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Chapter 1

Introduction

Eilenberg and MacLane’s category theory [48] brought a considerable paradigm shift [2]
in the mathematical community since its introduction in the early 1940s. The language
of category theory has spread to other areas of science in these last 70 years, including
computer science, physics [19], economics [27] and biology [38, 30] to cite a few. One of
its most notable achievement has been to provide a better way to encode and understand
processes and move away from a set theoretic mindset, which encodes the immutable. And
as processes are prevalent in physics, it is not surprising to meet categories all throughout
the field. Groups, which describe fundamental symmetries of our Universe, are first hand
examples, and of extreme importance in classical mechanics and in relativity. Moreover
their representations form categories whose structures give fundamental particles and their
relationships in the standard model.

Our concern, in this thesis, is to build new models for Topological Quantum Field
Theories. TQFTs emerged from physics as a fairly simple idea: a space or a system in
a certain state, such as a slice of space time, is a topological space enriched with some
algebraic data and whose dynamics “propagates” it to another state. The propagation,
as a whole, is a topological space itself and the TQFT encodes the transformation on the
associated algebraic data in a coherent manner. If, for example, the system stays in the
same state, represented by a circle, the propagation would correspond a cylinder and the
operation would just be the identity on the algebraic data associated to the circle.

)

initial final

As we mentioned previously, category theory seems to be language in which such processes
are expressed best and the category of topological spaces and their “evolutions” is called
the cobordism category. To get an algebraic description of the system, so that we can
quantify, produce forecasts, et cetera, we need a functor: a rule to reproduce the content
of one category, the topological one, into another category, the algebraic one that contains



our data. In our case the functor is what we call a TQFT and the category of algebraic
data is often the category of finite dimensional vector spaces and linear maps. These axioms
were given in this language by Atiyah in 1988 [9], and states that a TQFT is a monoidal
functor, which means that it preserves the notion of combination of isolated systems, or in
topological terms the disjoint union.

Our original task was to use the construction of Crane [21] for oriented 3d TQFTs and
to extend it to the unoriented case, just as Turaev did for the oriented 2d TQFTs in 2006
[55]. Crane’s TQFT is a state sum, which means finding a decomposition of the manifold,
labeling the pieces, summing over all possible labellings and then making sure that it does
not depend on the choice of decomposition. In our case the decomposition uses Heegard
splittings of 3-manifolds [52]. A Heegard splitting is the data of a handlebody, which is a
manifold with borders obtained by gluing handles to balls, together with an isomorphism
of its boundary such that gluing two copies of the handlebody via the given isomorphism
results in a space isomorphic to the considered 3-manifold. The state sum is then found by
considering a decomposition of the handlebody given by “slicing it”,

labeling the boundary disks of the pieces with irreducible representations of a quantum
groups and the pieces with intertwiners between these representations. Tensoring all these
together and summing over all possible labellings results in an intertwiner from the trivial
representation to the representation V' our labeling of the disks gave us, i.e. an invariant
vector v € V. Then by using a representation of the mapping class group of the handlebody
we may get a linear map ¢ : V. — V corresponding to the isomorphism of the Heegard
splitting and therefore a number for the 3-manifold by v - ¢(v). The invariance under all the
choices made is what the subject of [21].

Our intuition was that there was an intrinsic way of formulating the model, i.e. without
referring to the actual representations of the quantum group, and that once this formulation
was found, new examples would come out and the generalization to unoriented 3-manifolds
would be as straightforward as in the 2d case.

This led us to rediscover double categories in a very natural way from the topology stand-
point : manifolds with borders glue like morphisms in a category while manifolds with
corners glue like squares in a double category. Though double categories have actually been
around since the mid 1960s, from the work of Ehresmann [26], they remain little known.
Double categories have allowed some important breakthroughs in topology, such as the un-
derstanding of non commutative higher homotopy theory and its associated Van Kampen
theorem by Brown and Higgins [16], and even in TQFTs where Kerler and Lyubashenko [40]
found non semisimple 3D TQFTs for oriented manifolds using them, though in a different
manner from that in this thesis.



The principle underlying higher category theory, to which double categories belong, is
the understanding that if sets were to be thought of as “O-dimensional”, categories would be
“lI-dimensional” and that they therefore are but the first step in the widening of our toolbox
for constructing TQFTs. Finding the right candidate for the “2-dimensional” entity, and
more importantly the “n-dimensional” one, has been the source of a considerable amount of
work during the last 30 years, c.f. [10] for a better historical perspective. We believe that
the most qualified candidate is to be found in cubical categories, or n-tuple categories.

In the rest of the introduction, we will present the chapters and expose their material
in a sketched, simplified way in order for the reader to get somewhat of a general view
of the thesis. The reader may then read the sections of his choice and refer back to the
introduction and the table of content to navigate his way through the thesis.

1.1 Double categories

With this vision in mind, sets are akin to points, all separated to each other, and categories
are akin to a graph, with points and arrows between them. Double categories are akin
to double graphs, with points, vertical and horizontal arrows between them, themselves the
boundaries of squares. A general element of a double category can then be represented by
a square

- ——— —
0 o ———

and such squares can be composed in two directions, horizontally and vertically. Each direc-
tion has identities, which forces the horizontal arrows and vertical arrows to be categories
themselves, and satisfy the interchange law, which is a 2 dimensional notion of “commuta-
tivity”. If we denote the compositions by o, and o,, the interchange reads :

(Ao, B)o, (Co, D)= (Ao, C)o, (Bo,D)

and it is true whenever both sides exist. Accordingly, a double functor is a rule reproducing
the content of a double category in another double category in such a way that composition
is respected.

Double categories have symmetries that may be expressed functorially, just as categories
had with the opposite category construction, except that instead of sharing symmetries
with the interval, double categories share symmetries with the square. There will then
be horizontal opposite double categories, vertical opposite categories and more. Moreover
there now exists two possible notions of “transverse inverses”, called either connections



and adjunctions, that is, for a square A, a square A’ such that horizontal composition of
the two horizontally yields a vertical identity,

AOh A, = Zdv

A very interesting family of examples of double categories stem from double groupoids:
double categories where every square is invertible w.r.t. both compositions. There is a
very interesting familiy of double groupoids we will be talking about, the exclusive double
groupoids. In the case where they have a single object, they are double groups and we will
show that these are in one-to-one correspondence with semi direct products of an abelian
group with a bicrossed products of groups [3]. This family is already very interesting due to
its relation to the expansion problem in group theory[4], but we make it even more appeal-
ing here by showing that the Poincaré group, absolutely central to modern physics, is very
naturally an exclusive double group. Indeed the KAN decomposition of the Lorentz group,
one of its subgroups, allows a presentation where boosts are confined to one boundary type,
rotation in Euclidian 3-space are confined to the other boundary type while the translations

are encoded in the squares. This fact may have striking consequences but they will not be
rotations
—

boostftransq.

found until the theory of representations of double groups is constructed and sufficiently
understood. The impact though may be glanced by considering the recent EPRL model
(23, 22, 28], which is currently the most promising attempt to date to a quantum theory of
gravity. In this model, the spacial part of the Poicaré group and its space-time components
have distinct roles and we are hoping that this fact will be the example that stimulates more
research on double groups.

Another interesting feature of double groups with potential interest for theoretical Physics

is the existence of a certain diagram, called core diagram [18] or in other contexts butterfly[1],
that describes it. To what extent the core diagram is a classifying invariant of double group
is an open question but we already know it to be very strong. These diagrams have a very
interesting structure and we make a connection to recent discoveries in particle physics by
identifying subgroups of SO(4), corresponding to 4D platonic solids, as giving such dia-
grams. These subgroups are of importance regarding the neutrino oscillations, as testifies
the work of Ma [47, 46]. As neutrino oscillation seems to be the key to many mysteries in
particle physics, we believe that this fact may inspire further research on double groups as
well.
All in all, it seems too much of a coincidence for all these unrelated pieces, the group of
relativity of the theory of Einstein, the neutrino oscillations of particle physics, and the
TQFTs in dimension 3 and 4, to lead to double groups and more generally cubical cate-
gories without a connection to exist. We would then like to speculate that there will be
TQFTs build out representations of double groups such as the ones we mentioned.



1.2 n-tuple categories

The question arising naturally is then : “What about dimension n categories?”. The defini-
tion of a double category extends naturally to any dimension and we get n-tuple categories
where a general element is an n-cube and compose associatively along n directions, each of
them “commuting” with the others, i.e. respecting the interchange laws. As double cate-
gories are best described as internal categories in the categories of small categories, we
will recall the definition as well as that of an internal functor and then extend the study to
internal natural transformations, internal natural cells and internal comparisons
that seem to appear nowhere in the literature. We will show that there is a recursive pro-
cess at play that is different from the one found in the n-category program. As n-categories
are funded on opeotopes and that opeotopes are collapsed n-cubes, it will appear that n-
categories are a special case of n-tuple categories and will give the bestiary of degeneracies
in dimension 2.

The definition of double groupoids extends naturally to n-tuple groupoids and we will
show that so does the notion of exclusivity. It will allow us to generalize the results obtained
in dimension 2 to any dimension, which confirms the conjecture of Brown [17] for dimension
3. The notion of core diagram needs to be extended though and this matter is not addressed
in the present document.

Instead we will try to give a hint on how a theory of weak internal categories and
weak n-tuple categories ought to be constructed harvesting the fruits of the analysis of
the strict (regular) case. We will give in detail the example of a weak double category.
A prime example, and the one that brought us to consider n-tuple categories in the first
place, is the notion of spans (or cospans) in a category with pull-backs (respectively push-
forwards), of which cobordisms are a subcategory.

1.3 Singularity theory

The real challenge in the description of TQFTs is the description of the cobordism category
by generators and relations. It is a standard result [41] that in dimension 2 it is equivalent
to a category generated by a Frobenius object for the oriented cobordisms and an extended
Frobenius algebra for the unoriented case, but no such result is known for higher dimensions,
though Lurie’s approach claims such a result, via (co,n)-categories [45]. But what we
propose is to take lessons from the dimension 2 and adapt it properly to dimensions 3 and
4. This is made possible by the use of n-tuple categories. Indeed, in dimension two the result
is solely based on Morse theory [49], which is the analysis of critical points of a certain class
of smooth functions. For compact manifolds it boils down to smooth maps from a manifold
with corners to an interval.



And since the oriented interval is the model upon which we build category theory, it is

obvious that it is the correct tool to investigate the categories of cobordisms. The problem
is that while the theory of critical points of Morse functions gets only slightly more complex
as dimensions grow, it is not so of the preimages of opens around a critical value. We will
give a brief description of some subcategory that is always present, the one generated by
spheres, but in the general case, they become exponentially more intractable. This explains
the extreme difficulty to find TQFTs, as we defined them, in higher dimensions. This
situation gets back to manageable computations if we move away from the interval onto
higher dimensional cubes, as we will explain in detail. The structures needed to do such
work is then, very obviously, n-tuple categories of n-tuple cospans, modeling cobordisms
with corners.
To find the generators and relations, we give some results of Singularity theory and show
that for dimension 3 and 4 there is a finite number of generators and relations. We recall
that in dimension 2, generators are given by singularities of the fold type and relations by
folds and cusps. Then we show that in dimension 3, they are given by singularities of the
following types : folds,cusps, and swallowtails for relations only. Then, depending on
some combinatorial data that we will give, each of these types may have more than one
corresponding generator or relation.

1.4 Prospects

This research is, as of the writing of this document, a programme of research in progress. In
the last chapter we will describe the parts that still need work and give a few conjectures and
expectations regarding higher category theory, higher group theory and the higher categories
of cobordisms with corners. It is our hope that we will be able to carry it through and that
it generates fruitful collaborations with like-minded mathematicians and physicists.

We would like to thank the encouragements and ideas of Prof. Louis Crane and Prof. David
Yetter all throughout the birth of this programme. This thesis would not exist without
them. Also we would like to particularly thank Prof. Crane for his fantastic insight.



Chapter 2

Double categories

As we mentioned in Chapter 1.1 double categories are the natural successor to categories
in the climbing of dimensions. As our TQFT on cobordisms with corners will be based on
double categories and double functors, we will now explore in details these entities and find
very interesting examples of double groups that we think will provide some of the first tools
to actually compute such a TQFT.

2.1 Double categories

2.1.1 Definitions

Definition 2.1.1. A double category is a set (O, H,V, S, s1pn,t1n, S1.0,t1.0, S0,
tQ,ha S2,0, tQ,’Ua Zl,h? 1,0, ZQ,ha 22,1}’ O1,h, Ol,U7 OQ,/‘L’ 02,’0) where :

o The sets O,H,V,S are respectively objects, horizontal arrows, vertical arrows and squares.

e The following maps of sets are the source and target maps :
51,k tl,h ‘H — 0O 827h7t2’h S =V
51,05 tiw V=0 827U7t27v S — H
e The following maps of sets are the identity maps :
10— H 1o V=98
ZLUIO—>V ’LgyviH—>S
e The following maps of sets are the composition maps.
OLh:HXOH—>H OQ’h:SXVS%S
017UIVXOV—)V OQ,UISXHS—)S

The following holds :



— Sources and targets are compatible the following way :

S2hS1,0 = S2,051,h Santiw = 2081

tanS10 = S20t1,n tont1,y = taulin

— 1 15 an tdentity for the composition o, .
— the compositions o; , are associative.
— 09,02}, = 021,02, Whenever it makes sense.
We will drop the first index in the source, target and identity maps when obvious. For

example, for a vertical arrow f, we will write its identity square i(f).
A general element of a double category looks like a square:

* e—®

- —————
0 e ———— —

It has vertical and horizontal sources and targets, the sides, which themselves have sources
and targets, the corners. It also has horizontal and vertical compositions with their associ-
ated identities. More specifically, a double category is constituted of one kind of objects, two
(possibly different) kinds of arrows and one kind of squares. The above picture depicted the
two different types of arrows with plain and dotted lines. It should be noted that the vertical
source of a square is a horizontal arrow and vice-versa. Accordingly, vertical identities are
identities on horizontal arrows. It is imposed on double categories that the “interchange
law” holds, i.e. any assortment of the sort :

- = ¢ < —— —
0 e e —— —— —— ¢ < = —— ———
- = = ¢ < — — —— —

yields the same square regardless of how it is composed. In a paper published in 1993, [51]
R.Dawson & R.Pare gave general conditions for the existence of composition for general
“tilings”, or arrangements of squares and it is a good read to comprehend a little better
what happens in double categories.

Definition 2.1.2. A double functor between double categories is a map of sets sending
objects to objects, arrows to arrows and squares to squares while respecting source, target,
identities and composition.



a__f b Fw Fu)  Fo
| | | |
| | | |
gl A |4 Fa) F(a) If(g')
| |
! ! ; %
c frod Fe Fuyy Fa

They are the two dimensional equivalent of functors of categories. Let’s visualize what
a functor F would do :

Definition 2.1.3. Let F' and G be double functors : C' = D, a horizontal double natural
transformation from F to G is a map of sets that sends vertical arrows of C' to squares
i D in such a way that it intertwines these functors horizontally.

Let’s visualize what a horizontal double natural transformation w : F' — G does :

.a Fo we G
| I |
fI | |
| Fol wn  1Gw
| | |
b ! !
Foy @ G

The intertwining is represented by the following identity :
F(a) F(h)_.F(C) Wi )_>.G(c)

0 < e

Fioy o) ()G(k) G(a)

Definition 2.1.4. Let F' and G be double functors : C' — D, a horizontal double natural
transformation from F to G is a map of sets that sends vertical arrows of C to squares
m D in such a way that it intertwines these functors horizontally.



Let’s visualize what a vertical double natural transformation w : F' — G does :
a f b

The intertwining this time being vertical, it is represented by the identity :

Fa  pp Fe Fey Fo F
| i i ]

| |
Fy Fa) F wey WO W
|

I | |

F (%)—F (-9‘-)—>¥'7(c) = G(!)ﬂ,!G(a)

| |

| ! | |
w(d): w(g) W) Gl<k> G G

| |

¥ ¥ | }

—G ( |
Go T Gw  GE Gu G

From their intertwining properties it is clear that these double natural transformations
compose in two ways and that this composition is associative and unital. We will prove
this later in a more abstract setting. Being given horizontal and vertical double natural
transformations one could look for an entity intertwining them. Such an entity exists and has
been given different names throughout the literature, the most common being comparison
and modification. They are built on the same principle as natural transformations of functor
of categories but assign a square instead of an arrow to objects.

