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Résumé

Théories des Champs Quantiques Topologiques internes de type Reshetikhin-Turaev

Une théorie des champs quantique topologique (TQFT) en dimension 3 est un foncteur monoidal
symétrique de la catégorie des cobordismes de dimension 3 vers celle des espaces vectoriels. Une
TQFT fournit en particulier un invariant scalaire des variétés fermées de dimension 3 comme
ceux définis par Reshetikhin et Turaev ainsi que des représentations du groupe de difféotopie des
surfaces fermées. A partir d’une catégorie modulaire, Turaev explique en 1994 comment construire
une TQFT.

Dans cette these, nous généralisons cette construction a I’aide d’une catégorie C en ruban avec
coend. On représente un cobordisme par un type d’enchevétrement et on associe a celui-ci un
morphisme défini entre puissances tensorielles de la coend comme décrit par Lyubashenko en 1995.
A Taide de 'extension du calcul de Kirby sur les cobordismes en dimension 3, ce morphisme nous
permet de construire un invariant de cobordisme puis une TQFT & valeurs dans la sous-catégorie
monoidale symétrique des objets transparents de C. Dans le cas ou C est une catégorie modulaire,
cette catégorie est équivalente a celle des espaces vectoriels. Dans le cas ou C est une catégorie
prémodulaire normalisable et de dimension inversible, notre TQFT est un relevement de la TQFT
de Turaev associée a la modularisée de C.

Abstract

Internal Reshetikhin-Turaev Topological Quantum Field Theories

A 3-dimensional topological quantum field theory (TQFT) is a symmetric monoidal functor
from the category of 3-cobordisms to the category of vector spaces. Such TQFTs provide in
particular numerical invariants of closed 3-manifolds such as the Reshetikhin-Turaev invariants or
representations of the mapping class group of closed surfaces. In 1994, using a modular category,
Turaev explains how to construct a TQFT.

In this thesis, we describe a generalization of this construction starting from a ribbon category
C with coend. We present a cobordism by a certain type of tangle and we associate to the latter a
morphism defined between tensorial products of the coend as described by Lyubashenko in 1994.
Using extension of the Kirby calculus on 3-cobordisms, this morphism gives rise to an invariant of
cobordism and a TQFT which takes values in the symmetric monoidal subcategory of transparent
objects of C. When the category C is modular, this subcategory is equivalent to the category of
vector spaces. When the category C is premodular, normalizable with invertible dimension, our
TQFT is a lift of Turaev’s one associated to the modularization of C.
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Introduction

Contexte

La notion de théorie des champs quantique topologique (c’est la théorie qui est quantique par
contraste avec la théorie classique des champs), abrégée en TQFT, fut introduite en 1988 par Witten
[Wit89] avec pour exemple phare la théorie de Chern-Simons, avant d’étre formalisée comme objet
mathématique en 1989 par Atiyah [Ati89]. Une TQFT de dimension n associe & chaque variété
sans bord de dimension n — 1 un espace vectoriel et a chaque cobordisme de dimension n une
application linéaire entre les espaces vectoriels associés respectivement au bord entrant et au bord
sortant. Formellement, il s’agit d’un foncteur monoidal symétrique de la catégorie des cobordismes
de dimension n vers celles des espaces vectoriels (ou des modules). Une TQFT de dimension 1
est équivalente a la donnée d’un espace vectoriel de dimension finie. Une TQFT de dimension 2
correspond a la donnée d’une algebre de Frobenius commutative (voir [Koc03]). Dans le cas de la
dimension 3, il n’existe pas & notre connaissance de classification des TQFTs.

Il existe cependant plusieurs constructions en dimension 3. Une telle TQFT fournit en parti-
culier un invariant des variétés fermées de dimension 3 (vues comme variétés du bord vide vers
le bord vide) appelés invariants quantiques. En 1991, Reshetikhin et Turaev [RT91] donnent la
premiere construction rigoureuse d’un tel invariant en dimension 3. Leur construction est fondée
sur la chirurgie de 3-variétés le long d’entrelacs en ruban et sur 'usage d’invariants de noeuds.
Par la suite, Blanchet, Habegger, Masbaum et Vogel [BHMV95] construisent la TQFT associée a
I'invariant scalaire de Reshetikhin et Turaev a I’aide du crochet de Kauffman. Un peu plus tard,
Turaev [Tur94] énonce plus généralement que la donnée d’une catégorie dite modulaire donne une
TQFT de dimension 3 dans ce type de constructions. Il s’agit d’une catégorie prémodulaire (i. e.
en ruban, semi-simple avec un nombre fini de classes d’isomorphismes de simples) dont la S-matrice
est inversible (hypothése de modularité). Dans [Bru00], Bruguiéres montre que sous I'hypothése
de modularisabilité, les catégories prémodulaires se plongent dans une catégorie modulaire et four-
nissent donc une TQFT. En parallele de la construction de Turaev, en 1994, Lyubashenko [Lyu95a]
généralise la construction de 'invariant scalaire de Reshetikhin et Turaev grace a une approche par
les groupes quantiques et les algébres de Hopf dont les catégories de représentations associées ne
sont donc pas nécessairement semi-simples. L’ingrédient essentiel de son travail est la coend d’une
catégorie en ruban : il s’agit d’un objet de la catégorie vérifiant une certaine propriété universelle
et muni d’une structure d’algebre de Hopf. Une catégorie en ruban avec coend munie d’un certain
morphisme, une intégrale de la coend, fournit un invariant de 3-variété fermée. Une catégorie C
modulaire en est un exemple. En effet, si 'on note A¢ un ensemble de représentants de classe
d’isomorphismes d’objets simples de C, la coend de C est donnée par :

C=> X"@X,

XeAe

et Uintégrale av: T — C', ou 1 est I'unité monoidale de C, est le morphisme de C correspondant a

9



10 INTRODUCTION

I’élément de 'algebre de fusion de C :

1
dim(C) ch a(X)

Q

En 2002, Virelizier [Vir06] montre qu’une catégorie avec coend munie d'un élément de Kirby,
un morphisme plus général qu’'une intégrale, donne un invariant de 3-variété fermée. Une premiere
construction de TQFTs a partir de la donnée d’une catégorie en ruban avec coend est faite par
Kerler et Lyubashenko dans [KLO1] au début des années 2000. Pour cela, ils modifient la catégorie
de départ des cobordismes : les bords sont connexes et le produit monoidal est la somme connexe.

Dans cette theése, nous proposons de construire des TQFTs a partir de catégories en ruban
avec coend en conservant une catégorie de cobordismes « classique » mais en modifiant la caté-
gorie d’arrivée des espaces vectoriels. Par analogie avec une théorie homologique (see [Ati89]), le
changement de catégorie cible peut s’interpréter comme un changement de « coefficients ». On mon-
tre qu'une catégorie C avec coend C' munie d’un certain élément admissible « fournit une TQFT
en dimension 3 a valeurs dans une sous-catégorie de C monoidale symétrique, la sous-catégorie
des objets transparents. Dans le cas ou C est une catégorie prémodulaire, les objets transparents
représentent précisément I’obstruction & la modularité de C (see [Bru00]).

Principaux résultats

Soit Cobf la catégorie des 3-cobordismes dont les objets sont les surfaces orientées fermées paramétrées
par les surfaces canoniques et les morphismes sont les 3-cobordismes entre deux telles surfaces.
Fixons une catégorie en ruban C (dont les idempotents se scindent) et possédant une coend C'
associée au foncteur (X,Y) € C? x C — X*® X € C. Soit : 1 — C un morphisme de C.

Notre but est de construire une TQFT avec anomalie (voir Section 2.5)

Ve( ;a): Cobly — T,

ou 7T est la sous-catégorie monoidale symétrique pleine de C des objets transparents. Un objet X
de C est transparent si pour tout objet Y, 7y, x7xy = idxgy ou 7 désigne le tressage de C (voir
Section 1.1.6).

Enchevétrements de cobordisme et invariant d’enchevétrements

Par chirurgie, nous représentons un cobordisme connexe
M:%y— X

entre deux surfaces X, et X de multigenres respectifs g = (g1,...,9r) et b = (h1,..., hs) (voir
Section 3.2.1) par un (g, n, h)-enchevétrement de cobordisme ol n est un entier naturel (voir Sec-
tion 3.1.3). Un tel enchevétrement T et le choix d'un morphisme a: 1 — C fournissent un invariant
d’isotopie d’enchevétrement [Lemme 4.2.1] :

IT)c.a: C®N" ®...0 C®r - C®M g ...@ C®".

Cette construction repose sur deux propriétés. La premiere est le théoreme de Shum-Turaev
(voir [Shu94] et [[Tur94], Theorem 2.5]) qui représente chaque enchevétrement en ruban coloré par
les objets d’une catégorie en ruban par un morphisme de C. La seconde est la propriété universelle
de la coend C. Pour la construction et le calcul de cet invariant, nous définissons I’ensemble des
(g, m, h)-enchevétrements ouverts (voir Section 3.1.4) ; un tel enchevétrement O fournit un invariant
d’isotopie [Lemme 4.1.1] :

0lc: C®" ®...@ C® - C®M @ ...@ C®".
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Calcul de Kirby et invariant de 3-cobordismes

Afin de définir un invariant d’homéomorphisme de 3-cobordismes, nous utilisons une extension du
calcul de Kirby [Lemme 3.2.1]. Ce dernier nous permet de définir un invariant de 3-cobordismes a
partir de I'invariant d’isotopie |T|¢ o défini dans la partie précédente en imposant certaines condi-
tions sur le morphisme «: 1 — C. Un morphisme « est ainsi un élément admissible s’il vérifie les
5 conditions suivantes (Ad1)-(Ad5) ou interviennent certains morphismes de structure de la coend
que sont le produit m: C ® C' — C, le coproduit A: C — C ® C, la co-unité ¢: 1 — C, Pantipode

S: C — C, le pairing de Hopf w: C'® C' — 1 associé a ’enchevétrement 2\ , les formes linéaires
0+ : C — 1 qui proviennent des enchevétrements {3 et ﬁ , et la coaction naturelle de la coend

voir Section 1.2.3) :

sur ses puissances tensorielles (
cen

(Adl) ea = idy; (Ad2) Sa =« (Ad3) O1c,0_a € Ende(1)™;

®
(Add) vnen, | [ = ; (Ad5) Vn €N,

C®n C®n

Par exemple, une intégrale de la coend satisfaisant les conditions (Adl), (Ad2) and (Ad3) est
un élément admissible.

