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then we can define
(AG(SY), AT (1), AT () AT (6) A7 (€) := (A® A, pagar, Nagar, G apars €A AY)-

Here we used that two commutative Frobenius algebras A and B will induce another commutative Frobenius
algebra A ® B, see (4.18).

The extended version of Kock’s main conclusion. In many physical applications the theory of 2-
dimensional topological quantum field theories cannot really be described as a theory of functors from 2Cob
to Vecty. The original formulation of a TQFT A : 2Cob — Vecty does not allow supersymmetric theories.
But instead of mapping from (2Cob, II, &, 7) to (Vecty, ®,k, 7) we can map to another symmetric monoidal
category (grVect,, ®,k, x). This is the category of graded vector spaces, which is equipped with (for example)
a different collection  of twist arrows. Any TQFT A : 2Cob — grVect, will allow supersymmetric theories.
The commutative Frobenius objects in grVect, are now called graded-commutative Frobenius algebras. The
cohomology ring of a compact oriented manifold is an example of a graded-commutative Frobenius algebra.

There seems to be no problem if we replace Vecty with an arbitrary symmetric monoidal category
(C,0,1,¢). (Similarly we can allow this in general for any nD-TQFT.) The extended version of Kock’s main
conclusion tells us that any symmetric monoidal functor

A:(2Cob,11,2,7) — (C,0,1,€)

can be interpreted as a 2-dimensional topological quantum field theory, and that the category of 2D-TQFTs
over this C, will be equivalent to the category of commutative Frobenius objects in C:

2D-TQFT, := SymmMonCat(2Cob, C) ~(1) cFrob(C).

We will suggest that we can also say that the skeletal version of the category of 2D-TQFTs over this C will
be isomorphic to the category of commutative Frobenius objects in C:

2d-TQF T, := SymmMonCat(2cob, C) ~(°) cFrob(C).

10.5 Topological Quantum Field Theories in dimension 1

In this section we will present topological quantum field theories in dimension 1, or 1D-TQFTs. We will
again use the definition of TQFTs by Kock and present the category of 1D-TQFTs.

Main definition. A 1D-TQFT, over some ground field k, is a symmetric monoidal functor A from the
symmetric monoidal category 1Cob to the symmetric monoidal category Vecty:

A: (1Cob, 11,5, 7) — (Vecty, ®,k, 7).

In Chapter 9 we discussed that the positively oriented point p; (and of course also the negatively oriented
point p_) can be interpreted as a dualizable object in 1Cob’, subcategory of 1Cob, and in 1cob, skeleton
of 1Cob. These two objects p, and p_ generate all other objects in 1Cob’ and in 1cob. If X is an object
in 1cob, then it can always be written as X = pi IT p* , for some integers k and . Any such X is again
dualizable, thus 1Cob’ and 1cob are free symmetric monoidal categories on a dualizable object.

Any object X in 1Cob’ will be a dualizable object, thus its image Vx := A(X) will also be a dualizable
object in Vecty, or a dualizable vector space. We can also say that Vx is a finite-dimensional vector space.
We know that for any pair of finite-dimensional vector spaces V and W also V ® W is a finite-dimensional
vector space.

Especially the dualizable object (p4,p—,,7%) will be mapped to a dualizable vector space

(V. Wk, A) == (Ao(p+), Ao(p-), Ar(8), A1 (7)), (10.8)

and (again) we can say that this object completely describes the TQFT A : 1Cob’ — Vect,. The other
generators Id,, Id_, 74, 7_, 7._ and 7_, of 1Cob’ will be mapped to standard arrows in Vecty. Their
image will be the same for any TQFT. To conclude, we can say there is a one-to-one correspondence between
the collection of TQFTs A : 1Cob’ — Vect; and the collection of dualizable vector spaces.
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We know that 1Cob’ is still a symmetric monoidal subcategory of 1Cob, but 1cob is not. The source
category of any 1D-TQFT can be restricted to 1Cob’, but not precisely to 1lcob. It is possible to restrict
any TQFT A : 1Cob — Vecty to 1cob, but then it will not precisely be a symmetric monoidal functor.
We need to find another category C such that A : 1cob — C becomes a symmetric monoidal functor. Using
arguments related to the extended version of Kock’s main conclusion, we can then say that this A is a TQFT.