Definition 2.1.5. Given four double functors F,G,H,J : C — D, two horizontal double
nt w:F —Gand Q: H— J, and two vertical double n.t. 6 : G — H and A : F — J,
a double comparison is a map of sets that sends objects of C to squares in D in such a
way that it intertwines all the above entities in a plane.

10



Let’s visualize what such a double comparison does :

.

Fa) W(a)

|
A o)
|

G

|
|
16(a)
|
!

J@ o) H

Intertwining on a plane means that for a given square in C the four compositions below are

equal :

Fo__ pi F@ e . GO
|

|
|
Jwy J Jo Qo He
|

|
|
! J(g— Tt — QY
J(e) J(d) H a)

2.1.2 Examples

F(?)_ w(a;_,?ﬂG(f;»i G

I I ]
Fa wk Gw Gu G
I I I
I I ]
F(c)!-W(c)—»!—G(g)—»! G(d)
! L Glo) !

| |

A(e) 0(c)  0(c) d(g) O(d)
| |
|

- ——

|
Q! — H (!
J () Ho H a)

w(a)—»(l-;ﬂG(f-)—»i Gw)

Fa)
|
|
Aa) ©(a)

I ]
J (@ — () | — H (3T H(®)
I | o |
Jky Q) H) Ha)y Ha
I I I
I ] ]
Qe H(p!

J(e) H H )

e Let C be a category, then the set of all square diagrams in C forms a double category.

— objects are the objects in C.

— horizontal arrows are the arrows of C

— vertical arrows are the arrows of C

squares are square diagram in C



e Let C be a category, then the set of all commutative square diagrams in C forms a
double category.

e Let C be a 2-category. Then the quintet double category of C is the double
category whose :
— objects are the objects in C.
— horizontal arrows are the arrows of C
— vertical arrows are the arrows of C

— squares are 2-cells of C : s,(9)t,(S) — 5,(5)tn(S) for a square S.

A square in a quintet double category then looks like the following :
f
|/
]
with 7 a natural transformation fg — hj.

2.1.3 Symmetries

As we explained in Section 1.1, categories had symmetries originating from the ones of
the interval. It is this symmetry that allowed the existence of covariant and contravariant
functors. As we have not encountered the equivalent study for double categories, we will
write down all their symmetries now and the associated types of functors. It is important to
us as our categories of interest, the cobordism n-tuple categories, will possess most of these
symmetries.

Definition 2.1.6. Let C be a double category.

e [tis edge symmetric if there exist an equivalence ¢ : C, ,, — C| , that is the identity
on objects.

e [ts horizontally opposite category C" is the double category whose horizontal cate-
gory is the opposite of the one of C, the vertical one is unchanged and gj"p((f, 9), (h,5)) =

Cy((f7, 7). (4, ).

o Its vertically opposite category C"? is the double category whose vertical category is
the opposite of the one of C, the horizontal one is unchanged and C5((f, ), (h, 7)) =

Cy((g. 1), (hP, o).

e [ts opposite category C is the double category whose vertical category is the opposite
of the one of C, the horizontal one is the opposite of the one of C and C ((f, g), (h,j)) =

GCy((g, ), (77, hP)).

12



. . 1 1 1
e Its flip category is the double category C'' such that ng = C,, Q{yv = C Q{’h =
C, ., and

C((f.9), (h,i)) = Cy((h.i), (f, 9))

Definition 2.1.7. A horizontally contravariant double functor C — D is a functor
C"? — D. A vertically contravariant double functor C — D is a functor C* — D.
A contravariant double functor C — D is a functor C* — D. A flip double functor
C — D is a functor C'' — D.

Lemma 2.1.1. Let ()" be a horizontally contravariant double functor, (_)*°P be a vertically
contravariant double functor, etc... The following holds :

(1 02 ()2)" " = ()5 02 (17
(D1 020 (J2)"” = (D17 02,0 ()57
((7)1 o2.n ( )2)mp = (%wp O2,h (—)hop
((, 09 v (7)2)1)01) =(_ lep 024 () p

T =0 =

O N

(@]

'~ N
—~
\‘_/ S—

Definition 2.1.8. A double category C is horizontally self-dual if it is equivalent to
C"P. It is vertically self-dual is it is equivalent to C". It is self-dual is it is equivalent
to C?. An edge symmetric double category is reflexive if it is equivalent to its flip category.

13



2.1.4 Connections and adjoints

The first and strongest intuition when discovering double categories is to think of squares
as commutative squares, assuming along the way that both types of arrows are identical
and that a square has no other information than its boundaries. Though the notion of
commutative squares in a category yields a double category, it is not something that we
can make sense of in any double category. Moreover if are working in a double category, we
have to ask what is a commutative cube whose faces are squares?

The notion that arises when considering this question is that of a connection, as proposed
by Al-Alg and Brown [5]. A connection is a way to “rotate” faces of a kind to faces of
another kind in an invertible way, while carrying the composition along. Let (C, ¢) be an
edge symmetric double category. Then a connection 7, is the assignment of a pair of squares

(o1 (f), To2(f)) for every f € Cy such that 7,1(f) oy T2(f) = w(é(f)), or visually :

°
To1 | o(f) ° °
- ¢(f‘ Zh(¢(f)|)¢(f)
o(f]  Ts2 ° °
°
and 751(f) on Te2(f) = 1, (f), or visually : f
T f ° o——o
Tyl <Zi(f)7¢>,2 | w(f)
o——o o———e
and finally (741(f) on tn(9(f))) 02 (1 (f) on 74,1(9)) = 76,1(f9)
° °
(IO BT CEp—
1771 r = T¢,1(fgi o(fg)
Zv(f) 7_(;5,1(9) qf)(g) ‘_fg_>.
o——eo - °

The double category with connection that is the most familiar is the double category of all
possible square diagrams, commutative or not, in a given category C. It defines a functor
@ : Cat — DbCat. It has a canonical connection given by the identity isofunctor on C.
Its elements have the form :

The connection “acts” on squares by vertical, or horizontal, “conjugation”. It yields squares
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whose horizontal, resp. vertical, arrows are identities. The classical notion of commutative
square is that of a square that gives an identity when conjugated by the canonical connection.

f g fg
lm lg = Z(fg)
o — > *— ®

We will therefore define the notion of commutativity w.r.t. a connection in this fashion.
The remaining part of the section will be devoted to showing that it is precisely defined and
that it extends to all n-tuple categories.

Lemma 2.1.2. Let D be a double category with connection. Then the set D, of all squares
that are formed by composing identities and connections is a sub double category of D.
Moreover if A € D and d € D, such that Aoy, d, dop, A, Ao, d or do, A is in D, then
Ae D,

Proof. The first claim is straightforward since it contains identities and composing squares
made out of identities and connections are themselves made out of identities and connec-
tions.

To prove the second statement we will introduce the dual representation of a double cat-
egory. In this representation we will draw the dual graph of the original one, i.e. we will
draw squares as points in the plane, vertical arrows as horizontal segments, horizontal ar-
rows as vertical segments and objects as areas. We will not draw points for identities and
connections.

original dual
b

a
[ ]

f
|
C._n>

@ e @

d
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original dual
a [ b f

@ ———me- G

id;

a1 °b
g

R

Then suppose that, for A € D, there exists Ae D, that can be written as A composed
with identities and connections. Then A can be dually represented as a diagram with a
single dot on a single crossing. For example :

— f

a b

— g
|c d

m n

We may now prove that there is a composite of elements of D_ that is equal to A. Consider
the previous graph to which you remove a ball at the origin. The result contains four non
crossing paths. Rotating these four paths by 72 about their respective endpoints farthest
from the origin yields a new diagram. On the example,it gives

step 0 step 1 step 2
| | _II=|

Then we may place the diagram for A back in the center of the diagram just obtained.
What we get is then just A.

f
] ;
al b al b
g = m g
C d C d
- n
m

O

Though there is a faster way of proving this theorem, this approach has the advantage
to be easily generalized to higher dimensions. What we defined as commutative squares in a
double category D with connection are then all the elements of D,. To define commutative
cube, we will need to define connections for triple categories.
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2.2 Double Groupoids

2.2.1 Structure of groupoids

In this section we present the structure of groupoids, as we developed it. Though it is
original work, we believe that the results are standard. As the definitions and techniques
extend to our study of higher groupoids, we believe that it is an integral part of the chapter.
See Weinstein [58] and Brown [14] for a general introduction to groupoids that show their
importance in different fields and Higgins [36] for a more thorough treatment of the subject.

Definition 2.2.1. A groupotd is a category where all morphisms are invertible. It is
connected if every homset is nonempty. It is discrete if all morphisms are identities.

With regards to this definition a group is a groupoid with one object and a group bundle
is a groupoid whose arrows never have a different source and target.

Lemma 2.2.1. Let G be a groupoid, then it is the disjoint union of connected groupoids

Proof. Let G be a groupoid and suppose that G(a,z) = (). Then G(a,b) # () implies
G (b, z) = (), otherwise composition gives an arrow a — z, giving a contradiction. O

Definition 2.2.2. Let X be a set, then the coarse groupoid X on X is the groupoid with
X as objects and 0X (a,b) = {a%}, i.e. every possible homset has a unique element.

Let G be a groupoid, and Il : G — OG,, be defined by II(f) = ab, for f € G(a,b). Its
image 1s called the frame BG of G. A groupoid is slim if it is isomorphic to its frame.
The core G, of G is the subgroupoid of G consisting of arrows whose source and target are
identical.

In summary, the projection II collapses Homsets to only keep source and target, in other
words it is a bundle :

a b C
* m
a C

The core of G, on the other hand, retains the information on what the ”fibers” look like.

Lemma 2.2.2. Let G be a connected groupoid, then its core is a principal bundle and its
frame is coarse.

17



Proof. Let a,b € G, and pick f € G(a,b). Then f~'o () o f: G(a) — G(b) is an isomor-

phism of groups whose inverse is f o (_)o f~!. Since G is connected, G(a ) ~ G(b) Va,be
G,,oving that its core is a principal bundle. Moreover, since G(a,b) # 0Va,b € G, the
projection is on its frame is onto and full, i.e BG = UG. O

Theorem 2.2.1. Let G be a groupoid, then every section ' of II : G — BG in Graph
defines a unique isomorphism of graphs:

P . G.txs.g—)g

Moreover there exists a unique groupoid structure on G¢ X s BG that makes ® an isomor-
phism of groupoids.

Proof. Assume a section | : BG — G in Graph, then for f € G(a,b), there exists a

unique uy € G(a,a) defined by uy := F((ab))™! such that f = uf!(a%). This shows that
f !
a b a a b
Q(f) = (uy, a?a) defines an isomorphism of graphs and since it is the identity on objects, it
lifts to an isomorphism on the pullback G; X, G of the target and source map. Then the

multiplication m on G defines a multiplication # on G4 x, MG by (®"®) " 'm®. Similarly
it defines an identity +' by 1®. The picture is the following :

The axioms for associativity and unit follow from ® being an isomorphism of graphs. [

Corrollary 2.2.1. Let G be a connected groupoid with a chosen fiber bundle structure on
its core with fiber G. Then every section * of 11 : G — UG, in Graph defines a unique
isomorphism of graphs:

o G x0G, — G

Moreover there exists a unique groupoid structure on G x UG, that makes ® an isomorphism
of groupoids.

Loraph morphism ! : G — G that is the identity on objects
2graph morphism ! : MG — G that is the identity on objects

18



Define the following notation : u = (u, ab) € Gy x, BG.

Lemma 2.2.3. The above defined composition is given as :

ug g, = (u(ab)og,:)

ac

by two maps :
o -BG, x;G, — G, -:BG) x;Ge = G

such that ab— : G(b) = G(a) is a group isomorphism and that the following identities are
satisfied:

ab e (@1) (g ) ™
—1
b5 Paeca( P i)

)

$(Pgpm) = a ab—(be—w)

=0
Sy = Danit (ab-og o) = ¢

Moreover the identity is given by 7' (a) = ((Pan.aa) ") da-

Proof. ¢ is defined by : eg#ey = (¢4 ) ae, Or in pictures :
! ! !
7 N = = ¢a7;,b2 N T\
a b c a a ¢
It encodes how much the section fails to be a section of groupoids. — is defined by :
UV = (u(ab—'v))cfb#ebz, or in pictures :
! !

7\ u _ a_[;_'u 7\
a b b A a b

or equivalently : ab—w := (lab) u (lab)™ . So that indeed, the above composition is given by
o1 of :
! !

u(l,b#vb,c —— >, .b—)b .

a a C

! !
u a—v /\
a ) T a (—\'C
|

U a—v (ba,b,c /\

a a a a C
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Associativity in G imposes the claimed relations on > and ¢, via the following :
|

O\ Y !
a b b b

! !
/\ u
a C C
|

! !

a b [€ d

Moreover !(da)!(ab) = b ,C;b!(aﬁb) shows that ¢, 5 =!(aa) for all b € B, hence the last
condition. Now we can see that the identity ¢ of # is given by ((¢sa.da) " )aw = @1 (id,),
via :
! ! !
Z/(CL) /\ /\ . id, /\
a A a b A a b
]

This shows that necessary and sufficient information needed to describe a groupoid is
given by its frame, its core, and two special maps.

Corrollary 2.2.2. Let G be a group and B a set. Then connected groupoid structures on B
with fiber G are given by pairs of maps

p:BxBxB—G p:BxBxG—G

such that p(a,b, ) is a group isomorphism and that

pa,b, p(b,c, g)) = ¢(a,b, c)p(a, ¢, 9)(a,b,c) ™
pla, b, ¢(b, cd)) = ¢(a, b, c)p(a, ¢, d)p(a, b, d) ™
o(a,a,b) = ¢(a,a,a)

Corrollary 2.2.3. Let (B,G,p,¢) and (B,G,p, ) be two groupoids on a pair (B,G) as
defined above. Then they are isomorphic if and only if there is a map I' : B x B — G
satisfying :

F(“? b)ﬁ(a: b, 9) = p(a, b, g)F(a, b)
[(a,b)p(a,b,I'(b,c))p(a,b,c) = ¢(a,b, c)I'(a,c)

Proof. Suppose that you have two sections ! and ?, then define I ; :=?(ab)(!(ab))~ . The
above relations come from transforming ? to ! in the following pictures :
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O

Remark that being given one such groupoid, all equivalent groupoid structures on (B, G)
can be constructed from it by any map I' : B x B — G. Without loss of generality, one can
then consider that !aa = id, and the axiom ¢ = ¢ g becomes ¢ 1d,.

aa,ab aa,ab —
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2.2.2 Definitions

Definition 2.2.3. A double groupoid is a (strict) double category where every square has
both horizontal and vertical inverses®. A double group is a double groupoid with a single
object.

To save time and space, we will take the convention not to represent objects any more
unless absolutely necessary, and we will let the orientation of the page determine what is
horizontal and what is vertical. The picture then becomes :

—_—

)

—_—

The boundary groups of a double group are far from determining it. Further studies of
double groupoids will tell us what extra structure they embody.

Definition 2.2.4. Let 7 be a double groupoid, then:

e [ts core groupoid T, is the diagonal groupoid of elements of T whose targets are
identities. They are squares of the form :

whose multiplication is defined by :

— 2]
L iz

e [ts core bundle T, is the sub groupoid of T, whose boundaries are all identities. It is
a group bundle over the objects whose elements are squares of the form :

]

3Note that consequently vertical and horizontal arrows are invertible as well.
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e [ts core diagram is the following diagram of groupoids:

—_—

e U ~ 7 o
N ]
Lemma 2.2.4. The core groupoid is a groupoid.