A présent, désignons par My le 3-cobordisme représenté par le (g,n,h)-enchevétrement de
cobordisme T ot g = (¢1,...,9-) et h = (h1,...,hs). Définissons le (5,7" + s, h)-enchevétrement

o
de cobordismes T suivant: hy h.
—_——— ——

—
— - -

Hlh o =t
Tasy SR YAE!

T= T

— o _—_l
eee

Hth o ez
IR

g1 gr

Etant donné un élément admissible «, on pose :

We(Mr;a) = vo(T) |T)ca: C¥" @...0 C®9 — C®M @ . @ C®",

ott vo(T) = (01a) T (0_a)="-(T) est un coefficient de normalisation. Ici, b, (T') (respectively
b_(T)) désigne le nombre de valeurs propres strictement positives (respectivement négatives) de la
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matrice d’entrelacement de I'entrelacs en ruban défini par les composantes fermées de T tandis que
0+ sont les deux formes linéaires sur la coend C' associées aux balancements (twists) de la coend.
On montre que W¢(Mr;a) est un invariant topologique de 3-cobordismes [Lemme 4.3.5].

TQFT interne avec anomalie

L’opération topologique qui consiste a rajouter des composantes fermées pour passer de T' & T' cor-
respond algébriquement a effectuer certaines projections (voir Section 4.4.2 ; il s’agit en particulier
de la projection sur la composante 1-isotypique chez Turaev). On montre alors que le morphisme
We(Mr;a) restreint aux images de ces projecteurs (voir Section 1.1.14) définit un foncteur avec
anomalie monoidal tressé [Lemme 4.4.1] ce qui constitue un résultat clé dans la construction de la
TQFT. Le morphisme

Hg = w(a@(){)i‘q WC(Eg X [051];0)5

ot ¥, est une surface de genre g, w: €' ® C' — 1 est le pairing de Hopf de la coend C' et a est
un élément admissible, est lui-méme un projecteur (voir Section 2.1.2). Pour toute surface X, de
genre g, posons :

VC(Eg§ a) = Im(Hg)

et pour tout cobordisme connexe Mp: ¥, — X, définissons par Ve (Mr; o) le morphisme restreint
aux images des projecteurs II, et IIj, induit par We (Mrp; o) noté abusivement (voir Section 1.1.14)

Ve(Mr; o) = vo(T)|T|c,a-

Cette construction définit la TQFT interne avec anomalie [Théoreme 4.4.4].

Théoréme 1 — Soit o un élément admissible. Alors le foncteur avec anomalie Ve( ;a): Coby — T
defini par :
Ve(Eg;a) = Im(Ily)

Ve(Mr; o) = vo(T)|T|c,a

est une TQFT avec anomalie ot T est la sous-catégorie de C des objets transparents.

o

L’espace V¢(X4; @) est I'image du projecteur IT; = w(a ® a)_g|Eg/xE 1]|¢,o donné par
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C®g
()

idC@g

wlawa™ Q) AD Dy A

idc@g

C®9

Nous montrons ensuite, en utilisant les résultats de Bruguieres et Virelizier [BV07], que la TQFT
Ve( ;) s’exprime seulement a 1’aide des morphismes de structure de la coend C' [Théoreme 4.4.6].

Théoréme 2 — Soit  un élément admissible et M un cobordisme. Alors les morphismes

Ve(M;a) sont obtenus par tensorisation et composition de « et des morphismes de structures de
la coend C.

Les cas modulaire et modularisable

Dans le cas ou C est modulaire et « est 1'élement de Kirby de C (voir Chapitre 5), nous com-
parons notre TQFT Ve ( ;a) a celle de Turaev notée RT¢ [Théoréme5.2.1] a 1'aide de I’équivalence
symétrique monoidale

Home(1,—): T = ./\/lod]]{:7

ou ./\/lodﬂ{ est la catégorie des k-espaces vectoriels de dimension finie sur le corps k.

Théoréme 3 — A normalisation prés, le diagramme suivant commute :
Ve( jax)
Cobf} — T
‘2 ot (0.0.1)
RTc
./\/lodﬂ{

Enfin, dans le cas ou C est une catégorie prémodulaire normalisable modularisable de dimension
inversible (voir Chapitre 5), notre TQFT est un relevement de la TQFT RTg associée a la catégorie

modularisée C de C & valeurs dans la catégorie des objets transparents de C [Théoréme 5.4.1].

Théoréme 4 — Soit C une catégorie prémodulaire normalisable de dimension inversible et ag
son élément de Kirby. _

Si C est modularisable, avec modularisation F: C — C, alors F(T) est une sous-catégorie de la
catégorie T des objets transparents de C et il existe un isomorphisme naturel ¢ entre les foncteurs
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avec anomalie RT; et FVe( ;o).

Ve( ;ax)
CObg T
S
= (0.0.2)
Rchv T
lz Homg«(ﬂ7 -)
./\/lod]l{

Plan

Le chapitre 1 est constitué de rappels sur les catégories en rubans, les catégories (pré)modulaires
et les coends.

Le chapitre 2 a pour but de donner la définition d’'une TQFT avec anomalie.

Le chapitre 3 définit d’abord les objets combinatoires de type enchevétrement dont nous
avons besoin pour la construction de la TQFT (on y trouvera notamment la définition d'un
enchevétrement de cobordisme) et rappelle I'extension des résultats de chirurgie et du calcul de
Kirby aux cobordismes de dimension 3.

Le chapitre 4 est le coeur de cette these et détaille les résultats nécessaires a la construction de
la TQFT interne a partir d'un enchevétrement de cobordisme. On y trouvera les deux premiers
résultats principaux de cette thése (Théorémes 4.4.4 et 4.4.6) qui indiquent respectivement qu’un
élément admissible d’une catégorie en ruban avec coend fournit une TQFT et que cette TQFT ne
dépend que des morphismes de structures de la coend.

Le chapitre 5 est un chapitre de comparaison et d’application des résultats du chapitre 4.
On y trouvera les deux derniers résultats principaux de cette these (Théoremes 5.2.1 et 5.4.1)
qui comparent respectivement nos TQFTs internes a celles de Turaev dans les cas modulaire et
modularisable.



Chapter 1

Categorical preliminaries

In this chapter, we recall basic definitions on monoidal, braided and ribbon categories. We intro-
duce one of the main tools of this thesis: that is the coend of a ribbon category, when it exists,
which is a special object of the category. This object leads to the construction of some quantum
invariants as done by Lyubashenko. We recall that this object has a Hopf algebra structure and
is equipped with a pairing and two linear forms encoding respectively the double braiding and the
twists of the ribbon category.

1.1 Categories

1.1.1 Monoidal category

A monoidal category is a quintuplet (C,®,1,a,l,r) where C is a category, ®: C x C — C is a
functor called tensor product or monoidal product, 1 is an object of C called the unit object, a is
natural isomorphism {axyz: (X ®@Y)® Z - X @ (Y ® Z)}x y.zec, | is a natural isomorphism
{lx:1® X — X}xec, and r is a natural isomorphism {rx: X ® T — X }xcc such that, for any
objects W, X, Y, Z of C, the following diagrams 1.1.1 and 1.1.2 commute:

(WeX)oY)®
(V Wldz
WeX)® (Y ®2Z) We(XeY)eZ (1.1.1)
aW,X,Y@Zl/ [aW,XQ@Y,Z
We Xl ®2Z) : We(XeY)® Z)
idw ® ax,y,z
(Xol)oY ey X®(1eY)
(1.1.2)
rx ®idy idx ® ly
X®Y

Example 1.1.1 : The category Mod of k-vector spaces equipped with the usual tensor product
Rk, the unit object k, and for X, Y, and Z three vector spaces, the natural isomorphisms given

15
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by axyz(z®y)®2) =20 (y®=2), Ix(A®z) =Arand rx(z @A) = Az where z € X, y € Y and
z € Z is a monoidal category.

A strict monoidal category is a monoidal category (C,®,1,a,l,r) where the natural isomor-
phisms a, [ and r are identities. Then we just note (C,®,1) for a strict monoidal category. Ac-
cording to a result of Mac Lane (see [ML98]), every monoidal category is equivalent in a canonical
way to a strict monoidal category. In the sequel, we suppose that all monoidal categories
are strict.

Let (C,®,1) and (D, ®,1) be two monoidal categories. A monoidal functor from C to D is a
triplet (F, Fy, Fy) where F is a functor from C to D,

F={R(X,Y): F(X)® F(Y) = F(X®Y)}xyec,

is a natural transformation between functors F' ® F and F'® and Fy: 1 — F(1) is a morphism
of D such that, for every objects X, Y and Z of C, the following diagrams 1.1.3, 1.1.4 and 1.1.5
commute:

Fo(X,Y) ® idp(z)

F(X)® F(Y)® F(Z) F(X®Y)® F(Z)
idpx) ® Fa(Y, Z) F(X®Y,2) (1.1.3)
FX)@F(Y®2) —————— F(X9Y ®2)
id ® F Fy ®id
F(X)®1 T L R(X) e F(1) 1® F(X) Y P e F(X)
idki Aﬂ) idk Fa(L, X)
F(X) F(X)
(1.1.4) (1.1.5)

If F;> and F{y are isomomorphisms, the monoidal functor F' is strong. If Fy and F{y are identities,
the monoidal functor F'is strict.

Let (C,®,1) and (D, ®, 1) be two monoidal categories and F = (F, Fy, Fy) and G = (G, G2, Go)
be two monoidal functors from C to D. A monoidal natural transformation g from F' to G is a
natural transformation from F to G, § = {8x: F(X) — G(X)}xec, such that for every objects
X and Y of C, the following diagrams 1.1.6 and 1.1.7 commute:

Bx ® By

F(X)® F(Y) G(X) 2 G(Y)
F2<X,y>| |G2(X,Y) (1.16)
F(X®Y) o G(X®Y)
1
7 Y (1.1.7)
F(1) G(1)
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A monoidal natural isomorphism from the monoidal functor F' = (F, F5, Fy) to the monoidal
functor G = (G, G3, Gy) is a monoidal natural transformation which is a natural isomorphism from
F to G.

1.1.2 Rigid category

Let C = (C,®, 1) a monoidal category. A left dual of an object X of C is an object VX of C together
with morphisms evy: VX ® X — 1, called left evaluation, and coevx: 1 — X ® VX, called left
coevaluation, such that

(idx ® evyx) o (coevy ®idx) =idx and (evx ® idvx) o (idvx ® coevy) = idvx.