The category of signed vector spaces. Thus we need to find another target category C to replace
Vecty. Let (C,0,1,7) be an arbitrary symmetric monoidal category. Then we can introduce the signed
symmetric monoidal category (or just the signed version of the symmetric monoidal category C)

Sc = (sc, 0,1, 7).

We can say that SC itself is also a symmetric monoidal category. The collection of objects SCy of this
category will satisfy SCy = Cy x Cy, thus any pair of objects A and B in C gives us an object (4, B) in SC.
Then we define (A, B)O'(C, D) := (AOC, BOD) for any pair of objects (A, B) and (C, D) in SC. The unit
object will be written as 1’ = (1, 1). For any object A in C we can say that A, = (A,1) and A_ = (1, A) are
(different) objects in SC. Thus we can say that now we can attach a sign to any object in C so that we have
an object in SC. There are also mixed objects: we can say that there is a one-to-one correspondence between
(A,B) and A.0OB_. For example, 1’ = (1,1) ~ 1,01_ ~ 1. Thus from now on we will write 1’ = 1. Note
that we can always write

(A,B) = (A,1)0'(1,B) = (1, B)0'(A, 1). (10.9)

Every pair of arrows g : A — C and h : B — D in C induces an arrow f := (g,h) : (A,B) — (C, D)
in SC. For example the twist arrow will be written as 7(4 p),(c,p) = (Ta,c,7B,p), but not every arrow
f:(AB) — (C,D) in SC can be written as such a decomposition. However, if f : A — B is an arrow
in C, and if A and B can be written as A = A;0A; and B = B;0Bs;, then we will assume this uniquely
induces an arrow f : (A;, Ay) — (By, By). We assume that every arrow in SC can at least be written this
way. Now if f = gOh = ¢’OR/, for some arrows g,¢g’' : A — C and h,h' : B — D, then we assume that also
f=1(g,h) = (¢’,h'). (This means that we are dealing with an equivalence class.) As a consequence, if we
have for example f : (A,1) — (B, 1), then we can uniquely represent f by (f,1dy).

For every pair of arrows f : Aj0Ay — B10By and g : C;0Cy — D,0Dy we can say that fD’g is an
arrow in SC from (A;0C, A20C5) to (B10D;, BoODs). Then fO'G can be represented by an arrow

h: (A1D01)+D(A2DCQ)_ — (BlDD1)+D(B2DD2)_
between signed objects, which can also be interpreted as an ordinary arrow in C:

h: AlDClDA2D02 — BlleE‘BQDDQ,
h = (IdBl U7p,,p, 0 IdDz)(ng) (IdA1 O7¢y, 4,0 IdCz)'

This should of course remind us of the relation between IT and II', applied to arrows in 1cob, see (9.7).
(Note that 1cob itself should not exactly be regarded as a signed version of another symmetric monoidal
category.)

Now we could for example say that C = (Vecty, ®,k, 7). Then SC will be written as (SVecty, ®',k, 7).
We will call this the category of signed vector spaces. For any pair of objects (A,B) ~ A, ® B_ and
(C,D) ~ Cy ® D_ in SVecty we will indeed write

(4,B)@" (C,D) ~ (AL ®B)® (C+®D-)=A,®Cy®B_®D-
(ARC), ® (B D).~ (A C,B® D).
Now we can assume that symmetric monoidal functors A’ : (1cob,1l',&,7') — (SVecty, ®',k,7’) are

possible. Our convention will be that any A" will map p; to some (V,k) and p_ to some (k, W). Any
arbitrary object p% IIp! in 1cob will then be mapped to (VF, W!) = (V@ - @V,W®---@W) ~ VFo WL,
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Any TQFT A : 1Cob’ — Vecty can be rewritten as a TQFT A’ : 1cob — SVecty. Then (10.8) can be

rewritten as
(V.k), (k, W), &, X) := (Ag(p+), Ap (p-), AL (B), A1 (7))

This can be regarded as an object in
DSVS; := DO(SVecty, @', k, 7'),

which is the category of dualizable signed vector spaces. (See Section 2.4 for the definition of DO(C), the
category of dualizable objects in an arbitrary symmetric monoidal category C.)

Note that here £’ is an arrow from (V, W) to k and X is an arrow from k to (V,W). As discussed in
Section 9.3 we can write py II' p_ = p_ II' p;.. Then the same relation applies to their image:

VW) = (Vk) & (kW)= Ayps) @ Ay(p-) = Ay(ps ' p-) = Ay(p- T py)
Ap(p-) ®" Ay(ps) = (k, W) & (V. K) = (V, ).