Proof. Identity and associtivity follow from the double category axioms. Let X € 7, such
that f := s;,(X), then X! := X~"o,id;. Then

-1

Fra|f
- ‘ N
f—l l 1 ffl
9l g 9L g
— Xhf X X
- - -
AR X
S/ 1 Y9,
[l 1f] x X
1 Y
proves that X has both a right and a left inverse, and therefore is invertible. O

Core groupoids appeared in [18] by Brown and Mackenzie, where they show that a certain
class of double groupoid is determined by their cores. Note that it is not the case in general,
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though it provides a great deal of information. Let’s consider the simplest non trivial core
diagram of a double group:

{6}/{6}\{6}/22
NN,

Then there are two double groupoids having it as a core groupoid. Since there is only one
non-identity arrow in each direction, it will not be labelled. The smallest one has only

RN

The other one has one more square that is its own inverse :

N

Remark that any other square would impact the core diagram. The situation becomes more
complex as the core diagrams involve bigger groupoids but even such a simple example
makes the point. Let’s analyse the core diagram further.

Lemma 2.2.5. The core bundle of a double groupoid is an abelian group bundle over its
objects.

Proof. This is the celebrated Eckmann-Hilton argument :

This first step shows that the horizontal and vertical compositions are identical and cor-
respond to the composition in the core bundle. If we continue to exploit the existence
and uniqueness of identity squares on objects and the interchange law, we get the result
announced.
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Note that we are literally rotating A and B around each other. O

In [6], Andruskiewitsch and Natale show that a special kind of double groupoid called
vacant, corresponds exactly to factorizations of groupoids, which in the group case can
also be found in literature as matched pair of groups, bicrossed products, knit products or
Zappa-Szep products of groups [3, 4]. A matched pair of groups is a pair of subgroups H,K
of a group G such that each element of G can be uniquely written ¢ = hk for h € H and
k € K. A matched pair of groups is isomorphic to a bicrossed product of the same groups,
written H X K. The rest of the section will extend the result to a bigger class of double
groupoids. Let’s recall the definition of vacancy.

Definition 2.2.5. A double groupoid is vacant if any pair of possible horizontal sources
and vertical targets is the boundary of a unique square.

The following definitions will help refine the notion:

Definition 2.2.6. A double groupoid is slim if its core bundle is the trivial bundle. It is
exclusive if its core groupoid and its core bundle are identical.

Remember that the core bundle is a totally disconnected subgroupoid of the core groupoids,
the one whose square have all boundaries identity arrows. Slim double groupoids have at
most one cell per boundary, as the next lemma shows, so the only data they contain is which

boundaries correspond to a square, in other words a slim double groupoid is a special subset
of Hx HxV xV.

Lemma 2.2.6. Let 7 be a double groupoid, X,Y € 7 with the same boundary. Then there
exists a unique element uxy in the core of T such that :

— ’UJX,yll
B
|
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Proof. Defining ux y by :
— ———>
f l X l Y—hl f
Uxy = _—

) e

and using inverses to isolate X yields the claim. O]

Corrollary 2.2.4. A double groupoid is slim if and only if there is at most one square for
a given set of boundaries.

Exclusive double groupoids may have many squares for a given boundary condition but
this boundary is completely determined by the knowledge of two of its boundaries, one of
each type, as the following lemma shows.

Lemma 2.2.7. Let 7 be a double groupoid, X,Y € 7 with the same targets. Then there
exists a unique element txy in the core groupoid of T such that :

— ——>

s
ut e

—_—

f

Proof. Just as in the previous lemma, defining ¢xy by :

—_—

_ _hl le—hlk

tX,Y = _—
J k‘ll idg lk—l

and using inverses to isolate X yields the claim. O

Corrollary 2.2.5. A double groupoid is exclusive if and only if the boundary of its squares
is determined by one of their boundaries of each type.

Proof. Suppose two squares share one boundary of each type, then one of their inverses
(horizontal, vertical or both) will share both their targets. By the above lemma they also
share their sources. Using the same inverse again yields the result. O]

Definition 2.2.7. A double groupoid is maximal if any pair of vertical-horizontal arrows
is the target pair of a square.
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In the example we gave earlier, both double groupoids were exclusive but only the second
was maximal.

Lemma 2.2.8. A double groupoid is vacant if and only if it is slim, mazimal and exclusive.

Proof. By the above lemma it is slim and exclusive. A simple use of vertical inverses show
that it is maximal as well. O

A better definition for maximality would be the following:

”A double groupoid is maximal if it is maximal in the poset of double groupoids sharing a
given core diagram.”

But it is yet to be proven that these definitions are equivalent in the case of exclusive double
groupoids, which brings us to the problem of determining how many different exclusive
double groupoids exist for a given core bundle. It is an open question and is reserved for
further research.

Exclusive double groups are interesting in their own right and the next section will provide
a prime example of these. The following theorem is original and motivated the example.
The definitions needed to understand its statement are to be found in the proof.

Theorem 2.2.2. Mazximal exclusive double groupoids equipped with a section over their
frame are in one to one correspondence with fibered semi-direct products of an abelian group
bundle with a matched pair of groupoids.

Proof.

Definition 2.2.8. Let 2-sub be the category whose objects are ordered triples (G, H, K)
consisting of a groupoid G and two of its subgroupoids H and K, and whose arrows f :

(G,H,K) — (G',H',K") are functors f: G — G’ such that f(H) C H and f(K) C K.

Definition 2.2.9. Let (G, H, K) € 2-Sub, and define I'(G, H, K) as the double groupoid
defined by :

e The horizontal arrow groupoid is H.
e The vertical arrow groupoid is K.
o There exist a square with sources (h,k) and targets (b, k') if anf only if hk' = kR

We will denote a square by its defining identity. Also, for f : G — G' € Gpd a functor we
define T(f) : T((G, H, K)) — T((G, H, K')) by T(F)(hK = kR) = (F()F(F) = F(R)F(R)
Lemma 2.2.9. T" is a functor 2-Sub — slimDblGpd.
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Proof. First let’s prove that I'(G, H, K) is a double category. Consider the squares hk’ = kh’/
and jk"” = k’j', then the horizontal composition of the two is the square (hj)k” = k(h'j’),
which is well defined since hjk” = hk'j’ = kh'j’. The vertical composition is defined
similarly by (hk' = kh') o, (R'E" = E"L") = h(K'K") = (kk")h" and associativity follows
from associativity in G. Identities are given by he = eh and ek = ke where e is the identity
of G. Now since the targets of I' are slim, functors between them are defined by their values
on the boundaries, which are given by functors. I' then sends a functor to its restrictions
on the given subgroupoids, which is done functorially. O]

Lemma 2.2.10. The following are true :
e I'(G,H, K) is exclusive if and only if H N K 1is discrete.

e I'(G,H, K) is mazimal if and only if HK = KH

Proof. The core groupoid of I'(G, H, K) is composed of squares he = ke, hence it is H N K.
When the latter is discrete, the double groupoid is exclusive and vice versa, which proves the
first claim. Now squares exist if they correspond to elements of HK N K H, then hk ¢ KH
if ands only if there exist no square hk = ---. If there exist such a square for every pair
(h, k), the double groupoid is maximal. ]

Definition 2.2.10. Let VacDblGpd be the category of vacant double groupoids and
2-matchSub the subcategory of 2-Sub that satisfy the above conditions. Then
I': 2-matchSub — VacDblGrp has a left adjoint A

Proof. Let T be a vacant double groupoid, X, Y be squares in 7. Define 7 to be the groupoid
whose objects are objects of 7 and arrows X : a — b are squares X with s;s,(X) = a and
tht,(X) = b. Composition is given by the following : if composable, XY is be the unique
square in 7 having a barycentric subdivision with X in the upper left and Y in the lower
right. The existence of such a square is guaranteed by maximality and its uniqueness by
exclusivity and slimness. The same argument guarantees associativity and identities are
given by 2, := 1,(1,(a)).

A(T) := (T, 2,(7h), 2(7y)) defines the functor on objects and A(7) € 2-matchSub since the

following is true in 7 :
r X |1 o
o1 | | X

For a double functor f : 7 — 7/, the corresponding functor A(f) is given by A(f)(X) = f(X).
Since double functors preserve identities, A(f) € 2-matchSub.
The adjunction is then given by the isomorphism

¢ : VacDblGpd(7,['(G)) — 2-matchSub(A(7), (G, H, K))

such that if F'(X) = (hk" = kh') then ¢(F)(X) = hk’. To see that it is indeed invertible,
recall that if (G, H, K) € 2-matchSub, then any element of HK can be uniquely written
as an element of K H and therefore correspond to a unique square in I'G. O
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Lemma 2.2.11. Let 2-Match be the full subcategory of 2-matchSub such that (G, H, K) €
2-Match <— G = HK. Then A’s image is in 2-Match and the above adjunction is an
equivalence of categories.

Proof. We have already shown that the image is what is claimed, but to show that the
adjunction is an equivalence, we need to show that its unit and counit are isomorphisms.
Let v: 7 — I'(A(7)) and n : A(I'(G)) — G be the adjunction’s unit and counit. Then they
are given by

and are both iso. O

This proof can also be found is [7], and it shows that vacant double groupoids are in
correspondence with factorizations of groupoids. In the group case it means that vacant
double groups are in correspondence with bi-crossed products of groups, matched pairs of
groups or Zappa-Szep products of groups, as all appear in the literature. We now need to
remove the slimness condition.

Definition 2.2.11. Let MaxFExcl be the category whose objects are sections of mazimal
exclusive double groupoids over their frame and whose arows are section preserving functors.
Let 2-semst be the following category :

e objects are quadruples (G, H, K, A), where (G, H, K) € 2-matchSub and A a totally
disconnected abelian subgroupoid of G such that hah™ € A, kak™' € A and AN H =
AN K is discrete.

e arrows are functors sending the subgroupoids into their counterparts.

Given such a quadruple, one can build a double groupoid with a canonical section the
following way : squares are pairs (a,hk’ = kh’) such that s(a) = s(h) and the section is
(hk" = kh') — (e, hk’ = kh'). Composition is given by

(a, hk' = kh') op, (b, h"K" = K'R") = (ahbh™", (hh" )K" = k(K'E"))
(a, hk' = kh') o, (b, K" = k"h") = (akbk™", h(K'K") = (kK")h"))
Identities are (2(za), he(b) = 2(a)h) and (2(2a),2(a)k = ku(b)) and associativity boils down to
hbh~*(hh'c(hh')~") = hbh'ch'~*h™*
= h(bh'ch’~ ") ™!
and inverses are given by
(a,hk' = k)™ = (b *a 'h, b 'k = K'B'7Y)
(a,hk' = kb)) = (k" 'a 'k, WK~ = k7 'h)
An arrow f € 2-semi then defines a double functor by f(a, hk" = kh') = (f(a), f(h) f(K') =
f(R)f(R).
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Lemma 2.2.12. Let I' : 2-semi — MaxzFExcl be the functor defined above, then there
exists a functor A and an isomorphism ¢ such that (A, T, @) is an adjunction. Moreover,
restricted to the full subcategory of 2-semi whose objects are such that G = AKH, the
adjunction is an equivalence of categories.

Proof. Given a section ! : BT — 7 of a double groupoid over its frame, maximality and ex-
clusivity ensure that, for given squares X and Y, there exist a unique square with subdivision

i

Just as in the case of the core groupoid, this defines a composition on the set of squares of
7. When ! is a double functor this composition is associative and unital. Moreover it then
has inverses given by

X7 =0y (tn(X) ™)X 0y (50(X) ™) = (8o (X)) X Vu(50(X) ")

and hence defines a groupoid.
Since arrows in MaxExcl preserve sections, it preserves composition of the above defined
groupoid and the process defines a functor A as claimed. Now

¢ : MaxExcl(7,T'(G)) — 2-semi(A(7),G)

is given by ¢(F)(X) = ahk’ if F(X) = (a,hk’ = kh'). To see that it is invertible, we need
to recall a previous lemma that shows that X = a(!/(II(X))) in A(7) since X and !(II(X))
have the same boundary.Therefore f € 2-semi(A(7),G) <— f(X) € AHK C G, in which
case corresond to a unique square in I'(G), proving the adjunction claim. Now suppose that
G = AHK, then maps in 2-semi(G,A(7)) give uniquely maps in MaxExcl(I'(G), T) by
(ahk’") — X being sent to (a, hk' = kh') — X. O

This finishes the proof. O

2.2.3 The Poincare Group

To get to interesting examples, we chose to reduce our attention to double groups, in which
case, the last chapter taught us that the structure of a vacant double group is a bicrossed
product of groups. A very special case of such a decomposition is given by the Iwasawa
decomposition of semisimple Lie groups, also called K(AN) decomposition for the subgroups
appearing in the decomposition are usually denoted K, A and N. For more information on
Lie double groups, see Brown and Mackenzie [18].

There is a Lie group that is very special to any theoretical physicist : the Lorentz group,
SO(3,1). It is the group of symmetries of Minkowski spacetime in special relativity, i.e. the
linear transformations of R* preserving the diagonal matrix diag(-1 1 1 1) while fixing the
origin. It contains rotations of euclidian space and ”"boosts”, together with combinations of
them, and while rotations form a subgroup, the boosts do not. Its K(AN) decomposition
decomposes SO(3,1) accordingly, as shows the following lemma :
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Lemma 2.2.13. The Iwasawa decomposition of SO(3,1) is given by the following subgroups:

0 0 0 O
0 0 a b
K = exp{ 0 —a 0 o la,b,c € R} ~ SO(3)
0 b —c O
[0 a 0 0
a 0 0 0
A= exp{ 000 0 la € R} ~ S0O(1,1)
0000
[0 0 a b
0 0 a b
N = e:r;p{ 4 —a 00 la,b € ]R}
b —b 0 0

This result can be found in the book of J.Gallier [31] amongst others. Keeping AN

as a single subgroup gives a bicrossed product presentation of the Lorentz group, which
corresponds to a unique vacant double group. This vacant double group has boundary
groups SO(3) and SO(1,1) X N.
But just as the isometries of Euclidian space consist of rotations and translations, the
Lorentz transformations form only a subgroup of the isometries of Minkowski spacetime:
the Poincaré group. This group has then a canonical presentation as a semi-direct product
between the Lorentz group and the group of translations in R*, which is abelian. We can
then infer :

Corrollary 2.2.6. The Poincaré group has a decomposition of the form :
Poinc ~ (K X (AN)) x R}

This decomposition is therefore represented by a maximal exclusive double group whose core
is (R*,+) and boundary groups are SO(3) and SO(1,1) X N

The corresponding maximal exclusive double group under the equivalence of the theorem

has the following core diagram :
SO(

SO(1,1) X N

3)

/Ri\
Ri\ /Rﬁ
R!
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Schematically the roles of the different groups are summarized in the following picture :

50(3)

SO(1,1) M /ir RY

As claimed in the introduction, the presentation of the Poincare group as a double group
has the very attractive property that the translations, the boosts and the rotations are
kept distinct. Moreover, it is expected that maximal exclusive triple groups would allow to
separate SO(1,1) X N. Of course, other Lie group decompositions of the Lorentz group can
be considered and would give other double groups.

2.2.4 Hyperplatonic solids

In our previous examples, we have considered very simple core groupoids, namely ones that
were no bigger than the core bundle. But what about the remaining cases? Remark that,
in the case of double groups, the core groupoid is, up to isomorphism, fully determined by
the span of groups :

TJ
Th Ty

Indeed, taking the kernels of the projections and then the pullback of the obtained cospan
reconstructs the core diagram up to isomorphism. This brings us to the following charac-
terization :

Lemma 2.2.14. Core diagrams of double groups are in one to one correspondance with
exact sequences

{e} 2 A—-G— HxXxK

where G, H, K € Grp and A € AbGrp.

Proof. By universality of the pull-back that is given by the product, we have a unique arrow
T, — Tp X Ty, as shown in the picture :

!