Similarly, a right dual of an object X of C is an object XV of C together with morphisms
evx: X @ XV — 1, called right evaluation, and coevy: 1 — XV ® X, called right coevaluation,
such that

(idxv X &lx) o (C/(_)\&/X X idxv) = idxv and (&X ® idx) o (idx ® C/(_)\e/\lx) =idx.

A rigid category (or autonomous category) is a monoidal category in which every object of C
has a left dual and a right dual. The left and right duals of an object of C are unique up to an
isomorphism preserving the evaluation and coevaluation morphisms. The choice of left duals and
right duals define a left dual functor V?: C°? — C and a right dual functor ?7V: C°? — C where
C°P is the opposite category to C endowed with the opposite monoidal structure. The image of a
morphism f: X — Y of C by the left dual functor is the morphism Vf: VY — VX of C defined by

\/f = (evy ®idvx) o (idvy ® f ® idvx) o (idvy ® coevy),

and the image of f: X — Y by the right dual functor is the morphism fV: YV — XV of C defined
by

fv = (idxv ®§/y) o (idxv X f®idyv) o (C/O\Q/VX ®idyv).

The left and right dual functors are strong monoidal functors. In particular, for any objects X
and Y of C, we have natural isomorphisms VX @'Y ~V (Y ® X), XV @YV ~ (Y ® X)¥ and
isomorphisms Y1 ~ 1 ~ 1. Note that a strong monoidal functor preserves left and right duality.

1.1.3 Pivotal category

A rigid category C is pivotal if it is endowed with a monoidal natural isomorphim between left
and right dual functors. Without loss of generality we can assume that this isomorphism is the
identity, that is, for every object X of C, there exist a dual object X* in C and four morphisms

evy: XX =1, coevy: 1 - XX*, evx: XQX* =1, coevx: 1 —- X" ® X,

such that (X*, evx,coevy) is a left dual of X, (X*, évy,coevy) is a right dual of X, and the
left and right dual functors coincide as monoidal functors. The dual morphism of any morphism
f: X =Y of Cisdefined by f*=Vf=fV:Y* - X*

1.1.4 Braided category

A monoidal category is braided if it is endowed with a braiding, that is, a system of isomorphisms
T={rxy: X®Y =Y ®X}x yec, natural in X and Y, satisfying

Txwy,z = (Tx,z ®idy)(idx ® Tv,z) and Tx ygz = (idy ® 7x,z)(7x,y ®idz)
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for all objects X, Y, Z € C. Note that these conditions imply that 7x 1 = 7 x =idx.
Let C and D be two braided categories. A braided functor from C to D is a monoidal functor
(F, Fy, Fy) such that the following diagram 1.1.8 commutes for every objects X,Y € C:

TF(X),F(Y)

F(X)® F(Y) ———— F(Y) ® F(X)
F2(X,Y) Fa(Y, X) (1.1.8)

1.1.5 Symmetric category
A braiding 7 of a monoidal category C is symmetric if

Ty, xTx,y = idxgy

for all objects X, Y of C. A symmetric category is a monoidal category endowed with a symmetric
braiding. A symmetric monoidal functor is a braided functor between symmetric categories.

Example 1.1.2 : Let X, Y be two k-vector spaces and for z € X, y € Y, define the k-linear map
Txy: X @Y =Y @ X setting 7x vy (z ® y) = y ® . The category Mody equipped with 7 is a
symmetric category.

1.1.6 The subcategory of transparent objects of a braided category

Let C be a braided category with braiding 7 = {7xy: X ®Y - Y ® X} x yec. An object X of C
is transparent if for every object Y of C,

Ty, xTx,y = idxgy.

The full subcategory T of C of transparent objects is a symmetric monoidal subcategory of C.

1.1.7 Balanced category

A balanced category is a braided category C endowed with a twist (or balancing), that is, a natural
isomorphism 6 = {fx: X — X} xec such that
Oxey = Ty xTx,y(0x @ Oy)

for all objects X,Y € C.

Let C and D be two balanced categories. A balanced functor from C to D is a braided functor
F: C — D such that for all objects X € C, F(0x) = 0p(x).

A braided pivotal category C has two canonical balanced structures. The left twist on an object
X of C is defined by

0% = (idx ® 6vx)(1x x ®idx-)(idx @ coevy): X — X
whereas the right twist is defined by
0 = (evx ®idx)(idy @ 7x,x)(coevyx ®idy): X — X.
The left and right twists are invertible, with inverses
(0%) 7" = (evx ®idx)(idx- ® Tx ) (coevx ®idx): X — X

and
(0%) ™ = (idy ®6A{7x)<7'§}1x ®idx+)(idy ® coevy): X — X.

Note that 6} =idy = 6}.
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1.1.8 Ribbon category

A ribbon category C is a braided pivotal category such that for all objects X of C
o' = 0.

The last condition is equivalent to ask that the left twist (respectively the right twist) is self-dual
that means for all objects X of C

O = (%)

(respectively 0%. = (0%)*). This axiom of self-duality is equivalent to the axiom
(0% @idx-)coevy = (idx @ 0. )coevx
(respectively (0% ® idx«)coevy = (idy ® 0%.)coevy).
For an endomorphism f: X — X of a ribbon category, the trace of f is defined as:
tr(f) = evx(idx- ® f)coevx = evx(f @ idx+)coevy € Home (1, 1).

Let f: X - X,0:Y =Y, h: X > Y,and i: Y — X. Then tr(f*) = tr(f), tr(gh) = tr(hg),
tr(f ® g) = tr(f) ® tr(g). The dimension of an object X of C is defined as:

dimg(X) = tr(idx) € Home (1, 1).

Note that isomorphic objects have the same dimension, dimg(X™*) = dim,(X), and dim,(X ®Y) =
dim, (X)dim,(Y").

Ezxamples 1.1.3 :

e The category of finite-dimensional k-vector spaces ./\/lod]l{ endowed with the trivial braiding
9}( = idX is ribbon.

e More generally, the category Repy of representations of a finite-dimensional ribbon Hopf algebra
H is ribbon (see [KRT97] and [Tur94]).

A ribbon functor is a braided and balanced functor between ribbon categories.

1.1.9 Linear category

Recall that a finite set {X71,...,X,,} of objects of a category C has a direct sum if there exist an
object X and morphisms p;: X — X;, ¢;: X; — X satisfying p; o ¢, = 0; idx, for 1 < i,k < n,
such that, for any object Y and any morphisms f;: Y — X; and g;: X; — Y for 1 <1i < n, there is
a unique morphism f:Y — X and a unique morphism g: X — Y with p;o f = f; and go¢q; = ¢;
for all 1 < i < n. The object X is then unique up to isomorphism and X is called direct sum of
direct factors X1,...,X,. We write X =@, X;, f =D, fi and g = D, 9.

Let k be a commutative ring. A k-linear category C is a category where Hom-sets are k-modules,
the composition of morphisms is k-bilinear, and any finite family of objects has a direct sum. In
particular, such a category C has a zero object. An object X of C is scalar if the map k — End¢(X),
A = Aidx is bijective.

Let C and D be two k-additive category. A k-linear functor from C to D is a functor which
defines a k-linear map between the k-modules Home(X,Y) and Homp(F(X), F(Y)) for every
objects X,Y €C.

A k-linear monoidal category is a monoidal category which is k-linear in such a way that the
monoidal product is k-bilinear.



20 CHAPTER 1. CATEGORICAL PRELIMINARIES

1.1.10 Fusion category

Let k be a commutative ring. A fusion category over k is a k-linear rigid category C such that
e cach object of C is a finite direct sum of scalar objects;
e for any non-isomorphic scalar objects ¢ and j of C, Home(¢, j) = 0;
e the isomorphism classes of scalar objects of C form a finite set;
e the unit object 1 is scalar.

The Hom-spaces in C are free k-modules of finite rank. Given a scalar object i of C, the i-
isotypical component X of an object X is the largest direct factor of X isomorphic to a direct
sum of copies of 7. The number of copies of 7 in the direct sum decomposition of X is equal to the
rank of the k-module Home (7, X') which is the same of the rank of Home (X, 4).

An i-decomposition of an object X is an explicit direct sum decomposition of X *) into copies of
1, that is, a family of pairs of morphisms in C (ps: X — 4,¢a: ¢ — X)aea such that the set A has
rank(Home (7, X)) elements and for all a,b € A, paq, = d4,pid; where d, 5 is the Kronecker symbol.

A representative set of scalar objects of C is a set I of scalar objects such that 1 € I and every
scalar object of C is isomorphic to exactly one element of I. Note that if k is a field, a fusion
category over k is abelian and semisimple. Recall that an abelian category is semisimple if its
objects are direct sums of simple objects.

1.1.11 Premodular category and S-matrix

Let k be a commutative ring. A premodular category C over k is a ribbon and fusion category
over k. Pick a representative set I of scalar objects of C. For i,j € I, set

Si i = (evi ® é{IJ)(ldl* & T4,iTi,j & idj*)(cT)Fvi & COGVj) ek,

P

where 7 is the braiding if C. The matrix S = [S; ;)i jer is called the S-matriz of C.

1.1.12 Modular category

Let k be a commutative ring. A modular category over k is a premodular category over k for which
the S-matrix is invertible.

1.1.13 Modularization and modularizable category

Let C and D be two categories. For X and Y two objects of C, the object X is a retract of the
object Y if there exist two morphisms i: X — Y and p: Y — X such that poi=idx. A functor
F:C — D is dominant if for every object Z € D, there exists an object X € C such that Z is a
retract of F(X) in D.

A modularization of a premodular category C over k is a dominant strong monoidal ribbon k-
linear functor F': C — C, where C is a modular category. A premodular category C is modularizable
if it admits a modularization. See [Bru00] for details on modularization.

1.1.14 Category with split idempotents

An idempotent of a category C is an endomorphism II of an object of C such that 12 = II. A split
decomposition of an idempotent IT of an object X of C is a triple (A, p,q) where A is an object of
Cand p: X — A and ¢: A — X are two morphisms of C satisfying:

pg=ids and ¢p =1L
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Such a splitting, if it exists, is unique up to unique isomorphism, that is, given a second splitting
(A",p',q") of TI, there exists a unique isomorphism n: A = A’ such that np = p’ and ¢'n = q. Note
that the object A is called the image of II. We say that C is a category with split idempotents if
any idempotent of C admits a split decomposition. We will always assume that in a category with
split idempotents, for each idempotent II, a splitting (Im(II), prr, gr) has been chosen.