This is in harmony with (10.9) and (9.14). Just like we mentioned in Section 9.3 that (p4,p—, 3,7) induces
another dualizable object (p_,py,3,7v) in lcob, we can say that ((V,k),(k,W),«’,\) induces another
dualizable object ((k, W), (V,k),x’, \') in SVecty, which can also be regarded as an object in DSVSj.

In general there are also objects in DSV Sy which cannot be written as ((A,k), (k, B), -+ ). We will define
DSVS]; as the subcategory of DSVSy, only containing objects that can be written like that. In general we
should write DSVSy = (DSVSy, ®',k), but we can rewrite DSVS;” = (DSVS;", ®',k) as (DSVS;", ®, k).
There is a relation between this category DSVSE? and the category

DVSy = DO(Vectk, ®,k, 7')
of dualizable vector spaces, as introduced in (2.23). We can propose that there is an isomorphism
(DVS,, ®, k) ~)(DSVS;", ®,k) = (DSVS;", @, k) C (DSVSy, @, k). (10.10)

We can replace Vecty with an arbitrary symmetric monoidal category (C,0,1,£). Then we can also replace
SVecty with (SC,0',1,¢’) and DVS, with DO(C) = DO(C, 0, 1,£). Then (10.10) can be rewritten as

(DO(C),0,1) ~(°) (DO (SC),0,1) = (DO,(SC),0',1) C (DO(SC), T, 1). (10.11)

Reduced symmetric monoidal functor categories. If (C,0,1,¢) is an arbitrary symmetric monoidal
category, and if D is a symmetric monoidal functor category defined by

D := SymmMonCat(1Cob’,C),

then we will define
D' := SymmMonCat_ (1cob, SC),

as a reduced symmetric monoidal functor category. The collection of objects in this category D’ will only
contain functors A’ sending p+ to Af(p+) = (A,1) and p_ to Aj(p—) = (1, B), for some objects A and B in
C.

The category of 1-dimensional topological quantum field theories. We define

1D-TQFT, := SymmMonCat(1Cob, Vecty),
1D’-TQFT, := SymmMonCat(1Cob’, Vecty),
1d-TQFT, := SymmMonCat, (1cob, SVecty)
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as the symmetric monoidal functor categories of linear representations of 1Cob, 1Cob’ and lcob. Any
1D-TQFT, first regarded as a functor from 1Cob to Vecty, will be regarded as an object in 1D-TQFT,.
The arrows are (again) monoidal natural transformations between them.

There are relations between these categories 1D-TQFT,, 1D’-TQFT, and 1d-TQFT,, and the cate-
gory DVSy. Again we can have a look at the arrows. Let for example « be a monoidal natural transformation
between TQFTs A and A’, depicted by

1Cob’ I a Vecty
V

Then p; and p_ (together with the two generators 8 and ¥) will be mapped to V := Ag(p4), W := Ap(p-),
V' = Aj(ps) and W’ := A{(p_), and we define ay : V — V' and a— : W — W' as the natural arrows
corresponding to p4 and p_. We can propose that it suffices to check the natural properties of these oy and
«a_ with respect to the generators, to be sure that they indeed generate a monoidal natural transformation,
an arrow in 1D’-TQFT,. Any pair of arrows ot and a_ will satisfy naturality with respect to the generators
Idy,Id_, 7o, 7, 7 and 7_; of 1Cob’. We already know that (V,W,---) and (V'/,W’,---) are dualizable
vector spaces. Then (a4,a_) precisely corresponds to a dualizable homomorphism, an arrow in DVS.
Again we can say there is a one-to-one correspondence between the collection of arrows in 1D’-TQF T, and
the collection of arrows in DV Sy.

A rewrite of Kock’s main conclusion. Now we can introduce the following relations, and we can say
that they are similar to Kock’s main conclusion. We can say that

o the category 1D’-TQFT}, is isomorphic to the category DV Sy.

A similar statement can be found in [8]. There we can read that 1D-TQFTs are in one-to-one correspondence
with finite-dimensional vector spaces. Of course any finite-dimensional vector space V' is dualizable, but this
one-to-one correspondence only holds if the TQFTs map from 1Cob’ instead of 1Cob, and if we also specify
the information (V, W, k, A) for each V. Note that there are many possibilities for specifying the rest of the
information. For example if W/ # W, then (V,W,---) and (V,W’,--.) should be associated to different
TQFTs.