T, >Tp X Ty

N

Th Ty

But the kernel of this map is the group of squares with horizontal and vertical sources trivial,
i.e. the core bundle. This gives the exact sequence {e} — 74 — 7, = 75, X 7, and proves the
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equivalence one way. For the other way, the projections of the product recover the span,
from which we get the cospan on G by taking kernels. The span on A is recovered using the
universality of the fibered product P x4 @), as shows the picture :

/\/

PXGQ< ........... HxV

~TAL

Corrollary 2.2.7. Core groups of slim double groups are in one to one correspondence with
exact sequences

]

{e} =7, > 1 %7,

In other words slim core diagrams correspond to subgroups of the product of the hori-

zontal and vertical groups. This is particularly interesting in the light of the recent work
of Ma [47]. It seems that discrete symmetries may play an important role in upcoming
theoretical physics.
In fact, regular and semi-regular polytopes in n dimensional Euclidian space can be studied
from the finite subgroups of SO(n), as shown in Coxeter’s book [20]. For n = 4, it exhibits a
behavior that doesn’t exist in other dimensions. Indeed, the following lemma can be found
in the literature, for example in [56] .

Lemma 2.2.15. There exist a short exact sequence :
{e} = Zy — Spin(n) — SO(n) — {e}
Moreover, when n = 4, there is an isomorphism Spin(4) ~ SU(2) x SU(2).

This shows that subgroups of SO(4) correspond to some subgroups of SU(2) x SU(2) b
considering the preimage. The study of such subgroups was done by P.DuVal in [25] where he
shows that they are classified by group isomorphisms A/Ay — B/By where Ag << A C SU(2)
and By < B C SU(2). Putting the pieces together we understand that regular polytopes
in dimension 4 give us, through their groups of symmetry, core diagrams of double groups.
It is an important question to determine what or how many double groups share the same
core diagram. We have managed to dodge this difficulty until now thanks to the availability
of maximal double groups in the exclusive case but the question gets more complicated
for arbitrary core diagrams. This done, we will be able to understand which ones are of
significant importance for the regular polytopes. Moreover it would classify double groupoids
and is seen by the author as constituting a possible program for future research.
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Chapter 3

Higher Cubical Categories

As chapter 2 gave a precise example of what we will call higher cubical categories, the
dimension two case, the present chapter will develop the theory in all generality. Remark
that though there are examples of double categories in the literature, it is very hard to find
references to triple categories. Yet the notion was introduced by Ehresmann in 1968 in an
article called ” Categories structurees généralisées” [26]. To show the theory in all its grace,
we believe that it is more elegant to use the notion of internalization, contrary to what we
did in the first chapter. Weak triple categories will be needed to describe cobordisms with
corners before we may quotient to obtain a double category just as for the usual cobordism
category we start with a weak double category of cospans and isomorphisms and quotient
it to get a category, which we will explain in Chapter 4.

3.1 Internalization

Families of algebraic objects such as monoids, groups, rings, modules, algebras et cetera
are defined as sets with extra structure. The axioms of these structures can be expressed
diagramatically, with arrows being maps of sets. But thought of as abstract objects, these
structures can be defined using the same diagrams in other categories, not just Set. This
process is called internalization and it is the topic of this section. Let’s start with a
“philosophical lemma”

Note that the construction of internal structures has a reflexive property :

Lemma 3.1.1 (Philosophical lemma). Let C be a small category. Let Object 1 be be the
category of internal (Structure 1) in C, Object 2 the category of internal (Structure 2) in
C. Then an internal (Structure 2) in Object 1 is equivalent to an internal (Structure 1)
in Object 2.

Proof. Some internal object can be viewed as a functor from a certain category, representing
the diagram. In this case the category Object 1 of (Structure 1) in C can therefore be

assimilated to C* for some category A. Similarly the category Object 1 of (Structure 1)
in C is can be assimilated to C? for some category B. Then the category of (Structure 1)
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in Object 2 is (C?)* and the category of (Structure 2) in Object 1 is (C*)®. Or since
Cat is cartesian closed (CP)4 ~ (CP)4, as long as A, B and C are small. O

Already, from this analysis, some objects are getting our immediate attention. What
is an internal monoid in the category of monoids 7 What is an internal category in the
category of monoids, or equivalently an internal monoid in the category of categories 7
What is an internal category in the category of categories 7 What kind of special properties
have internal (Structurel) in Object 1 7 Understanding the last two questions will give
us answers to the previous ones.
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3.1.1 Internal categories

Definition 3.1.1. An internal category in a category C with pullbacks is a sextuple
(a,b,s,t,1,0), where :

e a and b are objects of C.

e (s,t,0,1) are arrows in C respectively called source, target, composition and identity
as in the picture :

where by, ym and m, are the pull-back of t and s.
b.z Ty .b
_

T S

b——F—-a

t

More generally b, is a chosen limit of :

NSNS
—

n-1 times
e some relations are satisfied:
a 1 b a 1 b by m b by o b
1d,) S id t ¢} t T S
a——p—"a a——p—"a b——F—"a b———"a
a a
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b idy"te b b siid, by by o my by

0 —-©

id o vdp o »o o
b_z-bb_'b b_ﬂ)b_°b br—re b

This diagrammatic definition taken in Set yields the usual notion of a small category.
Let’s take a few lines to show why this is the case. The set a is the set of objects of a
category, the set b its set of morphisms. The maps s and ¢, sometimes denoted d and ¢ for
domain and codomain, associate respectively a source and a target to the elements of b, the
morphisms. The set by, pullback of the pair (¢, s), contains pairs of composable morphisms.
The projections ,m and 7, give respectively the first and second elements of the pairs and the
map o is the composition. The map 2 selects an identity amongst morphisms with identical
source and targets for every object. The axioms are then in order, the source and target
axioms for identities, the source and target axioms for composition, the right and left unit
axioms and finally the associativity axiom. Remark that the source and target axioms are
a necessary condition for the unique maps used in the other axioms to exist.

3.1.2 Internal functors

Definition 3.1.2. An internal functor between two internal categories is a triple of
morphisms (Fo, F1, F):

such that all possible diagrams commute, i.e.:
b F b’ b Fy b’ {72 Fy .b’z {72 Fy .bé

S st t m Ty T p T

a o ‘a aT"a bT'b’ bT'b’
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TR o b

Note that since b, is a pullback, the first four conditions force F; to be the map factoring
»mF1 and m, F1, as shown in the following picture :

by

A
\/s?(/

Actually the definition should have a map between the chosen limits for any n but the
relations would impose that they all are the unique map given by the pullback. It will be
understood from now on that the induced unique arrow is written Fy := ,wF1" m, F}, or more
generally F, := ynF"..."mF] n times, and we will give a functor by a pair of maps only
F = (F(), Fl)

Lemma 3.1.2. Let A := (a,b,---), A" := (a',V,--+) and A" = (a",V",---) be internal
categories in a fived category C. Let F := (Fy, Fy): A — A" and G := (Gy,Gy) : A/ — A”
be internal functors. Then the functor FG := (Fy Go, F1 G1) : A — A” defines an associative
composition with identity (id,,idy) : A — A

Proof. Since a functor is a pair of arrows, associativity comes for free as long as the composi-
tion is well defined. But since pasting commutative diagrams yields commutative diagrams,
the above defined pair of arrows is indeed an internal functor. Now the pair (id,, id) is an in-
ternal functor since all diagrams commute trivially. Moreover (id,, idy)F = (id, Fy, idyF}) =
F, showing that it is an identity for (a, b, ---) with respect to this composition. O

Then, given a category C, one can build a new category IntCat(C) whose objects are
internal categories and arrows internal functors. IntCat(Set)= Cat, the category of all
small categories.

3.1.3 Internal natural transformations

As the real appeal for categories came with natural transformations, internal categories
should have little to say were we to stop here. The construction of natural transformations
on categories and functors allows us to generalize and define the notion internally.
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Definition 3.1.3. Given two internal functors F' and G, an internal natural transfor-
mation is a morphism w :

such that the following diagrams commute:

a w b a w b” b Fi"tw b
& S Go |4 swh Gy o/
a’ ) b, ‘b’

Once again the first two conditions allow the unique maps used in the third one to exist.
They are mere prerequisites for the naturality axiom to be stated, and once again they
concern the graph structure. For clarity, let’s draw the pullback diagram inducing F} " tw:
Note that Fy2 is a natural transformation between F' and itself. Natural transformations

N
=7
N

compose two different ways, usually called horizontal and vertical for reasons that should
soon become obvious.

Lemma 3.1.3. Let w : FF — G and v : G — H be internal natural transformations,

then w @ v := (w"y)o’ is an internal natural transformation F' — H. This composition is
associative and has identities given by F — Fyu.
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Proof. First let’s show that it is a natural transformation from F to H :

(we)s = ((Wy)o)s
(Wy)ym)s’
=ws = F,

(weomt' = ((Wy)o)t'
(W y)my )t

( (w )" Hy)o'

From the uniqueness of the pullback, we find that (F"G"H)((y,7o") my) = ((FTG)o')"H
and then :

(wey) oA = (((w)) A)e
= (W A) (w7 )’
= (WA (e (75,07 )0’
(W™ (47 A)"))e’
=we(ye))
Therefore the uniqueness of the pullback and the associativity of composition insure the
associativity of e. Finally,
(F()’L) oW = (F()er)ol
= ((ws'i")w)o
= w(s'i'Tidy)o’

= W

/
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w e (Gor) = (W Ggr)o’
= w(idb/'_t,i/)o/

=w
So that as claimed Fpz is the identity on F'. O]

Suppose now that you have the following situation :

F
—

]
L))

H,

Y
0 0

then one can create wy = wH, : FH — GH and 0 := Gof : GH — GK', which are
natural transformations as well, and compose them with the previous defined composition,
so that wo 0 := wy e 0.

Lemma 3.1.4. The above constructed composition is associative and unital.

Proof. Let w: F—-G,0: H— K andn: L — M, then :

wHﬂGO )o’ L))" GoKon)o”

wWHL1Go0L1)o")"GoLgn)o"

leLﬂGOQLl"GOKOn)(l'_ o")o"
wWH1 L "Gof L™ GoKon)(o"™1)0"
(wH1L1—'G0((9L1'—K n)o"))e”

=wyr®g(0r®kn)

=wo(fon)

—~
—~

wol =wige gt
= (W™ Gy')o’
= (W wtd)o’
= w(id t)o’

= W

The left unit proof follows the same pattern as the right unit one. O

Lthis is the whiskering
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3.1.4 Emerging recursive phenomenons

Out of internal categories, functors and natural transformations emerges the picture of an
entity called a 2-category. It is a category-enriched category, i.e. homsets are actually hom-
categories and composition is functorial. Therefore Cat looks like the following:

Which is to say objects, arrows and arrows between arrows. This seems to give a hint
of a recursive process to define higher dimensional versions of categories as entities with
objects, arrows, 2-arrows between arrows, 3-arrows between 2-arrows etc... This is called
the globular approach and the weak case has been worked on notably by Ross Street, John
Baez and his students. For more information of the history of n-categories check [54, 10].
Higher categories of dimension n are then called n-categories. It has been shown by Ronald
Brown and Al-Alg that the approach we will be taking, the cubical approach, is in some
very precise cases equivalent to the globular approach. Although its name has everything to
do with the kind of pictures one draws when dealing with such objects, the recursive process
at play is to take internal categories in (_), starting with Set. The categories obtained are
called n-tuple (or multiple) categories, which are the same as n-categories for n = 1 but
become more and more general as n grows, always including n-categories as special cases.

3.1.5 Internal natural cells

The previously defined double categories, double functors and horizontal double natural
transformations are respectively internal categories, internal functors and internal natural
transformations in Cat. To recover vertical double natural transformations and compar-
isons, we need to use the fact that Cat is a 2-category. Let’s define them internally and
investigate their compositions. We will need the notion of pullbacks in a 2-category, which
is defined in [42]. For an arrow f in C, we will write idy for its identity 2-cell.

Definition 3.1.4. Given two parallel internal functors F' and G between internal categories
in a 2-category C, an internal natural cell w : F — G is a pair (wy : Fy — Go,w; :
Fy — Gy) of 2-cells such that :

(wy) oids = idg o wy
(wl) ¢) ldt = idtl O Wo
id, o (w1) = wp 0 idy

(we) 0 idy, = idyy o wy
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It is represented by the following picture where all possible diagrams commute.
and the previous notation ws := ymw;" mpw; has been used. Remark that abstractly internal
natural cells look like higher dimensional functors.

Lemma 3.1.5. The compositions of 2-cells lifts to compositions on internal natural cells.

Proof. Let o be the horizontal composition in the 2-category, o, its vertical composition.
Let F,G and H,K two pairs of parallel functors such that F' o GG is defined. Then for two
internal natural cells § : F — G and v : H — K, the composite S o7y := (fy 070,51 071) is
an internal natural cell.

(Boy)ios" =(from)os" =pro(yo0s")=pro(s o)
= (Bros") oy = (s0f) o =50 (Bo)
=so(Bo7)

the proof for t and 2 follow the same principle, similarly for m :

(Boy)aom” = (Br092) om” = Fy0(yp0m”) = Byo(m o)
= (Baom') oy = (mofy) oy =mo(Biomn)
=mo (Bov)
associativity and units are then inherited from the composition in the 2-category. Now let
e be the vertical composition and « : G — L, if the composite 5 ® k := (3 ® kg, 1 ® K1) is

again a natural cell, associativity and unit of the composition will follow from the axion of
a 2-category. Or :

(Bor)ios = (Breky)o
= (Bios)e (/@103')
= (s00) e (s o ko)
=so(fer)

the proof for t,m and 2 follow the same principle. O

Note that internal natural cells share the same axioms as functors except that it involves
2-cells instead of 1-cells (arrows).

43



3.1.6 Internal comparisons

Definition 3.1.5. Given four internal functors F,G,H,J : C — D, two internal n.t.
w:F —Gand Q: H— J, and two internal natural cells 6 : G — J and A : F — H, an
internal comparison X : (w,0) — (2, A) is a 2-cell X : w — €, i.e.

(L)

such that the following diagrams commute :

s’ 4\’5

In the literature, comparisons may be found as well under the name modifications.
Note that internal comparisons share the same axioms as internal natural transformations.
Internal comparisons have 3 different compositions, all associative and unital that reduce on
the boundary to the three kind of composition that appeared for natural transformations
and natural cells.

Lemma 3.1.6. Let wy : FF — G, wo : H — J and w3 : K — L be internal natural
transformations, 61 : F — J, 0o : H — L, Ay : G — H and Ay : J — K be internal
natural cells, and X : (wy,01) — (wa, A1) and Q) : (w2, d2) — (w3, Ag) internal comparisons.
Then composing X to ) in their homcategory yields a new internal comparison X x%9) :
(w1, 01 % 9g) — (w3, A1 x Ay).

This composition is associative and has a unit.

Proof. Let x denote the composition of 2-cells along their boundary 1-cells. Then the axioms
are guaranteed by the following distributivity axiom on x. Let’s prove the commutativity
of the first diagram on X x 2).

(X *Q)s" = (Xs') x (D)
=01 %0

The other two identities are proved the same way. Associativity and unit follows from the
associativity and unit of x as a 2-cell. O]
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Lemma 3.1.7. Letwy : F > G, wy: K = L, v1 : G — H and v : L — M be internal
natural transformations, Ay : F — K, Ay : G — L and As : H — M be natural cells,
and X 1 (w1, A1) — (w2,As) and Y : (71,Q2) — (y2,A3) internal comparisons. Then
X o9 :=(X")d is an internal comparison (wy @ vy, A1) — (wo @Yo, Ag). This composition
1s associative and has identities given by o — dgt.