Lemma 1.1.4 — Let C be category with split idempotents. Let X, X' be two objects of C and II,
IT' be idempotents of X and X' respectively.

(i) If f+ X =Y is a morphism such that IU' f = f11, there exists a unique morphism g: ITm(IT) —
Tm(IT") such that the following diagram 1.1.9 commutes:

f (1.1.9)

)~<

Pri qr/

The morphism g is given by pr fqu. We call g the restriction of f to the images of the
idempotents II and II'.

(@) This construction induces a bijection
{f € Home(X, X') | I' fIl = f} — Home (Im(IT), Im(I1"))

by sending f to its restriction.

(iii) If X" is a third object and TI” an idempotent of X", and if f: X — X' and f': X' — X"
satisfy I f = fII then the restriction of f'f is the compositum of the restrictions of f and
f.

In this way, when II' fII = f, a morphism between images of idempotents Im(IT) and Im(IT")
can be represented by a morphism between X and X’. We will often use this representation in the
sequel.

1.1.15 Graphical calculus in a ribbon category

Let C be a ribbon category. Using Penrose graphical calculus, we represent morphisms of C by
drawings as in Figure 1.1.
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am

Y |4
Y AY
[/ ] -
X X X U X X X
(a) f: X =Y d)gof: X—=Z (¢)f®g: XQU =YV (d)idx (e) idx=

X - X
evy = , COevy = ,evy = , COevy =
X X

(f) Left and right duality morphisms.

V % Xlt elﬂf

g) Braiding and twist.

Figure 1.1 — Diagrammatic representation of morphisms in a ribbon category.

The category of oriented ribbon tangles satisfies a universal property (see [Shu94]), which means
in particular that any oriented ribbon tangle T colored by objects of C defines a morphism (T')
in C. For example, to the colored ribbon tangle

|
Txy =

x(N ly

is associated the morphism

<TX7y> = (idX ®eVy)(Ty*,XTX7y* ®idy*)t XYY" QY — X.

1.2 Coend and universal morphism

1.2.1 Hopf algebras, pairing and integrals in a ribbon category

See [Kas95] or [Rad12] for details on classical bialgebras and Hopf algebras.
Let C be a ribbon category, with braiding 7. An object A of C is a bialgebra in C if it is endowed
with four morphisms,

m:ARA—-A u: 1 —-A At A—- AR A, ande: A—1
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called respectively product, unit, coproduct, and counit such that

m(m®idy) =m(ida @ m), m(ida @ v) =idg = m(u ® ida),
(A®ida)A = (ida @ A)A, (idg @ e)A =idg = (e ®ida)A,
Am=(me@m)(ida @744 Qida)(ARA), Au=uQ®u, em=c®¢, eu =1idy.

A morphism S: A — A is an antipode for a bialgebra A if it satisfies
m(S ®ida)A = ue = m(idy ® S)A.

If it exists, an antipode is unique. A Hopf algebra in C is a bialgebra in C which admits an invertible
antipode.
Let H be a Hopf algebra in C. A Hopf pairing for H is a morphism w: H ® H — 1 such that

wim®idy) =w(idy @w @ idy)(idge: @ A), wu®idy) = ¢,
widyg @m) = w(idyg @w @idy)(A ®idye2), w(idy @ u) = ¢.

These axioms imply that w(S ® idy) = w(idy ® S).
A Hopf pairing w for H is nondegenerate if there exists a morphism Q: 1 — H ® H such that

(w ® idH)(idH ® Q) =idy = (idH ®w)(Q ®1dH)

If such is the case, the morphism €2 is unique and called the inverse of w.
A left (respectively, right) integral for H is a morphism «: 1 — H such that

m(idy ® a) = ae (respectively, m(a ® idy) = ae).
A left (respectively, right) cointegral for H is a morphism A: H — 1 such that
(idg ® A\)A = uX (respectively, (A ® idg)A = ul).

A (co)integral is two-sided if it is both a left and a right (co)integral.

If a: 1 — H is a left (respectively, right) integral for H, then S« is a right (respectively, left)
integral for H. If X is a left (respectively, right) cointegral for H, then \S is a right (respectively,
left) cointegral for H. A left (respectively, right) integral a is S-invariant if it satisfies S = «
and a left (respectively, right) cointegral A is S-invariant if it satisfies A\S = A. A S-invariant
(co)integral is then two-sided.

Let w be a Hopf pairing for H and «: 1 — H be a morphism in C. Assume w is nondegenerate.
Then « is a left integral for H if and only if A = w(idy ® «) is a right cointegral for H, and « is a
right integral for H if and only if A = w(a ® idy) is a left cointegral for H.

1.2.2 Dinatural transformations and coends

Let C and D be two categories and consider a functor F': C°? x C — D where C°P is the opposite
category. A dinatural transformation between the functor F' and an object D € D is a function
d which assigns to every object X of C, a morphism dx: F(X,X) — D of D such that, for every
morphism f: X — Y of C, the following diagram 1.2.10 commutes:

F(f,id
Fv.x) —— % p(x, x)
F(idy, ) dx (1.2.10)
F(Y,Y) D
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A coend of the functor F' is a pair (C,¢) consisting of an object C' of C and a dinatural trans-
formation between F' and C which is universal among the dinatural transformations from the
functor F' to a constant, that is, for every pair (A, d) where A is an object of C and d is a dinatural
transformation from F' to A, there exists a unique morphism r: C' — A such that for every object
X of C, the following diagram 1.2.11 commutes:

/ X (1.2.11)

Since the coend (C, ¢) satisfies a universal property, then it is unique up to a unique isomorphism
so we would be able to talk about the coend of a category. Furthermore, depending on the context,
the coend will only refer to the object C' instead of the pair (C, ).

1.2.3 Coend of a ribbon category
Let C be a ribbon category. Consider the functor F': C°? x C — C defined by
F(X,Y)=X*®Y and F(f,9)=f"®g (1.2.12)

for all objects X, Y € C and all morphisms f, g € C. The coend of a ribbon category, when it exists,
is the coend of the functor F' defined just above (1.2.12). For example, the category Repp of left
H-modules of a finite-dimensional Hopf algebra H over a field k possesses a coend (C,¢) where
C = H* = Homg (H, k) and is endowed with the coadjoint left H-action given by

and, for a left H-module M, the dinatural map ¢p;: M* ® M — H* is given by
(leom)e M* @M —1(_m) € H.

Theorem 1.2.1 — Let C be a ribbon category with a coend (C,i). Then C is a Hopf algebra in
the category C.

See [Lyu95b] for a proof of Theorem 1.2.1.
In order to explicit structural morphisms of C', recall fundamental consequences of the universal
property of the coend C' and of the Fubini theorem (see [ML98]) in the case of a ribbon category:

Theorem 1.2.2 — Let C be a ribbon category with coend (C, 1), A be an object of C and
d= {dxl’,“’xn : Xik RX1®...® X;: ® X, — A}Xl,...,X,LEC

be a system of morphisms of C which is dinatural in every X; for 1 < i < n. Then there exists a
unique morphism ¢: C®" — A such that

dxy,..x, = ¢0 (lx, @ ... @ ix,)

Lemma 1.2.3 — Let C be a ribbon category with coend (C, 1), A be an object of C and ¢: C®™ —
A and : C®" — A be two morphisms of C. Suppose that for all set of objects X1,..., X, of C,

po(tx, ®...0tx,)=vo(tx, ®...®tx,).

Then ¢ = 1.
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All structural morphisms of C' are defined using Theorem 1.2.2. Let us define the product m,
the coproduct A, the unit u, the counit € and the antipode S by:

tyex(Cxy ®ldygx)(idx- @ Tx yrgy) =miix @1y): X @ XY Y - C ( )
=u:l1=1"91—-1 ( )
(tx ®@vx)(idx- @ coevy ®idx) =Aix: X" @ X - C®C (1.2.15)
evy =eax: X" @X =1 ( )
(evx @ tx+)(idx+ @ Tx++ x ®idx.)(coevy- @ Tx» x) =Six: X @ X — C ( )

~

where equalities are satisfied for every objects X,Y of C and (xy: X*@Y* — (Y ® X)* is the
isomorphism defined by (xy = (evx (idx- ® evy ® idx) ® id(ygx)-)(idx-gy~ @ coevygx). The
antipode S is invertible, with inverse defined via:

(evx ® vx~)(idx+ ®7';(1*,X ® id x« ) (coevx ®T§17X) =S"Lxy: X*®X = C (1.2.18)

and it can be shown that S? = 6. The coend C is equipped with three additionnal structural
morphims, 6, : C — 1,0_: C — 1 and w: C ® C' — 1 defined using the universal property of the
coend:

evy(idx» ®0c) =011x: X" @ X — 1 (1.2.19)
evy(idx- ®05") =0_1x: X* @ X = 1 (1.2.20)
(eVX ® evy )(idx- Q Ty XTX,y~ Ridy) =w(ix @ty): X' @ X Y* Y — 1 (1.2.21)

The morphism w: C®C — 1 is a Hopf pairing . Recall that a pairing w is said to be non-degenerate
if there exists of a morphism Q: 1 — C®C such that (w®ide)(ide®Q) = ide = (Ide®w)(2®ide).
This is equivalent to say that (w®ide+)(ide @ coeve): C — C* and (ide- Qw)(coeve ®ide): C —
C* are isomorphisms. The universal dinatural transformation of the coend C' on an object X,
tx: X*®X — 1, is depicted as in Figure 1.2.

Lx =
X

Figure 1.2 — The universal dinatural transformation of the coend.

Using the graphical calculus defined in Section 1.1.15, we depict all equalities defining the
structural morphisms of C' in Figure 1.3.

There is a natural version of all this equalities. It uses the universal coaction of C' on the
objects of C defined by

O0x = (idx ® tx) o (coevy ®idyx): X = X ® C,

and depicted as in Figure 1.4.
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S A AN A H
N AN

-0
0

Figure 1.3 — Structural morphisms of C.

X

Figure 1.4 — The universal natural transformation of the coend.

Using the universal coaction, equalities defining the structural morphisms of C' are depicted in
Figure 1.5.

The product m and the coproduct A are depicted as in Figure 1.6.
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c C cl lc c C
A
= b = b = )
c
X Y X®Y X X 1
C C C C
\ \ \
= ) = ’ e ’
C C C
X X X X X X
(@) - () }
= b P ) =
C
C c C
X X X X X ly X/Y

Figure 1.5 — Structural morphisms of C'.

C c c C c C

C c C c c c

Figure 1.6 — The product and the coproduct of C'.