Similarly we can say that

e the category 1D-TQFT, is equivalent to the category DVSy.

Saying that 1D’-TQFT, and DV Sy are isomorphic should mean that for any dualizable vector space V
there exists a unique A in 1D’-TQFT, such that V = (V,W,k, \) = (Ao(p+), Ao(p-), A1(5), A1 (7)), and
that for any dualizable homomorphism

(fvs fw) : (Ao(p+), Ao(p-), AL(B), Ar (7)) — (Ap(p+), Ao(p-), A1 (B), AL(7))

there exists a unique monoidal natural transformation o : A — A’.
Now knowing that any TQFT A : 1Cob’ — Vect; induces a TQFT A’ : 1cob — SVect;, we can say
that any object A in 1D’-TQF T} (or in 1D-TQFT,) induces an object A’ in 1d-TQFT,, defined by

1d-TQFT, := SymmMonCat_ (1cob, SVect;) ~(*) DSVS} c DSVS;.

Assuming that also DSVS; ~(50) DV'S;, as (10.10) implies, we can say this is in harmony with the relation
1D-TQFT, ~(%) 1d-TQFT,. Thus we can say that

e also the category 1d-TQF T is isomorphic to the category DV Sy.
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The monoidal category of 1-dimensional topological quantum field theories. In Section 2.4 we
also discussed that DVSy itself can again be regarded as a monoidal category, say (DVSg,®,k). This
implies that at least also 1D’-TQFT} can be regarded as a monoidal category. This is in harmony with the
idea that a pair of 1D-TQFTs A and A’ can be used to construct a new one, say A":

(A (p+), AG (p-), AY(B), AT (7)) = (Ao(p+), Ao(p-), A1(B), A1(7))B(Ag(p+), Ab(p-), AL(B), AL (7).

See (2.22) for the definition of a O-product of two dualizable objects.

A rewrite of the extended version of Kock’s main conclusion. As we did in the previous section
about 2D-TQFTs, we assume that, instead of mapping from 1Cob to Vecty, we can map to another arbitrary
symmetric monoidal category C. For example, we can again define supersymmetric topological quantum field
theories A : 1Cob — grVect,. A rewrite of the extended version of Kock’s main conclusion tells us that

any symmetric monoidal functor
A:(1Cob,II,2,7) — (C,0,1,¢)

can be interpreted as a 1-dimensional topological quantum field theory. Then we will suggest that the
category of 1D-TQFTs over this C will be equivalent to the category of dualizable objects in C:

1D-TQFT, := SymmMonCat(1Cob, C) ~1) DO(C).

A similar statement can be found in [9]. There we can read that 1D-TQFT, is equivalent to the groupoid
of dualizable objects in C and isomorphisms between them. However, there was no explanation of what
isomorphisms are involved here exactly, and there was no mention of dualizable homomorphisms.

We will also suggest that the category of 1D-TQFTs from 1Cob’ to C will be isomorphic to the category
of dualizable objects in C:

1D-TQFT, := SymmMonCat(1Cob/’,C) ~(*) DO(C).

Now knowing that any TQFT A : 1Cob’ — C induces a TQFT A’ : 1cob — SC, we can say that any object
A in 1ID-TQFT, (or in 1D-TQFT,) induces an object A’ in 1d-TQF T, defined by

1d-TQFT, := SymmMonCat_ (1cob, SC) ~(°) DO, (SC) ¢ DO(SC).

Assuming that also DO (SC) ~(%°) DO(C), as (10.11) implies, we can say this is in harmony with the
relation 1D-TQF T, ~(*°) 1d-TQFT,..
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11 Conclusion
Now we can look back on the central questions of this thesis and on the answers.

e In Section 10.1, 10.2 and 10.3 we discussed how the three different definitions of topological quantum
field theories, as mentioned in [7] (Kock), [4] (Atiyah) and [8] (Blanchet & Turaev), are related. We
can enumerate a list of key points:

e In [4] there is no explicit mention of cobordisms and their in- and out-boundaries. However, a
translation is possible by redefining the orientation of the boundary (and its connected compo-
nents).

e Only in [7] the concept of cobordism classes (and categories of them) is presented. However, we
can explain how TQFTs only depend on these cobordism classes in the context of [4] and [8].

e Only in [4] there is a restriction to TQFTs mapping X to the canonical dual V*, if X is mapped
to V. In this context we can still say that a TQFT can also be described as a symmetric monoidal
functor from nCob to Vecty, but we cannot say that the category of these TQFTs in, for example,
dimension two is equivalent to the category of commutative Frobenius algebras. In the context of
[7] and [8] there is more freedom.

e The axioms of [8] fit best in the context of nonstrict symmetric monoidal categories and strong
monoidal functors, whereas the axioms of [7] are written in the context of strict symmetric
monoidal categories.