Proof. First let’s show that it is a comparison (w; @ 71, A1) — (wo @ Y2, Ag) :

(X0 D)s' = ((X7D))s'
(X™Y)ym)s’
=Xs' = (A1)o

(X eD) — ((XV))
((x™Y)my )t

(A" (t(X e D))o = ((

)
sXT(Ag)1)o")1Y)o’
171 (0" 1)’
ft@)( ) ’

o

VA
o
1
—~
>

no
~

—
A
~
3
\_/
—
\_/

sXTsY™(As)y )(1'_0/)0’
)" (As)1) (e 1)e!
5(36 )" (As)1)o’

From the uniqueness of the pullback, we find that (F"G"H)((y,7o") my) = ((FTG)o' )" H
and then :

\_/\_/

(((%FQJ) o)

= (X"Y73)((y,m") 7)o’
= (X7Y"3)(ym" (my0"))o’
= (X7((V"3)0")’
=Xe(YPe3)

Therefore the uniqueness of the pullback and the associativity of composition ensure the

(Xe)e3 = 3)e’
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associativity of e. Finally

(60r) @ X = (82" X)o
= ((X5"i")" %)
= X(s"i'Tidy)o’
=X
X o (Agt) = (XTAgr)o
= X(idy"t'i")o’
=X
So that as claimed g2 is the identity on ¢. ]

Suppose now that you have the following situation :

PPl

where Xt' = 79 and 2)s” = J, then one can create X; := Xd; and ) := v2), which are
comparisons as well, and compose them with the previous defined composition, so that

X0 =Xygesd.
Lemma 3.1.8. The above constructed composition is associative and unital.
Proof. Let X: (w,d) = (2,A), Y : (W, ) = (2, A") and 3: (W, ") = (2", A”), then :
(Xo)o3 = (X;0r)50an3
(30 7A0Y) o 6)" Ao Aj3)0”
(%0107 A0 d7)0")" Ao AG3)o"
X0107 A0 T AgAG3) (170")o"
X607 7 A0 AgAL3) (0" 1)0”
= (%0107 Ao (V51" Ap3)0"))0"
= Xsi5n  A(DK @ A 3)
=X0 (Y3
Xoid =Xgoal
= (X" Ay)o’
= (X" Xt)o
= X(id"t2')o’
=X

(
= (
(
= (
= (

The left unit proof follows the same pattern as the right unit one. n
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Internal comparisons have therefore 3 compositions, all associative with unit. Moreover,
these compositions intertwine each other.

When starting with a 2-category in place of a mere category, internal functors, internal
natural transformations, internal natural cells and internal comparisons are available. What
emerges out of this description is a “category” where Homsets are double categories and
composition is functorial, which is to say that dbCat is a dbCat-enriched category !

3.2 Degeneracies

From now on the projections from the pullback will be omitted in the picture, and hence
we draw an internal category in a category with pullbacks as :

There are two “degenerate” versions of a category. The first one happens when the source
or target morphism (s or t) is taken to be the identity.

Lemma 3.2.1. If any of s,t,v are identities then they all are and so is the composition.
The relations are then trivially satisfied.

Proof. 1f s = id, then condition 1 forces ¢+ = id and t = id follows from condition 2. The
projections from the pullback are then identities as well, which forces the composition to be
the identity. O]

Definition 3.2.1. An internal category whose defining morphisms are identities is called
discrete.

A discrete internal category in C is equivalent to an object of C. The second degenerate
case is the case where the object of objects, ”a” in our definition, is a terminal object. The
source and target morphisms are then unique and the structure becomes :
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Definition 3.2.2. An internal category whose vertices object is terminal is called an in-
ternal monoid.

Indeed we find that by = b x b and that o is therefore an associative multiplication on b.
The identity ¢ is equivalent to an element of b, its image, that acts as a unit with respect to
the multiplication and the whole structure is a monoid in the usual sense.

So, a category whose arrows are identities only is a set, whereas a category with only
one object is a monoid. These correspond to the two degenerate versions of a segment :

non degenerate degenerate
L L L L J
Category monoid  set

In the first one the vertices (objects) were collapsed whereas the second one has its edges
(arrows) collapsed. Similarly double categories will have degenerate versions corresponding
to the collapses of vertices, edges of same kind and surfaces. The list in pictures is :

non degenerate degenerate
. .
Y%
® ® uble
Double category Bl%nmd

=000
_— Q@

¢ ¢ (hJA%noidal S T t
2-Category ategory yl\r/[n(g?lgig

A

. ]
Category Monoid get

@)

As promised, useful and usual category theory entities appear as degeneracies, such as
2-categories, monoidal categories and symmetric monoids. The case of triple categories
has many more degeneracies , including all of the preceeding and amongst the rest some
familiar entities like 3-categories, monoidal 2-categories and symmetric monoidal categories.
The symmetrization appearing is the mechanism whose shadow is known as the Eckmann-
Hilton argument, as presented in Lemma 1.2. If one has a double category structure (or
substructure) where all edges are identities, then Eckmann-Hilton argument applies. Now

48



consider cubes whose only non trivial elements are two parallel faces and the volume, all the
rest being identities, then the above pictorial argument holds in a plane parallel to those
non trivial faces. It shows that a triple category whose only non trivial elements are squares
of one kind and cubes is in fact a symmetric monoidal category. Any structure we find in
dimension n, will appear with a monoidal structure in dimension n+1 and with a symmetric
monoidal structure in dimension n+2.

3.3 n-tuple Categories

The next step in the inductive process is to take internal categories in dbCat. The resulting
structure is called a triple category. It contains one kind of objects, three kinds of arrows,
three kinds of squares and 1 kind of cubes. General cubes look like :

————————M

N
P
——

*

—

|
|
|
|
I
|
|
\

and can be composed in three directions. The functoriality of the internal composition
ensures that the extra two interchange laws one can write are satisfied and that therefore
the subdivision of a cube into eight cubes gives a unique composition. As before, cubes have
a group of symmetries that acts upon the category TrCat of triple categories. Under this
action triple functors don’t change presentation. Triple natural transformations are sent to
triple natural cells, which are of two types since dbCat has double natural transformations
and double natural cells as 2-cells. This same fact gives us two choices for triple comparisons
though a third type appears : its diagrammatic description is identical to the one of internal
natural cells and internal functors but with “footballs” instead of 2-cells and arrows. It is
represented by the picture :

It is therefore some kind of 3-dimensional functor, just as internal natural cells were 2-
dimensional functors. Following the same scheme a new entity appears, it can be thought of
a a 3-dimensional natural transformation, just as comparisons were 2-dimensional natural
transformations. It has the form :
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It is defined using 8 triple functors, 4 triple natural transformations, 4 triple natural
cells of each type, and 2 comparisons of each type forming a cube. It can be composed in 4
different ways. Again we find that TrCat, the category of triple categories, is naturally a
triple category enriched category !

Lemma 3.3.1. The category of n-tuple categories is naturally enriched over n-tuple cate-
gories.

Proof. this was first proved by Ehresmann himself in [13] but can be found in more modern
language in [43]. O

It may be hard for the reader to deduce a direct definition of n-tuple categories from
the recursion of internalization alone. We therefore will give one now. Let [n] be the set of
integers from 1 to n, and for a nonempty subset I of [n] define I := [n] \ I. By abuse of
notation braces will be omitted in subscripts, for example n;; := nyg; and n; = npyp) gy

Definition 3.3.1. A n-tuple category € is a set

{€, {1}, {51}, {t:},{us} VI C [n] nonempty, {o;} Vi € [n]}
where :

e The following maps of sets are the source and target maps:
sitr €= Cpy VICJCn
The pullback of the pair (t;, s;) is denoted by >:
e The following maps of sets are the identity maps:

1 €y — Chur VJQ[TL] st. INJ =10

e The following maps of sets are the composition maps:

0;: & x & — & VI containing

o Sources, targets and compositions are compatible the following way:
8187 = SjuI trity = tyur

(s1 % sr)oj = (oj X 0j)s; (tr X tr)o; = (0j X 0;)t;
7 (2 J ¢
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o Compositions are associative and satisfy the interchange laws:

(05 X 05)0; = (0 X 05) 0; Vi #j € [n]

e 1; is an identity for the composition o; and o;(11) = (17 X v1)o; for all j & 1.
j

The elements of Cy, {€;} for I C [n] and € are respectively called objects, faces and
n-cubes.

Lemma 3.3.2. The interchange laws impose 1;1; = 11;, and therefore 117 = 150;1.

3.4 n-tuple groupoids

In this section, we develop tools to extend the results that we obtained for double groupoids
to higher dimensions. It is entirely original as there is no literature on the structure of
n-tuple groupoids. For this reason n > 2 for the rest of theis section.

Definition 3.4.1. An n-tuple groupoid is an n-tuple category whose n-cubes are invertible
in all directions.

The inverses will be denoted as follows, suppose that X is an n-cube, then its inverse with
respect to o; will be denoted X ~*. The interchange laws then ensure that (X )~ = (X 7).
We can then define the unique inverse X ~“*- of X in the combined directions i, j, k....

3.4.1 Barycentric subdivisions

Definition 3.4.2. An arrangement of n-cubes combinatorially equivalent to the one given
by excluding the subspaces x; = 5 for all i € [n] from [0,1]" C R"™ is called a barycen-
tric subdivision of the n-cube. Arrangements combinatorially equivalent to one found by
excluding the subspaces x; = 1/3 and x; = 2/3 for all i € [n] is called the division in
thirds.

With this definition in mind we can see the interchange law as ensuring that barycentric
subdivisions have a uniquely defined composition.

Definition 3.4.3. In the barycentric subdivision of the n-cube, the partition of a sub n-
cube is an ordered pair (A, B) of complementary subsets of [n] such that i € A if and only
if the i'" source of the sub n-cube is part of the barycentric division of the i'" boundary of
the original n-cube. The depth of a sub n-cube is the cardinality of B.

Then the n-cube adjacent to the source corner has depth 0 and the one adjacent to the
sink corner has depth n. Here are for example the 3-subcubes of depth 1:
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c".

source,_i_,

- sink

Every sub n-cube has n external boundaries and n internal boundaries and the i** target
of a sub n-cube with partition (A, B) is internal to the subdivision if and only if i € A.
Therefore an n-cube has 2n boundaries, n of which are internal.

Lemma 3.4.1. A sub n-cube of depth i has a common boundary (n-1)-cube with i sub
n-cubes of depth (i-1) and with (n — i) sub n-cubes of depth (i + 1).

Proof. Consider a sub n-cube Q, then ¢;(Q) is internal to the decomposition if and only if
J € Ag. Similarly, for another sub n-cube Q’, s,(Q’) is internal to the decomposition if
and only if J € Bg. Then defining R := Ag N By we can conclude that sg(Q’) = tr(Q)
and that for R C S C [n], ss(Q') # ts(Q). Therefore a sub n-cube @ of depth ¢ — 1 shares
a boundary (n-1)-cube with @’ of depth ¢ if and only if [Ag N Bgy/| = 1, or equivalently
Bg C Bg. Since |Bg/| = |Bg| + 1 = i there are i such n-cubes @ for a given @)'. O

Lemma 3.4.2. The intersection of an n-cube of depth i and the n-cube of depth 0 is an
(n — i)-cube. Its intersection with the n-cube of depth n is an i-cube. Together, these two
intersection contain edges of all n directions.

Proof. The sub n-cube « of depth 0 satisfies A, = [n], so from the previous proof we can
conclude that N a = sp, and has codimension |Bg| = ¢. Similarly if € is the sub n-cube
of depth n, Bq = [n], so the intersection @ N2 = t4, and has dimension |Bg| = i. O

Let X be an n-cube of 7 and consider a barycentric subdivision where X has depth n.
Place identities in all positions of positive depth. Then the squares that can be placed with
depth 0 must have all targets the identity on the source of X, i.e. :

t; = Z;(S[n} (X))

3.4.2 Core groupoids
Definition 3.4.4. Let 7 be an n-tuple groupoid and define

7, : = {n-cubes whose recursive targets are identities}

={X e 7[t:{(X) = 5 (tp(X))}
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Forw € 7, and X € 7 such that tj,)(u) = sp,)(X) define the transmutation of X by u,
denoted u - X, to be the n-cube accepting a barycentric subdivision with u of depth 0, X of
depth n and all others identities, as defined above.

For example, in dimension 3 a element of 7, looks like the following, where arrows without
heads and non colored squares are identities.

-———— e _p

Lemma 3.4.3. Let u,v € 7, then u-v € 7,. Moreover (7,,+,1) is a groupoid.

Proof. Let the sources and targets of arrows in said groupoid be the sources and sinks of
the n-cubes of 7,. First note that ¢;(u - X) = t;(X), so that v € 7, implies v - v € 7,. This
defines a composition on 7,. The associativity of this composition is a direct consequence of
the interchange law and the uniqueness of identities. Indeed, for u,v,w, € 7, (u-v)-w and
u-(v-w) are given by two different order of composition of the same 3x3x...x3 (n times) array
of n-cubes with u,v and w in order on the diagonal and the rest filled by identities. But as
the interchange laws insures that the two compositions are equal, associativity is proved.
The identities given by identity n-cubes on objects. It remains to prove that inverses exist
and uniqueness will follow.

To do so, consider an equation b(X) =Y where b(X) is a barycentric subdivision with one
indeterminate sub-cube X, then one can solve for X in 7. For example, in dimension 2, for
some fixed A, B,C,Y € T:

(Aop B)o, (Cop X)=Y
Cop X =(Ao,B)""0,Y
X =C""o, ((A op B)™ o, Y)

This proves the existence of left inverses in 7, since we can solve X -u = idt[n] (u) as all n-cubes
of non zero depth in X -u are uniquely determined by u. It is not the case for u- X, so a little
more work is needed to find a right inverse. We will give a proof by induction. Note that
in dimension 1 the core diagram of a groupoid is the groupoid itself, so the lemma is true.
Now for any other dimension if a right inverse u~! of u exists in 7,, then its i"* source is the
right inverse to the 7" source of u in the core of the i'® boundary (n — 1)-groupoid of 7 and
the boundaries of u - u~! are their product in it. Now all n-cubes of depth smaller than n in
u-u~! are either u itself or identity cubes uniquely determined by these boundaries inverses.
Hence supposing the existence of right inverses on the boundaries, the only indeterminate
inwu-ut= z'ds[n] () is the inverse, which proves the existence, by induction, of the right
inverse of u in 7. m
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Definition 3.4.5. The groupoid 7, is called the core groupoid of T

Let u € 7,, then the assignment v — u- defines an action of groupoids on 7y, the set of
n-cubes of 7. The next lemma shows that it is transitive on n-cubes with common targets.

Lemma 3.4.4. Let X, Y € 7 such that t;(X) = t;(Y), Vi, then there exists a unique element
uxy € T, such that

X:qu-Y

Proof. We prove this as we did in 2.2.7. Indeed since t;(X o, Y1) = 1(t;51(X)) for all i # 1,
(X 01 Y ™) op1(s1(Y)72)) 03 ¢(s12(Y)™3) - -+ ) € 7,. Using inverses to solve for X proves
the lemma. ]

Definition 3.4.6. Let 7, be the sub groupoid of T, composed of n-cubes whose boundaries
are all identities. It is called the core bundle.

Lemma 3.4.5. The core bundle is an abelian group bundle over 1y, the objects of T.

Proof. This is a generalized Eckmann-Hilton argument. N-cubes whose boundaries are
identities "slide” along each other. First note that for u,v € 7,:

u-v=uo;v Vi€ [n]

To see this, pick i € [n], u,v € T, and compose all n-cubes intersecting the i** source of the
big n-cube in the barycentric decomposition defining u - v. This will give you u since all
other subcubes are identities on the source of u. The rest of the subcubes compose to v and
therefore, by the interchange law, u - v = u o; v. Now pick two directions 7, j and apply the
following two dimensional argument in the plane 75 :

I - -

1 | B B

:>—<>—<:BA\
B | 1

which shows that v-v =wuwo;v =vo,u =120 -u. ]

Corrollary 3.4.1. Let X|Y € 7, then X and Y share all boundaries iff uxy € To.

Definition 3.4.7. A n-tuple groupoid is slim if its core bundle is trivial
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Corrollary 3.4.2. A n-tuple groupoid is slim iff there is at most one n-cube per boundary
condition.

Definition 3.4.8. A n-tuple groupoid is exclusive if T, = 7,.
A n-cube then belongs to the core groupoid if and only if all its faces are identities.

Corrollary 3.4.3. A n-tuple groupoid is exclusive if and only if the boundary of its n-cubes
are determined by one of their boundaries of each type.