1.2.4 Universal morphism

We present in the next Lemma a fundamental result which will allow us to start our construction
of TQFTs.

Lemma 1.2.4 — Let C be a ribbon category with a coend (C, ). Consider a system of morphisms
of C
n 2m 2m
F=SIxixaviye: QT X) Q)Y - XY
i=1 j=1 j=1

X1, X0, Y1, YameC

which is dinatural for the functor (X,Y ) — X* Q@Y in every X; for 1 <i <n and natural for the
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functor Ide in every Y; for 1 < j < 2m. Then there exists a unique morphism
|f|: Cc®@ntm o g®m

such that VXy,..., X, €C,VY,,...,Y,, €C,

(V1 ® o @ 1y, ) X X Y Ve Y Yo = [0 (xy @ @ 1x, @y, ® ... @ Ly,,).

m

depicted as:

*
Ym
Yy Yo,

SX 0 X Y7 Y Y Yom

2m>?

£

The morphism |f| is called the universal morphism associated to the system of morphisms f.

X} X1 X} Xn Y Yy Y Ym

Proof. The system of morphisms (1y1 ®...®uy, ) fx, o X Y7 Y Y Yoy, 1S dinatural in every X
and in every Y;. The result is then the consequence of parameter theorems and Fubini theorem

for coends. For details of the proof, see [ML98] and [F'S]. O



Chapter 2

TQFT with anomaly

In this chapter, we define all things with anomaly. First, we give the definition of a functor with
anomaly and recall that images of identities are idempotents. Taking the restrictions on images
of these idempotents, we define a unitalized functor with anomaly where identities are now sent
to identities, up to a scalar. After extending definitions of a braided monoidal functor to functor
with anomalies, we give the main definition of this chapter, that is, the definition of a TQFT with
anomaly.

In this chapter, let C be a category and D be a k-linear category.

2.1 Functor with anomaly

2.1.1 Basic definitions

A pair of morphisms (g, f) of the category C is composable if the source of f is the target of g. A
2-cocycle v for the category C associates to all pairs (g, f) of composable morphisms of C a scalar
vg.5 € k™ such that for all composable pairs of morphisms (h, ¢g) and (g, f),

Yhg,fVh,g = Th,gfVg,f-
For every object X € C, denote by vx, x the scalar ¥idy idy -

Lemma 2.1.1 — Let vy be a 2-cocycle of C and f € Home(X,Y). Then
Vfidx =VX,X and Yidy,f =Yy, -

Proof. We have, Yidy idx Vfidx = Vfidxidx VX, X, and as vfid is invertible, vfid, = vx,x. In the
same way, Vidyidy,fYidy idy = Yidy.idy fYidy,f and, as Yid, s is invertible, vy'y = Viay f- O

A functor with anomaly from the category C to the category D is a pair (F, ) where:

e [ associates to each object X of C an object F(X) of D and to each morphism f €
Home (X, Y) a morphism of D in Homp (F(X), F(Y));

e v is a 2-cocycle of C called the anomaly;
such that for all pairs (g, f) of composable morphisms of C,
Flgo f) =9.7F(9) o F(f)-

When the anomaly is the constant function equal to 1, we recover the definition of a functor.
For every object X € C, denote by IIx the morphism vx xF(idx) of D.

29
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Lemma 2.1.2 — For every object X € C, the morphism Ilx is an idempotent of D.
Proof. We have IT§, = vx,x (vx,x F(idx) o F(idx)) = yx x F(idx oidx) = yx x F(idx) = Ix. O
A functor with anomaly (F,~): C — D is unital if for all X € Ob(C),
My =idpx)-

A unital functor with anomaly is strict if yx x = 1.

Let (F,v) be a functor with anomaly between C and D and let G: B — C and H: D — &
be two functors where the category £ and the functor H are supposed to be k-linear. The left
composed functor with anomaly is the functor with anomaly (H o F,~) which associates to any
object X € C the object H(F(X)) € £ and to any morphism f: X — Y of C the morphism
H(F(f)): HF(X)) - H(F(Y)) of £. The right composed functor with anomaly is the functor
with anomaly (F'o G,7q(),c()) which associates to any object X € B the object F/(G(X)) € D and
to any morphism f: X — Y of B the morphism F(G(f)): F(G(X)) — F(G(Y)) of D.

2.1.2 Unitalization of a functor with anomaly

Suppose that the category D has splitting idempotents and let (F,~v): C — D be a functor with
anomaly. Then for all X € Ob(C), since IIx = vyx x F(idx) is an idempotent (see Lemma 2.1.1),
there exist an object Im(ITx) € D and two morphisms px: FI(X) — Im(Ilx) and ¢x: Im(ITx) —
F(X) such that pxqx = idimy) and gxpx = lx. Define the unitalized functor with anomaly

(ﬁ,fy): C — D of (F,v) by:
e for all X € Ob(C), ﬁ’(X) =Im(IIx);

e forall f € Home(X,Y), F(f) =py o F(f) o gx.
Lemma 2.1.3 — Let (F,v): C — D a functor with anomaly. Then the unitalized functor with

anomaly (F,~v) is a unital functor with anomaly.
Proof. First, for X € C, compute 'yX’Xﬁ(f):
vx,x F(idx) = vx,xpx F(idx)ax = px (axpx)ax = (pxax)pxax) = idpm(y)idimmy) = gy

so the unitary condition is satisfied for F. B
Next, for f: X =Y and g: Y — Z, compute F(gf):

F(gf) = pzF(9f)ax = 941 F(9)F(f)ax = 7o, F(9)F(idy flax = 9.s2F(9)(viay . F(idy ) F(f))ax
But, as v is a 2-cocyle and according to the Lemma 2.1.1, ;4. = 7y,y. Thus:
Yg.102F(9) idy s F(idy ) F(f))ax = 79,502 F (9)(yy,y F(idy ) F(f))ax
= 70,10z F ()Y F(f)ax = vg,5pzF (9)avpy F(f)ax
= Y00 Pz F(9)ay ) (py F(f)ax) = 19,1 F(9)F ()

Then F(gf) = 70 F(@)F(f). -

2.2 Natural transformation between functors with the same
anomaly
Let (F,v) and (G, ) be two functors with anomaly from C to D having the same anomaly. A natural

transformation from (F,~) to (G,~) is a family of morphisms p = {px: F(X) = G(X)}xec such
that, for every objects X of C, the following diagram 2.2.1 commutes:
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pY (2.2.1)

Remark 2.2.1 — There is a more general notion of natural transformation with anomaly when the
functors F' and G have different anomalies: a natural transformation with anomaly from (F,7v) to
(G,n) is a pair (p,w) where p = {px: F(X) = G(X)}xec is a family of morphisms of D indexed
by objects of C and w is a map which assigns to every morphim f of C an element wy € k* such
that for every pair of composable morphisms f: X — Y and g: Y — Z of C,

Wyflg,f = WeWfg,f
and for every morphism f: X — Y of C,

wrG(f)px = py F(f).

The map w is the anomaly of the natural transformation with anomaly (p,w). When the anomaly
is the constant map equal to 1, we recover our definition of a natural transformation between
functors with the same anomaly. _

Now, recall the unitalized functor (F, ) of a functor with anomaly (F,~) (see 2.1.2). Note that
px: F(X) = F(X) and qx : F(X) — F(X) define two natural transformations p: (F,~) — (F,7)

and ¢q: (F,v) — (F,v). Then IIx defines also a natural transformation II: (F,v) — (F,v). The
next Lemma 2.2.2 claims that the unitalized functor (F,~) equipped with natural transformations
(p, q) is universal among the unital functors with anomaly (G, v): C — D equipped with two natural

transformations a: (F,v) — (G,v) and : (G,v) — (F,v) such that af = idg and fa =1I.

Lemma 2.2.2 — Let (F,v): C — D be a functor with anomaly. Then for any functor with
anomaly (G,v): C — D equipped with two natural transformations a: (F,v) — (G,v) and 8: (G,v) —
(F,v) such that a8 = idg and Ba =11, there exists a unique natural isomorphism

n={nx: F(X) = G(X)}xec
such that the following diagram commutes for all objects X € C:

px ax

F(X) —— F(X) —— F(X)

RN

G(X)

Proof. Let us define n = aq. Then 7 is a natural isomorphism that satifies the conditions (its
inverse is pf3).
O

2.3 Monoidal functor with anomaly

Suppose that the category C and D are monoidal in this section. Let (F,~) be a functor with
anomaly from C to D. The anomaly ~ is monoidal if for all morphisms f: X - Y, g: Y — Z,
X =Y g:Y — Z of C,

Ygog' . ff = Vg, fVg' [+
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A monoidal functor with anomaly from the category C to the category D is a quadruplet (F, Fy, Foy,7)
where (F,7) is a functor with monoidal anomaly v from C to D, F, is a natural transformation
between (F @ F, g, 5vg.5) and (F®,Yge¢ fos) denoted by

F={RXY): FX)FY)—=F(X®Y)}lxye
and Fy: 1 — F(1) is a morphism of D such that, for every objects X, Y and Z of C, the following
diagrams 2.3.2, 2.3.3 and 2.3.4 commute:

F(X,Y) ®idp(z)

FX)@ F(Y)® F(Z) F(X®Y)® F(Z)
idpx) ® F2(Y, Z){ B(XQ®Y,Z) (2.3.2)
FX)oF(Y ® Z) Y S ) FX®Y®Z)
id ® Fi Fo ® id
F(X)®1 T L R((X) e F(1) 1@ F(X) Y P e F(X)
id& Aﬂ) id& AX)

F(X) F(X)

(2.3.3) (2.3.4)

If F5 and F{y are isomomorphisms, the monoidal functor with anomaly F' is strong. If F5 and
Iy are identities, the monoidal functor F'is strict.

Let (F,Fy, Fy,v) and (G, Ga,Gp,7y) be two monoidal functors with anomaly. A monoidal
natural transformation from F to G is a natural transformation p = {px: F(X) — G(X)}xec
such that for all objects X,Y € C, the following diagrams 2.3.5 and 2.3.6 commute:

FX)®@ F(Y) —— G(X)® G(Y)
Fa(X, Y)[ |c2<x, ) (2.3.5)
F(X®Y) — G(X®Y)
1
7 Y (2.3.6)
F(1) G(1)

P1

Lemma 2.3.1 — Let F = (F, Fy, Fy,v): C — D be a monoidal functor with anomaly. Then

(i) The unitalized functor (ﬁ,’y) admits a unique structure of monoidal functor with anomaly
such that the natural transformations p: F — F and q: F — F (see section 2.1.2) are
monoidal.