We can say that the axioms and definition of TQFTs in the context of [7] look rather trivial and
straightforward, but of course it takes some effort to define the abstract notions (like nCob and
Vecty) and to test whether it really coincides with the original definitions.

e In Section 10.5 we discussed how a topological quantum field theory A : 1Cob — Vecty induces a
topological quantum field theory A’ : 1cob — SVect,. The category SVecty of signed vector spaces
was introduced, which is the signed version of Vecty. In general a TQFT A : 1Cob — C induces a
TQFT A’ : 1cob — SC, where C is an arbitrary symmetric monoidal category and SC is the signed
version of C.

e In Section 10.5 we also discussed the category of 1-dimensional topological quantum field theories. To
be more precise, we discussed three different ones, each of which has a different source category. These
categories are 1D-TQFT,, 1D’-TQFT, and 1d-TQFT,. The source categories are 1Cob (the full
category of 1-cobordisms), 1Cob’ (the minimal full symmetric monoidal subcategory of 1Cob) and
1cob (skeleton of both 1Cob and 1Cob’), respectively. We can say that 1D-TQFT, is equivalent to
DV, the category of dualizable vector spaces, and that 1D’-TQFT, and 1d-TQF T} are isomorphic
to DVSk. The destination category Vecty (and SVecty) can be replaced by an arbitrary symmetric
monoidal category C (and SC). Then we can say that 1D-TQF T is equivalent to DO(C), the category
of dualizable objects in C, and that 1D’-TQFT; and 1d-TQFT, are isomorphic to DO(C).

e In Chapter 9 we discussed how to port over the symmetric monoidal structure from 1Cob to its
skeleton 1cob. The explicit checks show that the graded disjoint union IT" (together with the modified
twist 7/) can be used as a symmetric monoidal structure on 1cob, and that this structure is already
strict.

e In Chapter 3 we discussed the general techniques for porting over the monoidal structure from an
arbitrary monoidal category to one of its skeletons. If (C, u,n, o, 3, 7) is a nonstrict monoidal category,
if C’" is a skeleton of C, and if P : C — C’ is an arbitrary projection functor, then P will help us porting
over the monoidal structure from C to C’ so that we can construct another nonstrict monoidal category
"1, a,3',v"). For example, we define p’' := Pu(I x I) and i’ := Pr. An explicit definition of P
is not needed for checking out whether porting over all the structure will work out correctly.
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A retrospective view of the restriction of 1D-TQFTs to 1cob, the skeleton of 1Cob. The original
reason for restricting to 1cob, skeleton of 1Cob, as the source category of a 1ID-TQFT, was for finding out
how the theory of 1ID-TQFTs (and the category of them) would simplify. As we can read in [7] we can
certainly say that restricting to 2cob, skeleton of 2Cob, simplified the description of 2D-TQFTs, and the
essential information is still there.

However, there is no law telling us that we must restrict to a skeleton for simplifying the theory. To
keep it simple in general, we can as well restrict ourselves to nCob’, a minimal full symmetric monoidal
subcategory of nCob. Of course we see that, for example, 2cob is also a minimal full symmetric monoidal
subcategory of 2Cob, so we can directly write 2Cob’ := 2cob. In case of 1Cob, 1Cob’ and 1cob this is
not possible.

We know that there are six generators for 1cob: Id,, Id_, 7, 7_, § and . We know that 1cob is a free
symmetric monoidal category on a dualizable object, and that only 8 and - carry the essential structure.
The same applies to 1Cob’, which has only two extra generators: 7,_ and 7_,. No new information will
be involved if we study TQFTs from 1Cob’ to Vect,. This explains why 1D’-TQFT, and 1d-TQFT,,
the categories of TQFTs with source category 1Cob’ and 1cob respectively, are isomorphic.
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