Proof. Suppose that XY € 7 share a boundary of each type and define
I:={i € [n]|t:(X) # t:(Y)}

Then s;(X) = s;(Y)Vi € I. But in this case t;(X~ 1) = t;(Y1)Vj € [n]. But since 7
is exclusive these inverses have the same boundary, proving that X and Y have the same
boundaries as well. O

Lemma 3.4.6. Let 7 be a n-tuple groupoid. If all boundary i-tuple groupoids are slim and
all boundary double groupoids are exclusive then T is exclusive.
Moreover in this case the following is true :

H(X) = t;

K3 3

(V) Vien < X=u-Y foruer,

Proof. Suppose that 7;; is exclusive for all ¢, j € Z,,, then for X € 7,

t;(X) = Zi(S[n] (X))VZ € [n]
= Sjtgj(X) = Zi(S[n](X))Vi 7éj c [n]
= siptip(X) = (s (X)) Vi £ j # k € [n]

j oo
= 5;(X) = 1(sp(X)) Vi € [n]

Which shows that all 1-arrows of X are identities. Now since the boundary double groupoids
of 7 are slim, it shows that all sub 2-cubes of X are identities. Since all boundary triple
groupoids of 7 are slim, all sub 3-cubes of X are identities. Repeat the argument to dimen-
sion n-1 to prove that 7 is exclusive.

In this case, the above argument shows that all boundary i-tuple groupoids are exclusive
and slim. Therefore the boundary of an n-cube X € 7 is fixed by {t;(X)}, so if X and Y
share these arrows, they share their whole boundary and by a previous lemma differ by an
element of 7,, which in this situation is equal to 7, O

Definition 3.4.9. An n-tuple groupoid 7 is maximal if for any (f1, fo, -+, fn) s.t. fi €T
and t;(fi) =t;(f;) Yi,j € Z,, there exists X € 7 s.t. t:(X) = f;

Definition 3.4.10. An n-tuple groupoid is maximally exclusive if
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e all boundary i-tuple groupoids are slim for i > 1
e all boundary double groupoids are exclusive

e il is maximal
A n-tuple groupoid is vacant if it is slim and maximally exclusive.

Let X be an n-cube in a vacant groupoid then {t;},), the set of all boundary 1-arrows
targeted at the sink, determines X uniquely and such an X exists for any possible such
combination.

Lemma 3.4.7. Let 7 be a vacant n-tuple groupoid, X,Y € 7, then there exist a unique
n-cube X - Y in 7 that has a barycentric subdivision with X of depth 0 and Y of depth n.
Moreover (1,+) is a groupoid.

Proof. As mentioned above, all positions of any depth different from 0 or n have an internal
edge of each index shared with either X or Y. For example, in the case n = 3 a 3-cube of
depth 1 shares internal edges of two index with the depth 0 3-cube and of the third index
with the depth n 3-cube, as in the picture :

Since the n-tuple groupoid is vacant, these positions have a unique filler which proves that
the composition is well defined. Its associativity is guaranteed by uniqueness of fillers and
the interchange laws. Identities are identity n-cubes on source or sink.

Now to show that inverses exist, consider an n-cube X and place it in position 0. As depth
1 cubes’ intersections with X are (n-1) cubes, they only need one arrow in the direction not
contained in the shared boundary to be determined. But for X to have an inverse, the n-cube
Q of depth 1 whose yet undetermined arrows in direction i needs to satisfy s;(Q) = s;(X) 1.
That determines uniquely all depth 1 n-cubes. From a previous lemma depth ¢ cubes share
at least two boundary (n — 1)-cubes with depth (i — 1) sub n-cubes, for ¢ > 1. This fact
determines inductively all subcubes of depth greater than 1. Their composition is a n-cube
with a boundary arrow of each type being an identity and is therefore 1}, (sn (X)), showing
that X has a right inverse.

But since (X - V)™M = X~ .y ="l 5 right inverse to X [ is a left inverse to X, proving
that X is invertible. O
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3.4.3 Equivalence with factorizations of subgroupoids

Let nGpd be the category of n-tuple groupoids and n-tuple functors and let nSub be the
category defined by :

e Objects are (n + 1) tuples (G, Hy, Hy,--- , Hy,) where G is a groupoid, {H;}c[,) are
subgroupoids.

e Arrows are functors f : G — G’ such that f(H;) C H] Vi€ [n]

In this subsection we will build an adjunction between the two categories and find subcat-
egories on which the adjunction restricts to an equivalence of categories. First we build a
functor I' : nSub — nGpd

For a (n+ 1) tuples (G, Hy, Hy,- -+ , Hy,), let I'(G, Hy, Hs, - - - , H,) be the n-tuple groupoid
defined by:

e Objects of I'(G, Hy, Hs, - - - , H,,) are objects of G.
o I'(G,Hy,Hy, -+, Hy,); = H,.
e n-cubes are commutative cubes, to be defined below.

Let K be the set of all possible cubes that would comply with the first two conditions. Each
path from the source object to the sink object of an n-cube gives a sequence of composable
arrows in G, with each arrow in a different subgroupoid. Each path then defines a map of
sets K — G by composing the sequences. The n-cubes of K that have a constant value
under all paths are the cubes of I'(G, Hy, Ha, -+ , Hy,).

Lemma 3.4.8. I'(G, Hy, Hy, - -+ , H,) is a n-tuple groupoid.

Proof. The idea behind this proof is that pasting commutative diagrams along common
boundaries produces other commutative diagrams in an associative way. O

Suppose that F : (G, Hy, Hy,--- ,H,) — (G', Hy, H},--- , H) is a subgroupoid preserv-
ing functor, then we can define I'(F) as the n-tuple functor such that I'(F); = F|g,.

Theorem 3.4.1. Let I C [n] have at least two elements, then
e I'(G,Hy, - ,Hy,)y is slim
o I'(G,Hy, -, H,)s is exclusive if and only if iQIHi is discrete
o [fI'(G,H,y, -, Hy,) is mazimal then

Hg(l)HU(g) <. Hg(n) =HHy,---H, VYoeSs,
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Proof. By definition a n-cube exists in I'(G, Hy, -+ , Hy,) if and only if it is a commutative
diagram in G. It is therefore uniquely defined by its boundary arrows. With the help of
identities this proves the first part.

For the second, note that by definition:

X e (N(G Hy,-+  Hy))a <= s;(X) =s5(X)Vi,jel

which if (F(G, Hy,--- H,) 1)_| is exclusive are all forced to be identities and vice-versa,
proving the second part.

For the third part, note that by use of inverses, maximality shows that for any composable
n-tuples hihs - - - hy, of HyHy - - - H,,, there is an n-cube X with a path source-sink whose " ar-

row is h;. But as cube of I'(G, Hy, - - - , Hy,) correspond to elements of N Hy1)yHy(2) -+ Hon)

O'GSn

the third part is proven. O

Definition 3.4.11. Let nMatchSub be the full subcategory of nSub whose objects are n-
tuples (G, Hy, Hy, - - - , Hy,) such that H; N H; is discrete for all i # j, and nMatch the full
subcategory of nMatchsub whose objects satisfy G = H\Hy--- H, and H;H; = H;H; for
all i, 5 € [n].
Theorem 3.4.2. I' : nMatchSub — nVacant has a left adjoint A given by A(T) =
((1,), 71,72y -+ 7). Moreover (U'|pasaten, A) s an equivalence of categories.
Proof. Let (G, Hy,---,H,) € nMatchSub and 7 € nVacant. Then since every element
of (7,-) has a decomposition as composition of elements of 7;,

nMatchSub (A(7), (G, Hy, -+ , Hy)) ~

{(fi,- fulfi: 7 — H; and f; = f; on objects}
moreover 7 has at most one n-cube per acceptable 1-boundary, so an n-tuple functor is fixed
by its values on arrows, i.e.

nVacant(r, ['(G, Hy, -+ , H,)) ~

{(fr s fa)lfi i 7 — Hy and fi = f; on objects}
proving the adjunction.

Now if (G, Hy, Hs,- -+ , H,) € nMatch, every arrow of G can be written as a composition
of arrows of {H,}, hence :

nMatchSub((G, Hy,---, Hy), A(T)) =~

{(fr,-, fu)lfi: 7 — H; and f; = f; on objects}
nVacant(I'(G, Hy,- -+ , H,), ) ~

{(fr,--, fu)lfi: 7 — H; and f; = f; on objects}

which proves the equivalence of categories between nMatch and nVacant. O]

This theorem allows us to see some decompositions of groups as higher dimensional
groups, where dimension is taken in a very categorical sense.

Corrollary 3.4.4. Vacant n-tuple groups are in functorial correspondence with matched
n-tuples of subgroups.
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3.4.4 Maximally exclusive n-tuple groupoids

Definition 3.4.12. Let (13,--- ,7a) be boundary (n — 1)-tuple groupoids of some n-tuple
groupoid 7. Then the coarse n-tuple groupoid O(ty,--- ,7;) is the slim n-tuple groupoid
such that O(ry,--- ,7); = 73 and an n-cube exists iff its boundary is admissible, i.e. if its

boundary (n — 1) cubes agree on their common boundaries. The frame Br of T is then the
image of the functor :

II:7—0(rq, -, 7+, Ta)
such that Ils; = ;11 and TTt; = ;11 for alli € [n].

In this light, a maximally exclusive n-tuple groupoid is one whose frame is vacant. When

trying to define a diagonal composition for n-cubes, we previously used the uniqueness of
fillers for n-cubes of depth 1 to (n-1) in the barycentric division of the n-cube that vacancy
provides. In the present case this uniqueness disappears, though the boundaries of such
cubes are fixed. We therefore need to make a consistent choice of fillers to define a diagonal
groupoid out of a maximally exclusive n-tuple groupoid.
Let ! : BT — 7 be a section of II as n-tuple graphs and X,Y € 7, then one can use the
section to fill the barycentric subdivision of the n-cube with X of depth 0 and Y of depth n.
Denote the composite of the subdivision by X -/ Y, and the graph defined by (7, Sp), tn))
with the above product by (7, )

Lemma 3.4.9. The following is true :
l € n-plGpd(O71, 7) = (1,) € Gpd

Proof. Let X,Y,Z € 7 such that t;,)(Z) = sp(Y) and () (Y) = spy(Z). Then (X -Y)-Z
and X - (Y - Z) are both equal to the cube obtained by composing the ”subdivision in thirds”
of the n-cube where X, Y, Z are placed on the diagonal source-sink and all other n-subcubes
are filled with elements of the section. Since the frame is vacant, such a filling exists and
the composition is associative. Identities on objects are the identities of the groupoid and
inverses are given by the following argument:

Let X be placed in position of depth 0. From a previous theorem, there exists a filling of
the barycentric subdivision with section n-cubes such that all boundaries of the composition
are identities on sp,;(X). In other words, 3Y" € M7 such that X-!(Y) = ux € 7,. Then:

XA(Y) - (ux)™" = ux - (ux)™
= ux o; (ux)™"

= (s (X))

Which shows that X has a right inverse. The same procedure shows that it has a left inverse
and therefore that (7,-) is a groupoid. O

As promised in the introduction, we can extend this result to further decompositions of
groupoids. Let nSemiSub be the category defined by :
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e Objects are (n+2) tuples (G, A, Hy, Hy, - - - , H,) where (G, Hy,--- , H,) € nMatchSub,
A € G is an abelian group bundle on the objects of G and ha(h)™' € A for all h € H;
and all i € [n].

e Arrows are functors f : G — G’ such that f(H;) C H for all i € [n] and f(A) € A".

Let nSemi be the full subcategory of nSemiSub where objects (G, A, Hy, - - , H,) satisfy
G =AHH5---H,.

Let nMaxExcl be the category whose objects are pairs (7,!) and arrows are section pre-
serving n-tuple functors. Then we can build a functor

I : nSemi — nMaxExcl

by building T'(G, A, Hy, - - - , H,,), the n-tuple groupoid whose n-cubes are pairs (X, a) with
X €T(G,Hy, -+ ,H,) and a € A and whose compositions are given by :

(X,a) 0; (Y. b) = (X 0; Y, as;(X)b(s3(X) ™))

A direct computation shows that these compositions define an n-tuple groupoid. together
with the section | : I'(G, Hy -+, H,) — (G, Hy -+ , H,) given by |(X) = (X, 1(s/,)(X))).
On arrows of nSemi, IT' is given by:

L(F)(X,a) = (D(F)(X), F(a))

Once again a direct computation shows that this defines a functor. We are now ready to
state the theorem.

Theorem 3.4.3. The functor I : nSemiSub — nMaxExcl has a left adjoint A defined
by:

((7-7 1), Tey T1, " 7Tn)

F

Alr
f\(>

Moreover (I'|psemi, A) is an equivalence of categories

Proof. O

Let 7 be maximally exclusive, then :
nMaxExcl(w, 7) ~ {(Fo, F1,- - , F,)|Fo : we = 7o and F; : w; — 7;}
Moreover if (G, A, Hy,--- , H,) € nSemi, then:

nSemi((G, Hy,--- H,), (K,B,Ly,--- ,Ln)) ~
{(Fo,Fl, s 7Fn)|FO :A— B and F,.:H — Lz}

Considering that the image of A is by definition in nSemi, it is enough to prove the two
statements.

60



3.5 Weakening

This section is dedicated to building the weak versions of our previous n-tuple categories.
The starting point of the weakening is Cat since the principal ingredient to the weakening
is a non trivial 2-categorical structure. With it one can use the 2-cells as fillers for the
previously commutative squares.

3.5.1 weak internal categories

Definition 3.5.1. A weak internal category in a 2-category with pullbacks is constituted

of :

e A set of arrows :

o A set of 2-cells :
b idy te b b siTidy, b bs o'm, by

. . — * —

id o idd )\ o o o
74 A R 4
b'_z?lb_'b b'_z'ﬂb_°b by ———b
o Commutative diagrams for arrows :
b, m b a 1 b a 1 b
|

b7v S iud S id t

b—F " &g, A & g, 0

by m .b by o .b
[0) t pTT S
b—c—wa b S a
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o Commutative diagrams for cells :

b3 lo b2

LT

by Y

5 =
by Io by
b 11 b2
b
b o
b|
by ° b3 Do

4 .y
A id
A 1A

L7 A AT

o ot = mly and as =yl

The previous cubes for associativity and units are usually called the pentagon condition
and the triangle conditions. Remark that on top of the cube for associativity there is a
trivial 2-cell : (o"id"id)(id" o) — (id"id"o)(o"id). The choice of a non trivial cell for it
results in even weaker forms whose degenerate case can be found in the literature under
the name of pre-monoidal categories [57, 37]. This point will not be further discussed in
this paper though. Note that all the diagrams concerning the underlying graph structure,
i.e. involving source and target, have not been weakened. The definition of weak internal
functor will give hints that such a structure exists but as we fail to see the relevance we will
not address it.
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3.5.2 weak internal functor

Definition 3.5.2. A weak internal functor between two weak internal categories is con-
stituted of :

o A pair of arrows :

o A pair of 2-cells :

o A set of commutative diagrams for arrows:
b F b b B b b B b, b B

S st t’ T Ty pT0 T
) )

aT.a aT-a bT‘b’ bT‘b’

o A set of commutative diagrams for cells :
by o b
b3xoq box/ L
N
™ 7
'T‘] —
H_I l |13)

= LT s

A
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i

L/
=

R

-
Ce
. =

\ NS

=
g

:

:

id

.t

+ same with targets instead of sources

The first three cubes are showing the intertwining of the 2-cells of the weak internal
category structure whereas the last four are necessary to the definition of the pullback used in
the intertwining cubes. Showing that functors compose associatively is now straightforward
as it gets down to composing commutative cubes and the trivial functor consists in identity
arrows, making the cubes trivially commutative.

3.6 The category of weak double categories

Since Set can be seen as a 2-category and therefore one can consider weak internal categories
in it. But since all its 2-cells are identities these will all be strict categories. Therefore our
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first example of weak internal categories is to be found with Cat as a base category. The
obtained structures are called weak double categories. Remark that the previous symmetry
interchanging horizontal and vertical arrows ,the flip, is not present any more. The fact that
we are starting with Set, a trivial 2-category, prevents the existence of a double category
weak in both direction. Let’s now unpack the definitions.

Weak double categories

According to 3.5.1 a weak double category has a horizontal composition that is associative
with unit only up to some natural vertical squares that we will call associators and unitors,
and a vertical composition that is strictly associative and unital. Which means the following

e Every triple of composable horizontal arrows (f, g, h) have a corresponding associator
square ay 45, such that for composable squares A, B, C:

fong ) h ) fonyg ) h
[ Aoy, B C n Qfgh
70n ) : | S T gon
QG ik l A Bo, C n
i Jonk ) T Jonk

e Every horizontal arrow f has two corresponding unitor squares py and Ay such that,
for any square A:

f , f
l A Eou(k) | k oy
B J
- -
Pi ) A k
1 (3

65



h ZZ(h) A )\f
f
g et
Ag h A
f g

The “middle four” or interchange law still holds. The degenerate versions of the weak double
category give the usual notions of bicategory and (weak) monoidal categories and the choice
present in representing a 2-category as a vertical or horizontal double category disappears.