(ii) If (F,~) is strict (respectively strong) then (F,~y) is strict (respectively strong).
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Proof. First, we show result (7). Define the monoidal structure of F= (ﬁ, E, E;, v) by

F(X,Y) = pxey Fa(X,Y)(qx ® qv): F(X) @ F(Y) = F(X®Y)
and

Fo=piFy: 1 — F(1)

where X,Y are objects of C, gxpx =IIx = vx x F(idx), }N?(X) =Im(Ilx) and pxgx = id;(x).

Impose that p and ¢ are monoidal transformations means that for every objects X,Y € C,

Fry(X,Y)(px @ py) = pxeyF2(X,Y)
and

axey Fa(X,Y) = Fa(X,Y)(gx © qv)

so the choice of ﬁ; is uniquely determined. Moreover, it means that ﬁ; = p1 Fy and qnﬁa = Fj so
the choice of Fy is uniquely determined.

First, we check the naturality of ﬁ;:
Let f: X — X’ and g: Y — Y’ be two morphisms of C. We compute F5(X',Y")(F(f) ® F(g)):

B(X,Y')F(f) ® F(9)) = pxray F2 (X', Y)ax ® ay/) (px' F(f)ax © pyF(g)ay)
=pxey Fo (X, Y ) axpx F(f)ax @ qy py F(9)ay)
3 . .
D pxey Fa(X,Y) (v o F(idx ) F(f)ax @ vyry F(idy )pys F(g)ay)

(4) . .
= pxray Fo( X, Y) (Yidy, s F(idx ) F(f)gx ® Yidy o F (idy/) F(g)qy)

=pxay B2 (XY )(F(f) @ F(9)(ax @ qy)

(6)
= pxey F(f @ g9)F2(X,Y)(gx ®qy)

=pxey F((f ® g)idxey)F2(X,Y)(gx @ qv)

=pxrey (Viegidxey F(f ® 9)F(idxey)) F2 (X, Y)(gx ® qy)
9)
= pxoy (F(f @ 9)llxgy ) Fo(X,Y)(9x @ qy)

(10)
= pxoy F(f ®9)ixeypxey F2(X,Y)(4x ® qv)

= F(f®g)F(X,Y)

Equalities (3) and (10) follow from the definitions of idempotents Ix: = gx'px’, Hy’ = gy py
and IIxgy = ¢xevpxey-

As v is a 2-cocycle, Yx/ x = Yy, f+ VY, ¥ = Yid}, g a0d Yx@V,X0Y = Vf@g,idxey Which imply
equality (4) and (9).

Equality (6) comes from the naturality of Fy: F @ F — FQ.

Next, we have to check the coherence axioms of the definition of a monoidal functor with

anomaly. We first compute E(X,Y ® Z)(idj;(X) ® E(Y, Z)) for any objects X,Y of C and show



34 CHAPTER 2. TQFT WITH ANOMALY

that the axiom 2.3.2 is satisfied for F:

Fy(X,Y ® 2)(idg ., @ Fa(Y, 2))

= pxavezF2(X,Y ® Z)(gx ® Ivez))(idz ) @ (PyezF2(Y, Z)(¢y ©4z2)))

=pxevezF2 (X, Y @ Z)(¢x @ (gyvezpyvezF2 (Y. Z)(qv ® qz)))
=pxevezF2(X,Y @ Z)(¢x @ MlygzF2(Y, Z)(qy ® qz)))

4
D pxevesR(X,Y © Z)(qx ® (B(Y @ 2)(Ily @ 112)(gy ® 42)))
= pxovezF2(X,Y ® Z)(idpx) @ F2(Y ® Z2))(gx @ (IIy ® Hz)(qy ®qz))

6 .
@ Pxevezl2(X @Y, Z)(F(X ®Y) ®idpz)(gx @ (IIy @ 112)(qy ® qz))
= pxovezl(X @Y, Z)(F(X ®Y)®idpz))(gx @ Ilyqy @ lIzqz)

8 .

© Pxeyvezl2(X @Y, Z)(F(X ®Y) ®idpz)(ax ® ¢y ® qz)

9 .

© PxeyezF2(X @Y, 2)(Fy(X ®@Y) ®@idpz))(Hxqx @ Ilyqy ® qz)

:pX®y®ZF2(X ®KZ)(F2(X ®Y)(HX ®HY) ®CIZ)(qX ® gy ®1df(z))

11 )

Y pxevezPa(X © Y. 2)(lxey Fa(X ©Y) © 42)(0x @ v ©idz )

12 '

12) Pxevezl2(X @Y, Z)(gxeyPxey F2(X ®Y) ®qz)(gx ® gy ® ldﬁ(z))

= (Pxevez2(X @Y, Z)(gxey © 42))(Pxey F2(X ®Y) @idg ,))(gx @ gy @id5 )
= (pxevez2(X @Y, Z)(gxey @ 42))(pxey F2(X @ Y)(4x @ qv)) @ 1dg )

= B(X @Y, 2)(F(X,Y) @idg, ;)

Equalities (4) and (11) are due to the naturality of Fy: F® F — F® and the monoidal property
of 7. Equality (6) follows from the axiom 2.4.7 satisfied by F. Equalities (8), (9), (11) and (12)
are due to the definition of II, p and q.

Now, we show that F' the axiom 2.3.3 is satisfied. For every object X € C,

F(X,1)(dg ) ® Fo) = pxer Fo (X, 1)(ax © ) (idj ) © p1 Fo)
2

= pxFo(X,1)(¢x ® ¢1)(pxqx ® p1Fop)

=px Fo(X,1)(Ilx ® 1) (¢x @ Fy)

(4)
= pxlxe1 F2(X,1)(gx ® Fo)

= pxHx F>(X,1)(idpx) ® Fo)gx

6 .

© pxlxidrx)gx
© .

= pxqxpxidr(x)qx
(8) .
= 1dzy,

Equality (2), (3), (7) and (8) are due to the equality pxgx = idm,r(x) and Ilx. Equality (4)
follows from the identity F»(X,Y)(Ilx @ IIy) = Hxgy F2(X,Y) which follows from the naturality
of Fp: F® F — F® and the fact that « is monoidal. Equality (6) follows from the axiom 2.3.3
which is satisfied by F. B

In the same way, the axiom 2.3.4 is satisfied by F'. O
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2.4 Braided and symmetric functor with anomaly
Suppose that the categories C and D are braided and denote indifferently by 7 the braiding of the
two categories. A braided functor with anomaly is a monoidal functor with anomaly (F, Fy, Fo,7)

such that for all objects X and Y of C, the following diagram commutes:

(F(idy) ® F(idx))Tr(x),F(v)

F(X)® F(Y) F(Y)® F(X)
Fa(X,Y) (Y, X) (2.4.7)
F(X®Y) — F(Y @ X)

A symmetric monoidal functor with anomaly is a braided functor with anomaly between symmetric
categories.

Remark 2.4.1 — This lax definition of a braided functor allows us to consider braided functors
with anomaly which don’t send isomorphisms on isomorphisms.

Lemma 2.4.2 — Let F = (F, F5, Fy,) be a braided functor with anomaly. Then the unitalized
functor F is a braided functor with anomaly.

Proof. Recall the monoidal structure of the unitalized monoidal functor with anomaly F= (F, Fy, Fo,7):
for X,Y € C, Fo(X.Y) = pxay Fo(X,Y)ax @ av,

and, as p and ¢ are monoidal natural transformations,

Fy(X,Y)px @ py =pxeyF2(X,Y) and  qxeyFa(X,Y) = F(X,Y)qx @ gy.
Now, we can compute ﬁ(TX’y)E(X, Y):

Flrxy)Fa(X,Y) = pyox F(Tx.y)axeypxey Fa (X, Y)gx © gy
= pY@XF(TX,Y)QX@)YE(X, Y)(px ®py)(gx ® qy)
= pyex F(mxy)Fa (X, Y)(gx ® qv)(px @ py)(qx ® qv)
= pyexF(Tx,y)(4x ®qy)
= pyox F2(Y, X)(F(idy) ® F(idx))Trx),rv) (@x @ qy)

G
= Yxx vy Prox (Y, X)(aypy ® axpx)Tr(x),r(v)(ax @ qy)

= Yxx Wy yPrexFa(Y, X)(
= VxxVryProxFa(Y, X)(

y ®qx)(py ® pX)TF(X),F(Y)(QX ® qy)
qy ®@qx)(py @px)(qy ® QX)TF(X)J}'(Y)
= pyox (Y, X)(¢y @ 4x)75 ) 7y)

= pyex (Y, X)(ay ® ax)(yyidy @ 7y xidx) 5 o) 7y

= R(Y, X)(F(idy) ® ﬁ(idX))TE(X),f(Y)

using that F(idx) = VQ}XqXpX, Pxqx = idf(x)» the braiding is natural and that F' is a braided

functor with anomaly in equality (5). O
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2.5 Cobordism category and TQFT with anomaly

Let n be a non-negative integer. A n-manifold means a topological manifold of dimension n
and the empty set () is a n-manifold for any n. The category of n-dimensional cobordisms Cob,
is defined as follows. The objects of Cob, are closed oriented (n — 1)-manifolds as objects. A
morphism from a (n— 1)-manifold ¥ to a (n — 1)-manifold ¥/ is represented by a pair (M, h) where
M is a compact oriented nm-manifold and h is a orientation preserving homeomorphism between
3| |¥ and OM where ¥ represents the manifold ¥ with the opposite orientation. Two such pairs
(M,h: Z||% — OM) and (N,k: 3| |%' — ON) represent the same morphism in Cob,, if there
exists a preserving-orientation homeomorphism f: M — N such that £k = fh. The composition
in the category Cob,, is given by the gluing of two n-cobordisms: the composition of the two
morphisms (M, h): (3, ¢x) — (X', ¢x) and (N, k): (X, ¢ ) — (X7, ¢sr) is represented by the
morphism (L, g) where M is the gluing of M on N along ¥/ given by the gluing homeomorphism
kh=t: h(¥X') — k(X') and g is the homeomorphism hys, LI k. The identity morphism of the
(n — 1)-manifold ¥ is represented by the n-cobordism (X x [0,1],¢: L[ |3 — ¥ x {0} | x {1})
where c|s(z) = (2,0) and ¢[s(z) = (x,1). The category Cob, is a symmetric monoidal category
with tensor product given by disjoint union, unit object is the empty (n — 1)-manifold and the
symmetric braiding 7s; 5 between two (n—1)-manifolds ¥ and X’ is represented by the n-cobordism
(CuX) x[0,1],d: US| U - (2UY) x {0} (' UE) x {1}) where d|sg7s7(2) = (,0)
and d|yux(z) = (z,1).

A n-dimensional Topological Quantum Field Theory with anomaly (TQFT with anomaly) with
values in a symmetric monoidal category S is a symmetric monoidal unital functor with anomaly
from Cob,, to the symmetric monoidal category S.

Remark 2.5.1 — A classical n-dimensional TQFT is a particular case of a TQFT with anomaly
where & = Mody and anomaly equal to 1.

2.6 Anomaly lifting
Let (F,v) be a functor with anomaly from a category C to a category D and let w be a map that
associates to any morphism f of C an invertible scalar wy € k. Define a new functor with anomaly

(F¥,~%) called the w-rescaling of (F,~) by:

F*(X) = X and F*(f) = w,F(f),

for any objects X of C and any morphism f of C. The anomaly * is then given by w“jfjg Yg.f O0 &
pair of composable morphisms (g, f) of C.

Let (F,v) be a functor with anomaly from C to D. There is a canonical way to "suppress" the
anomaly by modifying less as possible the category C. Define by C the category:

e whose objects are the same than those of C;
e a morphism of Homz(X,Y') is a pair (f,z) where f € Home(X,Y) and x € k*;
e the composition between (f,z): X — Y and (¢,y): Y — Z is given by (g oc f, ﬂyg_)}xy).
If U: C — C is the forgetful functor between C and C, then define the functor F': C — D by:
F(X)=F(X)and F(f,z) = 2F(f)

where X is any object of C and (f, z) is any morphism of C. Now, if (f,z) is a morphism of C, set
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w(t,z) = . Then we have the following commutative diagram of functors with anomaly:

Ql

i

U (2.6.8)

Q

(F.v)

Note that the triplet (C¥, U, F") has the following property: for all triplets (5 , E,G%) such that
E:C — Cis an ‘equivalence of category, G is a functor with anomaly which is the a-rescaling
of a functor G: C — D and FFE = G, there exists an equivalence of category H such that the
following diagram 2.6.9 commutes

(2.6.9)
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Chapter 3

Presentation of 3-cobordisms by
cobordism tangles

In this chapter, we define all ribbon things. We first recall the definition of Turaev [Tur94] of
a ribbon graph before defining the main combinatorial object of this thesis, that is, the ribbon
cobordism tangles. Another set of tangles is defined called opentangles. It will be useful in
the construction of an isotopy invariant of cobordism tangles. The end of this chapter gives
the relationship between 3-cobordims and cobordism tangles: every 3-cobordism is represented by
surgery by a cobordism tangle and two cobordisms are homeomorphic if and only if their cobordism
tangles are separated by certain moves defined at the end of the chapter.
In this chapter, for any tuple of integers (g1, ..., gr), denote by |g| =>""_, g; .

3.1 Topological and combinatorial preliminaries

3.1.1 Ribbon graphs

An arc is an embedding of the square [0, 1] x [0, 1] in R3. The image of [0, 1] x {0} and of [0, 1] x {1}
are called bases of the arc whereas the image of [0,1] x {1} is called the core of the arc. A coupon
is an arc with a distinguished base called the bottomn base (the other base is the top base). A closed
component is an embedding of the the surface S x [0,1] in R3. The image of S* x {1} is the core
of the closed component.

A ribbon graph with k bottom endpoints and | top endpoints is an oriented surface G embedded
in R? x [0, 1] which is a finite disjoint union of arcs, coupons, and closed components such that

e the set GNR?x {0} (respectively GNR? x {1}) is the union of the k (respectively 1) disjoint seg-
ments [(1,1,0),(1,2,0)],...,[(1,2k—1,0), (1, 2k, 0)] (respectively [(1,1,1), (1,2, 1)], ..., [(1,2]—
1,1),(1,2,1)]) which belong to some arcs of G and the orientation of G near these segments
is given by the normal vector (1,0, 0);

e all other bases of arcs lie on bases of coupons;
e the core of arcs and closed components are oriented.

For more details on ribbon graphs, see [Tur94].
A ribbon tangle is a ribbon graph with k& bottom endpoints and [ top endpoints without coupons.
A diagram of a ribbon graph G is a projection of the coupons and the core of arcs and closed
components of G in the plane {0} x R x R such that the crossing have only double points and the
orientation of a coupon is the orientation of {0} x R x R; we distinguish the overcrossing and the
undercrossing in such a case. Except on Figure 3.2, the bottom base of a coupon is parallel to the

39
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line {0} x R x {0} and is lower than the top base. An example of a projection of a ribbon graph

is given in Figure 3.1.
g';‘t
ﬁ )
II\

Figure 3.1 — A ribbon graph and one of its diagrams in the plane {0} x R x R.

To rebuild the ribbon graph starting from one of its diagrams, just thicken the cores of arcs and
closed components of the diagram in the plane {0} x R x R. We say that diagrams are represented
with convention of blackboard framing.

By an isotopy of ribbon graphs, we mean an orientation preserving isotopy in R? x [0, 1] constant
on the boundary segments and preserving the splitting into arcs, coupons and annulus as well as
the orientation of cores. Recall that two diagrams represent the same isotopy class of a ribbon
tangle if and only if one can be obtained from the other by deformation (planar isotopies) and
a finite sequence of ribbon Reidemeister moves (see [Tur94] for details on isotopies and ribbon
Reidemeister moves).

Finally, remember that you can compose two isotopy classes of ribbon graphs by juxtaposing
them when the number of top endpoints of the first coincides with the number of bottom endpoints
of the second. Moreover, you can obtain a new ribbon graph by putting two ribbon graphs side
by side. These operations turn the set of isotopy class of ribbon graphs into a monoidal category
(see [Tur94]).

In the sequel, when there is no confusion, we identify a ribbon tangle and its isotopy class.

3.1.2 Ribbon (g,n,h)-graphs

Let g =(g1,...,9-) and h = (hq,..., hs) be two tuples of non-negative integers, n be a non-negative
integer, and denote by lgl = i1 9i- By a ribbon (g,n, h)-graph, we shall mean a ribbon graph
G C R? x [0, 1] consisting of n closed components, s ordered coupons called entrance coupons, r
ordered coupons called exit coupons, and |g| + |h| arcs based on coupons such that for all 1 <4 <r
and all 1 < j < s the ith entrance coupon has 2¢g; top endpoints and no bottom endpoints and the
Jth exit coupon has 2h; bottom endpoints and no top endpoints such that:

e for 1 < k < g;, an arc joins the (2k — 1)th and the 2kth top endpoints of the ith entrance
coupon and its core is oriented from the 2kth top endpoint to the (2k — 1)th top endpoint;
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e for 1 < k < hj, an arc joins the (2k — 1)th and the 2kth bottom endpoints of the jth exit
coupon and its core is oriented from the (2k — 1)th bottom endpoint to the 2kth bottom
endpoint.

A closed component of a ribbon (g, n, h)-graph is called a sugery component. An arc based on an
entrance coupon (respectively exit coupon) is an entrance component (respectively exit component).
A connected component of an entrance (resp. exit) coupon constitutes an entrance boundary
component (resp. exit boundary component). A ribbon (g, n, h)-graph is represented by a diagram
with blackboard framing. B

<
oo ] \//\/\Q

Figure 3.2 — A ribbon ((1), 1, (2, 1))-graph.

For an example, see Figure 3.2 where there is one surgery component (red), one entrance
component which is a part of the unique entrance boundary component (black), and three exit
components separated on the two exit boundary components (blue).

We denote by GRAPH (g, n, h) the set of all (g, n, h)-graphs, by

GRAPH = |_| GRAPH (g, n,h),
(g,m:h)

by Graph(g,n, h) the set of all isotopy classes of (g, n, h)-graphs, and by

Graph = |_| Graph(g,n,h).
(g,m,h)

3.1.3 Ribbon cobordism tangles

Let ¢ = (g1,...,9-) and h = (hq,...,hs) be two tuples of non-negative integers and n be a
non-negative integer. By a ribbon (g,n, h)-cobordism tangle, we shall mean a ribbon tangle T' C
R? x [0,1] with 2|g| bottom endpoints and 2|h| top endpoints consisting of n closed oriented
components called surgery components, |g| arcs called entrance components and |h| arcs called exit
components such that: B

o for 1 < k < |g|, the kth entrance component joins the (2k — 1)th and the 2kth bottom
endpoints and its core is oriented from the 2kth bottom endpoint to the (2k — 1)th bottom
endpoint;

e for 1 < k < |h|, the kth exit component joins the (2k — 1)th and the 2kth top endpoints and
its core is oriented from the (2k — 1)th top endpoint to the 2kth top endpoint.

i—1 i

For every 1 < i < r, the disjoint union of the kth entrance component for | > g; | +1 <k < " g
=1 j=1

is called the ith entrance boundary component of the cobordism tangle. For every 1 <1 < s, the
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i—1 i
disjoint union of the kth top arcs for <Z hj> +1<k< (Z hj> is called the ith exit boundary
j=1 =1

component of the cobordism tangle.
A ribbon cobordism tangle is represented by a diagram with blackboard framing.

Figure 3.3 — A ribbon ((1), 1, (2, 1))-cobordism tangle.

For an example, see Figure 3.3 where there is one surgery component (red), one entrance com-
ponent which forms the only one entrance boundary component (black) and three exit components
separated on two exit boundary components materialized by vertical little segments (blue).

We denote by TANGC*(g,n,h) the set of all (g,n, h)-cobordism tangles, by

TANGC® = | | TANG(g,n,h),
(g9,m:h)

Cob(

by Tang®°®(g,n,h) the set of all isotopy classes of (g, n, h)-cobordism tangles, and by

Tang®?® = |_| Tang®**(g,n, h).
(g9,m:h)

There is a surjective map Gr: Tang®®® — Graph defined on an isotopy class T of a (g,n, h)-
cobordism tangle where g = (g1,...,g-) and h = (hy,..., hs) by:

Gr(T)_<®...®>oTo<®...®> (3.1.1)

where a coupon colored by a positive integer m means that there is m couples of oriented arrows
attached on the coupon as specified in the definition 3.1.1 of the map Gr.