3.6.1 weak double functors

A weak double functor is going to send squares to squares in such a way that the boundaries
and the vertical composition are respected, but will respect horizontal composition and unit
up to vertical squares. It means the following:

e for every pair of composable horizontal arrows (f, g), there is an intertwining square:

F(f) F(m) F(f) — F(m)
F(h) FA)|FAHB) | F(n) Hfm
. o F(foym)
el E(p) -
Ly F(1h) F(AoyB) | F(k)
F(gosp) gc2p
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e for every horizontal identity, there is an intertwining square :

Fla____ . F(a) F(a) . F(a)

P AFEE ca

F 'F(b)  Flaj £l g
& P Fu(f)]FE

FOmmy FB) Py FO)

e the following holds for any triple of composable horizontal arrows (f, g, h)
F(f) oy F(g)  F(h) F(f) o5 F(g)  F(h)

QF(f),F(g).F(h) HE(f),F(g) 1} (F(h)
F(f) F(g) o F(1) F(forg) | F)]
G (F*)) Lg.h Hfozg,h
F(f) | P(gosh) F((f 029) 02 )
i gozh Flaggn)
(] o2(g02n))

F(J 02(g02h))

e the following holds for any horizontal arrows f :

Fa) FOFDL)  F(b)
u(F(F)| e
F(d) F(f) | F@Q@))p(b) F(a) E(f) o2 llz(F(b»F(b)
Hf2(b) P%(f)
Fedy F(foan®) 1 pew) F(a) S . F(b)
F(ps)
F(a) 77 - F(b)

4 same for A

These functors restrict to the usual definition of functors for bicategories and monoidal
categories when considering the degenerate cases.
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3.6.2 weak double natural transformations

A weak double natural transformation will consist of squares intertwining two weak functors

vertically. It means the following :

e for every horizontal arrow f there is an intertwining square :

F)__FO_ Fb) g
F(h) wy) F(h
Gl S0 T am)_ F(c
G(A) | a(k)
cd—2l G g

_FO_ F)

F(A) | k)

__F©) tpa

G(g) |

e the following holds for any pairs of composable horizontal arrows :

F(a) F(f) F(b) F(g) F(b)

Wy Wy

Ha,(f.9)
G( A G(f 02 g)

alp GO 1 Glg)l

F() % (F(9) 1)

F(a)
MUF,(f.g)
G(b)_ F(a) g PO
Wioag
G(b)  G(a ) G(b)

Since they require vertical intertwining arrows, weak natural transformations are avail-
able for the degenerate cases of bicategories and monoidal categories only when the two
intertwined functors are identical on the level of objects.

3.7 The span construction

Definition 3.7.1. Let C be a category. A span in C is a pair of arrows in C having the
same source. A cospan is a pair of arrows sharing the same target.

Spans and cospans may be pasted to each other to give new ones. For example, in the

SN\

situation
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supposing that we have a canonical way of “finishing the middle square”,
/ K\
M N
a / \ b / \C

we may get a new span

K
a c
by composing the outer arrows together. Which means that, given a choice of pull-back for
any cospan in the category, spans may be composed. Similarly, for a choice of push forward
for any span in the category, cospans may be composed. Let’s denote the composition
M o N. It is generally not associative, nor unital. Luckily though the universal properties
of the pull-back, resp. push-forward, give unique isomorphisms that make the composition

both associative and unital up to isomorphisms. Which , in the case of spans, means that
there is a unique isomorphism « such that the following diagram commutes :

(MoN)oP

PN
|

Mo (NoP)

d

This all fits in a weak double category Span(C) whose :

e objects are the objects in C.
e horizontal arrows are spans in C
e vertical arrows are the arrows of C

e squares are commutative diagrams of the form:

~—M—0

1]

~—N——=d

with an obvious identification of the boundaries.
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e Composition is done by pullback.

Indeed, its universal properties ensure that when two squares are composable, i.e.

a M b P e

L

c N d Q f

there is a unique arrow from M o P to N o () making the following diagram commutative:

MoP

M/N;
L=<
\£

\W/

so that the composite is:

a<—MoP——=ce

T

c<=—NoQ——=f

The unique morphisms for associativity and unit are then squares that have identities
as vertical arrows and satisfy the conditions given previously. when weak double categories
were defined. This weak double category is fairly big but it contains very interesting sub
double categories. First, remark that the subset of all squares that are vertically invertible
contains all identities, contains all structural squares® and is closed under both composi-
tions. It is therefore a sub double category Span[C] of Span(C). Due to the invertibility
condition,Span[C] may be represented as a weak internal double category in the 2-category
of groupoids.

There is a way to obtain a category out of this construction, which is to compose the func-
tor® Span|[] with the forgetful functor wIntCat(Gpd) — IntCat(Set) obtained from the
functor Gpd — Set that sends a groupoid to its set of connected components and functors
to maps of sets on the connected components.

The result is an internal category in Set, i.e. a category as claimed. Note that the con-
struction is similar for cospans. To get a bigger category we can even start with a smaller
sub double category of Span[C], the one composed of all squares that have identities as

2the associativity and unit squares
3which is actually a triple functor
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vertical arrows. The connected components of the groupoid of objects in the weak internal
category presentation is then discrete and therefore the category of ”quotients” has many
more objects.
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Chapter 4

The Cobordism Categories

We are now getting to the topological part of the thesis. Its category theory side is mainly
motivated by the fact that cobordisms are special cospans, as described in chapter 3.7. As
we mentioned in Chapter 1.3, the way to find generators and relations for the categories
of cobordisms is to use singularity theory. As Morse theory is the only tool classically
considered we will review it and take lessons from its failure. We will then consider higher
dimensional equivalents to Morse theory, which in the 2d case were called 2-Morse by Gay
and Kirby [32]. These will allow a simpler description of the cobordisms as cobordisms with
corners from which a usual TQFT may be extracted by considering cobordisms with empty
boundaries.

For the whole chapter, M will denote a closed compact smooth manifold of dimension m,
N a smooth manifold of dimension n. The material on Morse theory is widely spread but
we recommend Milnor’s book [49] and Guillemin and Golubitsky’s book [33].

4.1 Morse theory and Cobordisms

The theory of Morse functions is the corner stone of 2D-TQFT since it allows a description
of the category of 2 dimensional cobordisms up to equivalence. Let us recall how.

Definition 4.1.1. A smooth map f : M — N between manifolds is said to be critical at
p € M if df|, is neither surjective not injective. Otherwise, it is said to be regular at p.
The set of points where f is critical is called the critical points of f and their images the
critical values of f.

For most functions, the critical set is actually a submanifold of M. In the case where
n = 1, this critical manifold is of dimension 0, or in other words is composed of isolated
points.

Definition 4.1.2. A smooth map f : M — R is called Morse if its critical points are
1solated. It is also called stmple if no two critical points share the same critical value.

Lemma 4.1.1. fis Morse iff its Hessian is non-degenerate.
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Lemma 4.1.2. Morse functions are stable and dense in the space of smooth functions.

We will only consider simple Morse functions for the rest of the section.
The non degeneracy of the Hessian shows us how to classify the critical points of a Morse
function. Indeed its eigenvalues are then, up to local diffeomorphism either +1 or —1. A
Morse function is then locally equivalent to a function of the type:

e local surjection : (xy, -, 2,) — 21
2 7 ’—m-‘ m
o "fold”: (x4, ,am) = D22 (2:)* + Zi:[%ul +(z)?

So suppose that we are given a function on M, then the following lemmas will help us
find the structure of M thanks to the critical points of f.

Lemma 4.1.3. Let f : M — R be a smooth function with no critical value on an interval
[a, ], then f~*([a,b]) = f~*(a) x [a,0].

Let’s consider the case of a critical point p where all eigenvalues of the Hessian are of
the same sign. Then in a neighborhood of p, the function is equivalent to :

(xla e 7'Tm) — Z(xl)Q
i=1
Lemma 4.1.4. Let [a,b] be an interval with f(p) as unique critical value for f. Then:

(f_l(a) X [av b]) H B,
(f7H(0) x [a,0]) [ ] Ba

Proof. Let K be the connected component to the critical point p of f~!([a,b]). From Lemma
.. we know that f~!([a,b]) \ K is a cylinder, i.e. (f7'(a)\ K) x [0, 1].

By assumption, there is a neighborhood U of p where the function is equivalent to the one
given above. Then w.l.o.g. we may consider that U intersects f~!(a) or f~1(b) non trivially
or in other words, that there exists ¢ € R such that the set of solutions to

F~([a, b))

12

12

or

n

Y (@) <e

=1

is diffeomorphic to a submanifold of f~*([a,b]) \ K, since f(p) = 0. Yet these solutions
are diffeormorphic to balls of dimension m, hence already closed connected. We therefore
obtain the claimed result. O
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For an interval containing a unique critical value corresponding to such a critical point,
the only information required to know the diffeomorphism class of its preimage under f is
the preimage of its boundaries. It is not given that it is always the case.

For now, let us investigate fully the m = 2 case. The only other type of critical point is a
point where f is equivalent to (1, xs) — 2% — 3.

Lemma 4.1.5. Let [a,b] be an interval with f(p) as unique critical value for f. Then:

F7H(a, b)) = (f74(a) x [a,0) [T(*N B ] B2 T] BY)
(f () x [a,0) [J@®P*\ (B> ][ BY)

Proof. Let K be the connected component to the critical point p of f~!([a,b]). From Lemma
4.1.3 we know that f~*([a,b]) \ K is a cylinder, i.e. (f~'(a)\ K) X [0,1]. By assumption,
there is a neighborhood U of p where the function is equivalent to the one given above.
Then w.l.o.g. we may consider that U intersects f~!(a) or f~!(b) non trivially or in other
words, that there exists ¢, d € R such that the set of solutions to

or

12

c<ai—x3<d

is diffeomorphic to a submanifold of f~'([a,b]) \ K, since f(p) = 0. Yet it is not compact,
as shows the following picture:

T

2 /
x%—x%<G/
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Therefore f~*([a,b]) cannot be fully contained in U, however we decide to pick a and
b. The critical point is called a saddle point, due to this other way of visualizing the
neighborhood U : But since f~!(a) N U =~ [0, 1] [][0,1] and K \ U does not contain critical

(11, 29) — 23 — 23

points, this last one is diffeomorphic to tWO squares and we can determine the diffeomorphism
class of f~! 1) by knowing how f~'(a) N U glues with f~*(a) N (K \ U).

p T

Note that under this light, we see that the saddle point corresponds to the resolutions of a
crossing of a knot, and there are two non equivalent ways of completing the crossing. One

O X

gives the trinion, or pair of pants, which is actually a punctured sphere :
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-y
(X0
OO

while the second is a punctured RP? : O

><
)X g
PIS

In the pictures above we introduced a notation on the image of f. At a critical value we

indicated in white bubbles the number of folds going in each direction. For example if f is
locally equivalent to (z1,79) — 2% + x3 there will be two folds going in the same direction,
either up or down on R at the critical value. We will then find a 2 and a 0 in the bubbles.
The red rectangles of each parts of a critical value encode the number of S in corresponding
resolving of the crossing.
We have now been able to classify the simplest types of 2d cobordisms that we may en-
counter, up to isomorphism. Now it remains to find the relations between these. It is clear
for example that gluing two cylinders together yields another cylinder, but how can we find
the rest 7

4.1.1 Cerf theory

To answer this question, we need to investigate the space of functions more closely. This is
the aim of this section. The space C (M, N) of functions between two smooth manifolds M
and N can be given a topology, called the Whitney topology. A thorough description of this
topology can be found in [33]. A path in this space is a homotopy between two functions
M — R.
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Lemma 4.1.6. The set of Morse functions is open and dense in Coo(M,R). The set of
simple Morse functions is a residual set in Coo(M,R).

Proof. cf [33] O
Lemma 4.1.7. The space Coo(M,R) is path connected.

Proof. The proof lies in the fact that forf € C (M, R), there exists a continuous path « to
the constant function 0 given by «a(t) := (1 —t)f. O

In other words, two Morse functions f and f’ are always connected by a homotopy
h: M x I — R, to which we can associate a map h : M x I — R x [ such that h(z,t) =

(h(z,t),t). Moreover, being a path, the composition M x [ MR x I ™ T has no critical
points. Therefore locally, a generic homotopy is a generic map R* — R? such that the map
R3 — R given by the projection on the first component is non singular.

Lemma 4.1.8. Let p be a critical point of a generic smooth map f : M — N where
dim(M) = 3 and dim(N) = 2. Then f is locally equivalent to one of the following form at

b

(.1:1,1’2,1'3) - (l’l,l‘% + ﬂf?)’)

(21, T2, x3) — (271, xg + 2179 + x%)

The critical set for the first type is {(x1,0,0)} and its image is the set {(z1,0)} whereas
the critical set for the second type is {(—3z2, x5,0)} with image {—3z3, —223)}. Now when

Y2 Y2

U1 U1

type 1 type 2

we consider cobordisms, the functions are required to be constant on the boundaries and
their homotopies to be homotopies rel boundary, i.e. h(0M,t) = h(0M,0) for all ¢ € [0, 1].
The singularities of maps M — R? that correspond to homotopies must therefore respect
two conditions:

e There is no critical points on (§M) x [0, 1]

e The map hgrm is non singular.

7



In terms of critical values, it implies that the possible singularities of the homotopy, up
to isomorphisms in R? and local isotopies, can therefore only be:

e of type Iy which, as relations, are tautologies,

)
)
- & G
— O

e of type I;, which as relations are birth/death of critical points,

o
%

e or be singularities where the map is non simple.

= o (G
e I i
P = — =
—
= =
g

Proof. Suppose that we have critical values of type Iy only. Then, as the restriction of
the map to the singular manifold is a local embedding of a compact 1-manifold, we either
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have an intersection point or it is an embedding. Assuming the latter we need only to
describe the intersection of the critical values with h(6(M x [0,1])), which is composed of
two points, assuming that the starting function has a critical point. From the first condition
this intersection cannot happen on (60 M) x [0, 1]. It therefore has to be on h(M x{0,1}). Yet
if it is on h(M x {0}) or h(M x {1}) only, we can show that the second condition is violated.
We are therefore left with the given possibilities. The same analysis in the non simple case
give the same conclusions. Of course, the information contained in the diagrams concern
only the restriction of the homotopy to the connected components to the singularities. The
actual diagrams of the function may have more red squares, corresponding to the number
of S! contained in the preimage of a point, in which case the number of red squares added
is the same in all quadrants. Concerning the I; type, we can conclude that the intersection
has to happen on h(M x {0}) or h(M x {1}) only, hence the claimed diagrams. O

The analysis is standard and can be found in more details in [41]. Let us now give an
explicit description of each of the above in terms of relations on cobordisms.

e The singulatiry of type I; correspond to the following relations :

|

which, with its symmetries correspond to a left unit, right unit, left counit and right
counit axioms.

e The crossings of I singularities correspond to the following relations:

= AVR
ARAN
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on N
o = i'a

=181

which are functoriality axioms for the disjoint union,

=Y

=

which corresponds to the associativity and coassociativity axioms,

=N

which is the frobenius axion, and
something is
appening here

This last axiom corresponds topologically to the fact that the connected sum of two copies
of RP? is isomorphic to a Klein bottle.To understand better what is happening in the last
diagram we need to consider the resolutions of intersections at play. The picture is the
following :

which needs further investigation.
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0=
= 2C2C
=

Remark that while orienting the links, we get two different orientations on the inner right
circle to make the transitions to the links above and below coherent. Therefore a ”twist”
needs to be introduced in the gluing of the trinions, which would indeed create a punctured
Klein bottle. We will see how the ”twist” fits in the model in the section called Cylinders.

The obtained structure is akin to a frobenius algebra object in a monoidal category,
except that it has a few more axioms. In [55], Turaev defined this entity as an extended
Frobenius algebra. If we remove the resolution that yields unoriented manifolds, we
recover the classical result for 2d TQFTs, i.e. the category of 2d cobordisms is equivalent
to a category generated by a frobenius algebra object.

4.2 Towards higher dimensions

Regardless of the dimension, there is a sub-category of Cob, that is always present. It
is the one generated by the spheres. We will describe it in the first part of this section.
Moreover, they share the presence of cylinders representing mapping class groups of their
objects, which is the object of the second part.

4.2.1 Balls and pants

Let’s consider the k-punctured m-sphere :

Sit = S\ ([u(8™)

Jj=1

from which we can make a plethora of cobordisms :
P, (a,b) = (ST, z(H gm=1 HZ(H Smhy)
a b

Fixing a dimension m, we will drop it and simply write P,; for P,,(a,b). For example here
is pictured Sy 4 giving P s:
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\4

These cobordisms satisfy the following identities :

Pa,b © (Po,l H Pl,l) = Pafl,)

a—1

FPopo (Pay H Pi1) = Poyip

a—1
(Pio H Pi1)oPy =Py
b—1
(P1,2 H P1,1) O Lgbp= Pa,b+1
a—1

Moreover if M and N are connected manifolds we can get their connected sum by gluing
Py go Py to their punctured copies. Now P ; plays a special role in our cobordism category.
Our above definition was flawed, it requires a choice for 2. Let’s say that the choice has been
made for all P, ;. Take a puncture A, then:

1: 5" — A is the chosen embedding

to get another choice, we want to glue a cylinder on A such that the glued boundary parts
are both 2 and the newly created one is given by that other choice. The next section will
deal with that.

Therefore, from the above identities, the building blocks for all F,; are :

COCD

That satisfy some properties :

Nz
£
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s
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7

J—
—~——

Y

4.2.2 Cylinders

Given two isomorphisms f: B —+ A and g : C — A one can define a cobordism f/,:

f]g::(AXI,ng):BﬁC

Lemma 4.2.1. The following is true : 1y = jq,d-109 = g-1011ide
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Proof. The following diagram clearly commutes :

J(B x I)
el la(fxidf)
BIJC iz J(A x I)
a(gxid
(gm ] o)
d(C x I)
O
Lemma 4.2.2. The following is true : jql; = iqly & f~g
Proof. =
O(AxI) B—%BxI<+—B
v
AllB w = f wo(fxid) |9
(A x I) A—"SAxI<+—A
A
hence f ~ g
=
if h: BxI — A gives the isotopy then ® := (h(z,t),t) gives the isomorphism of cobordisms.
O

Corrollary 4.2.1. Let f: B— A and g: C — B be iso, then the gluing of their mapping
cilynders is :

idlgoialy = 11y = jqlfoq
Proof. iqly 0 iqly = jalg0 j11iqg = sl ]
Corrollary 4.2.2. If f: A — A is iso, then (;4l7)°" = jqTon
Theorem 4.2.1. Let(M,D[] f) be a cobordism, then it is equivalent to :

idaMIf © <M7 0 H Z.d@M)

Proof. by the tubular neighborhood theorem, one can find a neighborhood of OM isomorphic
to OM x I, the rest follows. H

So that jq,,, I, 0 (M,0]]f) = (M,0]]go f).
The conclusion is that for a = simeqB, there are at least as many cobordisms A — B as
isotopic classes of maps A — B.
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4.2.3 Twisting pairs of pants

Applying the previous result to F; ), we see that we can “twist” it by isotopy classes of
isomorphisms of S,,. These are in a one-to-one correspondance with the invertible elements
of 7(S™). There may be lots of them but for every dimension we have at least two, the
identity and the antipodal map f. We therefore have two cylinders :

. — id[id

idlf

N —

e

Lemma 4.2.3. The following are true:
_ \ \ _
=D XD

Proof. f € Os(R) = f extends to an isometry of R?, therefore an isomorphism of D,. [J

Lemma 4.2.4. The following s true :
| | — |
m -

Proof. The connected components of O,, are determined by the determinant, or det(f?) =
(det(f))?, so any cylinder on S, is involutive. O
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Proof. Once again the argument is that t is an isomorphism of D™, so, up to isotopies on
the punctures sphere, applying t on D™ is applying it on the boundaries. O

These cobordisms make a full subcategory of any category of cobordisms. For the (141)-
Cobordisms though, it fails to be the whole category by a single object, the punctured
projective space.

4.2.4 The limitations of Morse theory

The problem encountered while trying to use Morse theory to describe the category of
cobordisms in dimension greater than 2 stems from the following observation. While in
dimension 1 a ball belonging to a compact 1-manifold can only belong to a sphere, it is not
the case any more in higher dimensions. What used to just be a combinatorial problem
about resolutions of crossings is gaining in complexity. The problem of finding the preimage
of an interval containing a critical value gets much more complicated and in dimension 3
and 4 gives rise to the Kirby calculus [34]. We will see that by keeping the difference of
dimensions of source and target of the smooth maps studied equal to 1, we may contain
our studies to a combinatorial exercise, just as the 2d case. This point of view requires us
to study singularity theory past Morse functions, which is what we will present in the next
chapter.

4.2.5 N-tuple spans

If we consider functions from a 3 dimensional manifold to R?, we will obtain preimages
of point in R? that are 1-dimensional. The theory we are constructing is therefore not
of manifolds with borders as cobordisms but manifolds with corners as cobordisms. The
basic definition was given by Morton in [50] and extended by Feshbach and Voronov in [29].
Instead of special cospans in Top, we now have double cospans in Top.

Definition 4.2.1. A double cospan is a commutative diagram of the sort:

Ly M, Ls

R

MQﬁN<—M4

]

Lo Ms Ly
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They may be composed in two ways since from

L
)

O——0<—0

we obtain, using pull backs again,

—>M—>MON-%N<—.

T

—>D D/<—D/<—.

)

o~ O0P<— P

>0 <

_—

[
l —_—
[ ]
which gives a composite:

o—>M9N<—o

RS

o— Do D<o

T

o—>O<;P<—o

The second composition is obtained similarly when the diagrams paste vertically. But none
of these compositions are associative and unital. But as happened for spans and cospans
they are both associative and unital up to isomorphisms. We may then define a weak triple
category of double cospans and morphisms. In this triple category there is a subset of cubes
that are invertible along the direction bearing morphisms in C and whose said morhism
are all identities along the boundary. It is in our programme to show that this set is the
“double bicategory” proposed by Morton [50], that it may be seen as a weak internal double
category in the category of groupoids and that we may then obtain a double category of
quotients using the same forgetful functor as we used in Chapter 2.

4.3 Singularity theory

The main sources for the content of this section are the books of Guillemin and Golubitsky
[33], the book of Arnold [8] and Schommer-Pries’ PhD thesis [53]. The definitions and proofs
of theorems can be found there.
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4.3.1 Thom-Boardman theory

Definition 4.3.1. Let M be a smooth manifold. Then for p € M a germ at p is an
equivalence class of smooth maps M — R given by the following relation:

f~g <= 3U € M open around p s.t. fly = glv

Throughout this section Jy(M, N) will denote the k*-jet bundle over the product of
manifolds M x N. It is the space of equivalence classes of germs of functions agreeing
up to k™ derivative. For a smooth map f : M — N, its k'"-jet is denoted ji(f) and
Je() : C°(M,N) — Jy(M, N) is defined as such is a smooth map. Let E’ be the sub-bundle
of Ji(M,N) of germs whose first derivative drops rank by ¢, and X'(f), its preimage by

JH(f)-

Lemma 4.3.1. Let f : M — N be a smooth map, then X'(f) is a manifold if and only if
Y f) h Et. In which case the codimension of X(f) is given by:

codim(X(f)) = i(lm — n| + 1)

For low dimension, the table of codimensions is the following :

m\zd 0 1 2 3 4
0 0 1 4 9 16
1 0 2 6 12 20
2 0 3 8 15 24
3 0 4 10 18 28
4 0 5 12 21 32

Keeping m < 5, we are limited to :

m ~ 0 1 2 3 4
0 0 1
1 0 2
2 0 3
3 0 4
4 0 5
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which, for the cases where m —n = 0 or 1 reduces to :

m™J0 1 2
0

14
1 Jo 2

By the jet transversality theorem functions that are transversal to each E' are dense in
C*®(M,N). We will call such a map generic for the remainder of the chapter.

Definition 4.3.2. Let f : M — N be a generic smooth function, p be a critical point of f.
Its Thom Boardman symbol is a finite sequence of integers (ig, - -+ , i) where i, > i441
for all a < k and i, = 0 such that :

e df(p) drops rank by iy.

o for g:= fls(p, dg(p) drops rank by i,.
o for h := g|s(y), dh(p) drops rank by is.
e ci cetera

Though the Thom-Boardman symbol does not classify singularities entirely, they give
precious information on the behavior of the function, especially at the critical manifold.

By an argument on dimensions, we can then conclude that as long as m < 5 and
m —n = 1, the only singularities that appear in a generic function have Thom-Boardmann
symbol I, for 0 < k < (m — 2) containing (k + 1) ones before the zero. But since the Thom
Boardmann symbol is not a complete invariant of the singularity, we need to investigate
further. Yet in our case there are not so much more to be found and we can classify the
singularity types as Morin singularities.

4.3.2 Morin Singularities

Up to local diffeomorphism on M and N, a singularity with Boardman symbol [}, is of the
following form :

k
f(mh... ;:L‘m) — ('Tla"' 7xm—27$11'€n+2 —|—Zmzxin:t$31_1)
i=1

They are therefore determined by their Boardmann symbol and by the sign in front of the

term z2,_,. In dimension 2 and 3, it corresponds to the singularities previously given. In

dimension 4 we get the following :

o Folds : (1,72, 23, 74) = (T1, 22,25 + 23).
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) 3 2
o Cusps : (x1, %9, 3, 14) — (21, T, x5 + 124 + 23).
e Swallowtails : (1, %9, 23, 24) — (T1, 9, T§ + T272 + T34 + 23).

In dimension 2 the only generators were folds and non simple critical values. Their relations
were given by folds, cusps and non simple critical values. In dimension 3, as we will start
laying down in the next chapter, the generators will be given by folds, cusps and non simple
critical values. The relations will then be given by folds, cusps, swallowtails and non simple
critical values.
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Chapter 5

Prospects

I produced during my PhD the foundations of a programme to construct new TQFTs in
dimension 3 and 4. Its bases we laid in the previous chapters and in this chapter we present
the parts that need more work before being a definitive text can be produced. There is work
to be done to solidify our understanding of weak higher category theory that are necessary
to define the categories of cobordism with corners before quotienting to obtain strict ones.
This will not be possible without a deeper understanding of commutative diagrams. There
is also work to define a theory of representation for the double groups that we mentioned.
We believe that once the last part of the programme is completed, i.e. the singularity
theory part, the representation theory of double groups will provide the first examples of
such higher TQFTs. Let us finish the thesis by explicitly giving the remaining part of the
programme to be completed.

5.1 Higher Commutativity

As the definitions of the weak internal category and weak internal functor have shown, the
definition of a commutative n-cube for any n whose faces are taken in n — 1-tuple categories
is central to the problem of defining weaker and weaker instances of higher categories. The
notion of n-tuple categories with connection developed by Brown and Al’Alg [5] is too strong
for anything interesting to happen. For example, it forces commutative cubes in a triple
category to exist if and only if all their faces are invertible squares. It is not surprising
though since they prove in their paper that such categories are equivalent to n-categories,
showing how restrictive their condition for the existence of a connection to exist is.
Though we do not have a definitive theory of commutative cubes for any dimension, we
know enough to define weak internal categories. To complete this part of the program, we
will build upon Brown’s and Higgins[15] and introduce the necessary modifications to make
it general enough to apply to our needs.

91



5.2 Representations

As important to us as double groups are their representations. In dimension 3, the structure
of the category of representations of certain algebraic entities, called quantum groups, gives
us the basic ingredient to build a TQFT through state-sums. In the same fashion, some
invariants of links and knots are given by categories of representations. Understanding the
representations of our double groups will be important if we want to build TQFTs out
of them. But first, let’s recall what a representation of a group is. The basic notion of
representation, called permutation representation, is a functor from the group G, viewed as
a category with one object, to the category of sets :

G — Set

or in more classical terms a group morphism from G to Set[S], the group of automorphisms
of S. A linear representation, on the other hand, is a functor to the category of vector spaces
over a field K, most often chosen as R or C :

G — K-Mod

or in more classical terms it is a group morphism to the group of invertible linear maps on a
vector space V, K-Mod|V]. The study of representations of 2-groups has pushed people to
consider specific higher dimensional analogs of vector spaces, such as 2-Vect [39, 12, 11], or
Meas [24], while the basic notion of permutation representation was unsurprizingly thought
of as functors to Cat, the prime example of a 2-category. Since 2-categories are special cases
of double categories, representations of 2-groups should be special cases of representations
of double groups and it therefore gives us suggestions to consider.

It seems correct to think of permutation representations of double groups as functors
from a double group G to the "quintet” double category on the 2-category Cat, since it is
the first double category at hand. The quintet double category contains a quintet double
groupoid just as a category contains its groupoid of invertible maps. A representation of a
double group would then be a double functor to it.

Another possibility for a target of the representation functor is given by the fact that

the homsets of the category of double categories are themselves double categories. Such
representations of a double group would then contain a representation of the horizontal
group as horizontal double natural transformations, a representation of the vertical group
as vertical double natural transformations and squares as comparisons.
Both examples above have equivalents for K-linear categories, k-linear functors etc, which
would give notions of linear representations. A third type of double category we may want
to consider is the double category of functors and profunctors, cf [35]. Simple examples
must be taken to see the relevance of the above representation theories.

sectionWeak internal structure

Weak internal natural transformations require a little bit more work than weak functors
to define. The weakness of the functors they intertwine threatens the existence of pullbacks
that are needed to naively extend the definition of internal natural transformation and
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though their degenerate counterparts are known, cf Leinster’s book [44]. The definition
should start the following way :

Definition 5.2.1. A weak internal natural transformation between two weak internal
functors consists of :

o An arrow :

o A cell :
1? i tw .b’2
°§_| i o
«Q
by o b’

o A pair of commutative diagrams :

b w b’ b w b’

— O 0 — 0

aT-a aT»-a
0 0

o A set of commutative cubes :

Weak internal natural cells may look simpler but its definition may require a little more
work. We put it here to give an intuition of the phenomenon at play.
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Definition 5.2.2. A weak internal natural cell between two weak internal functors
consists of :

o {wo 2-cells :

o and four commutative cubes :

F b’
b,% 7/ -
EF E:G
Z F‘O/v. a’ WO
'—/GO / / /
a + same for (o,0’), (s,s") and (¢,t)

5.2.1 The weak conjecture

The mantra that seems to reign over the world of weak categories, from our standpoint is
the following :

” At the beginning was strictness.
The first weakness came only supported by it.

From there on, any weakness came supported by a lesser one.”

In other words, any new weak composition can only be associative up to morphisms in
another direction. It may be strict or weak itself, in which case it is supported by yet
another direction. There is then a one-to-one correspondence between the different versions
of weak n-tuple categories and planar rooted trees with n nodes.

5.3 2-Morse theory and Cobordisms

Once the purely categorical part of the work on weak triple categories has been done, and
that it has been showed that the triple category of double cospans and morphisms quotients
to a double category, we will have to translate the quotienting to the 2-Morse setting, in
terms of certain homotopies rel. corners.
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We present here, based on the sole study of singularity theory presented previously, the
expected generators for the double category that the programme should produce:

|
e

with their horizontal and vertical symmetric square: the identities and connections of the
double category, and

e'®v°'e
Al
[

SES SSiCwE
151
ke
Y,

[

esvl
e‘v%
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Their relations will be given by the corresponding Cerf theory, that we may call 2-
Cerf, and that we present without the labellings. All the following diagrams should then
have white bubbles and red rectangles in them, or better the corresponding resolutions of
intersecting circles.

e no singularities or simple [ singularities:

e [, singularities:

e [, singularities:

e non simple singularities:
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