3.1.4 Ribbon opentangles

Let g = (g1,...,9-) and h = (h1,...,hs) be two tuples of non-negative integers and n be a non-
negative integer. By a ribbon (g, n, h)-opentangle, we shall mean a ribbon tangle T C R? x [0, 1]
with 2(|g| +n + |R|) bottom endpoints and 2|h| top endpoints, consisting of N = |g| +n 4 2|h| arcs
components without any closed component, such that: B

o for 1 <k <|g| +n, the kth arc joins the (2k — 1)th and the 2kth bottom endpoints and its
core is oriented from the (2k — 1)th bottom endpoint to the 2kth bottom endpoint;

o for [g| +n + 1 < k < N, the kth arc joins the (k + |g| + n)th bottom endpoint with the
(k—|g| —n)th top endpoint and its core is oriented upwards if k£ —|g| —n is odd and donwards
if not.
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Figure 3.4 — The map Gr from Tang®°® to Graph.

The |g| first arcs are the entrance components, the n following arcs are the surgery components and
the last |h| couples of consecutive arcs are the exit components. For every 1 < i < r, the disjoint
i

-1 i
union of the kth arcs for gj> +1 <k <) g,is called the ith entrance boundary component of
j=1 j=1

i—1
the opentangle. For every 1 < i < s, the disjoint union of the kth arcs for <|g| +n+ > hj> +1<
9 =

i
E<l|gl+n+2]|> hj> is called the ith exit boundary component of the opentangle.
9 =
A ribbon opentangle is represented by a diagram with blackboard framing.

1 |

ANG

Figure 3.5 — A ribbon ((1), 1, (2,1))-opentangle.

For an example, see Figure 3.5 where there is one surgery component (red), one entrance
component which forms the only entrance boundary component (black) and three exit components
separated on two exit boundary components materialized by vertical little segments (blue).

We denote by OTANG (g, n, h) the set of all (g, n, h)-opentangles, by

OTANG = | | OTANG(g,n,h),
(g;m,h)

by Otang(g,n, h) the set of all isotopy classes of (g,n, h)-opentangles, and by

Otang = |_| Otang(g,n, h).
(g:m,h)

Cob(

There is a surjective map U : Otang — Tang®°? whose restriction on Otang(g,n, h) — Tang g,m, h)

is also surjective and is given by the closure of surgery components and the bottom closure of exit
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components of a class of opentangles, that is,

U(0) = 0o (1184l g\ @ntihly (3.1.2)

where O is an isotopy class of a (g, n, h)-opentangle.
| X | / 4\
\%’\\ﬁ/ b
g
LAYTA

Figure 3.6 — The map U from Otang to Tang®°®

Since the map U is surjective, it induces a bijection between the set Tang®°®(g,n,h) and the
quotient set Otang(g,n, h)/ ~ where two isotopy classes of opentangles are equivalent if and only if
they have the same image under U. There is a diagrammatical characterization of this equivalence
relation: two isotopy classes of opentangles O; and Os are equivalent if and only if a diagram of
O; and a diagram of O, are related by a finite sequence of planar isotopies, ribbon Reidemeister
moves (see [Tur94]) and three additionnal moves (see [Lyu95a]): moves of type BA ("below-above")
defined on Figure 3.7, moves of type ESC' ("exchange-surgery-components') defined on Figure 3.8
and moves of type "ROT" ("rotation") defined on Figure 3.9.

The two arcs 1 belong to the same sugery or exit component.
Arc 2 belongs to any component and can be oriented in the two ways.

Figure 3.7 — The move BA on diagrams of opentangles.

SCl SCQ 502 SCI
Figure 3.8 — The move ESC on diagrams of opentangles.
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The two arcs belong to the same surgery or exit component.

Figure 3.9 — The move ROT on diagrams of opentangles.

3.2 Presentation of 3-cobordisms by cobordism tangles

3.2.1 Categories of 3-cobordims

For the definition of the category of 3-cobordims Cobs, see Section 2.5. Let ¢ = (g1,...,9,) be
a r-tuple of non-negative integers and g be a non-negative integer. If Zgl,i ., 24, are r con-
nected surfaces of respective genus gi, ..., gy, the multigenus of the surface X, := | |I_, ¥, is
g. Denote by S, the canonical oriented connected and closed surface of genus g and by S, the
ordered disjoint union of connected canonical surfaces | ||_; Sy, Then we define the category of
3-dimensional parametrized cobordisms Cob} which contains parametrized surfaces as objects that
are pairs (X, ¢x: ¥ — 94) with ¥ a closed oriented surface of multigenus g and ¢y a orientation
preserving homeomorphism. Morphisms and composition are defined exactly in the same way that
in Cobs and there exists an equivalence of category given by the forgetful functor Cob — Cobs.

We denote by Cobk(g,h) the set of all parametrized cobordisms from a surface of multigenus
g to a surface of genus h and by Cob5“*(g, h) the subset of Cob%(g,h) of connected parametrized
cobordisms. - a

A closed 3-manifold can be presented by a framed link. Using this result, we describe how to
generalize this combinatorial presentation to 3-cobordims as it is explained in [Tur94].

3.2.2 Surgery of 3-manifolds and presentation by links

Let L be a n-components framed link embedded in S? and denote by V(L) a tubular neighborhood
of L in S?. The boundary of the 3-manifold S*\ V(L) is then homeomorphic to n disjoint canonical
tori (or handlebodies) D? x S'. We define the 3-manifold S? obtained by surgery of S* along the
link L by:
SL = (S\V(L)) L iy (D? x S);
¢: O(SP\V (L)) —Ur_ (S'x81);

where ¢ is a homeomorphism between tori that exchanges meridian and parallel and for every
1 <i < n, the 3-manifold (D? x S!); is a copy of the canonical torus D? x S'. A result of Lickorish
which is proved in [Lic97] claims that if M be a closed oriented connected 3-manifold, then there
exists a framed link L in S? such that M is homeomorphic to S3.

This last result will allow us to present 3-cobordisms by ribbon graphs and tangles in the sequel.

3.2.3 Surgery of 3-cobordisms and presentation by ribbon cobordism
tangles

Presentation by ribbon cobordim tangles

Let (M,h: X| | — OM) be a connected 3-cobordism between the parametrized surfaces (3, ¢x: %
Sy) and (X', g5 : ¥ — Si) where g and k are respectively a r-tuple and a s-tuple of nonnegative
integers. Denote by H, the 3-dimensional handlebody of genus g bounded by the canonical closed
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surface S, and when g is a r-tuple of nonnegative integers, denote by H g the ordered disjoint union
of handlebodies Hy,, ..., H,, . Then, define by M the closed 3-manifold:

gior
M=H, || M || H
7h,o¢£1 ¢srohy

where h_ = hlg and hy = h|z. Now, according to the surgery theorem of Lickorish recalled

in Section 3.2.2, there exist a n-component framed link L and a homeomorphism f between M
and S?. Moreover, every canonical handlebody H ¢ of genus g is the tubular neighborhood of an
oriented surface which is a ribbon graph G, composed by one coupon and g handles based on
the same side of the coupon. We can suppose that, for every 1 < ¢ < r and every 1 <17 < s,
f(Gy)NL =0 and f(Gy,) N L = 0 because the ribbon link L and the image by f of graphs G,
and G, are objects of codimension 1 in S®. Consider the ribbon graph in S*

Gymn =Gg U...UG, | |L| |Gk oU... UGk,

By isotopy, pull down the graphs Gy,, ..., Gy, and pull up the graphs G, ..., G, and then cut
them : the obtained ribbon (g, n, k)-cobordism is a presentation of the 3-cobordism (M, h: X[ | ¥ —
OM).

For example, the cylinder idsy, = (¥, x [0, 1], i s, ) over a surface X, of genus g is presented
by the ribbon (g, g, g)-cobordism tangle given on Figure 3.10.

J
AT A

g times

Figure 3.10 — A cobordism tangle which presents the cylinder of a surface of genus g.

Extended Kirby calculus

Let T be a (g, n, h)-cobordism tangle in S* with ¢ = (g1,...,¢9.) and h = (hy,...,hs) and denote
by L the link defined by the disjoint union of the n surgery components of 7. Consider the ribbon
(g,m, h)-graph G = Gr(T) as defined in 3.1.1 where r + s coupons have been attached to entrance
and exit components of 7. Then do the surgery on S? along L to obtain a closed connected

oriented 3-manifold S with 7+ s disjoint embedded ribbon graphs of type % . Take tubular
neighborhoods Ny, ..., N, of the r entrance boundary components of G and tubular neighborhoods
Nyi1,. .., Noys of the s exit boundary components of G in S?. Then we obtain a 3-cobordism

My =SI\(Ny U...UN,yy)

from (N, U ... UN,) to O(Nsp1 U ... U N,ys) with a parametrization of these two boundary

components by canonical surfaces.

This construction gives a surjective map N (for "neighborhood") from | | Tang®(

neN
Cobg’Cd(g, h) defined on an isotopy class T" of a (g, n, h)-cobordism tangle by:

g,n,h) to

N(T) = My (3.2.3)



3.2. PRESENTATION OF 3-COBORDISMS BY COBORDISM TANGLES 47

The surjectivity of the map N comes from the existence of a presentation for any connected
3-cobordism by a ribbon (g, n, h)-cobordism tangle. Since N is surjective, it defines a bijection be-

tween the set Coby“(g, h) and the quotient set of ( || Tang®(g,n, h)) / ~ where two cobordim
g " g

ne
tangles T7 and T, are equivalent if and only if My, = Mrp,. In order to give a characterization in
terms of cobordism tangles diagrams, we define the moves SO ("surgery orientation"), KT (Kirby
I), K119 ("generalized Kirby II"), COUPON and TW IST illustrated respectively in Figures 3.11,

3.12, 3.13, 3.14, and 3.15.
B C

Figure 3.11 — The move SO on cobordism tangles.

JS—
FR—

TUCD - = 1 U0

Figure 3.12 — The move KI on cobordism tangles.

Any component can slides over a surgery component.
Figure 3.13 — The move K119 on cobordism tangles.

All components of the same entrance or exit boundary component can cross any component.

Figure 3.14 — The move COUPON on cobordism tangles.
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LXK H
i i i i
L 1 1
and
I 1 1
T T .
—
The simultaneous twist of all components of the same entrance or exit boundary component
is considered as nothing happened.
Figure 3.15 — The move TWIST on cobordism tangles.
Theorem 3.2.1 — Two isotopy classes of cobordism tangles T1 and Ty are equivalent if and only

if a diagram of Ty and a diagram of Ty differ only by a finite sequence of planar isotopies, ribbon
Reidemeister moves, and moves of type SO, KI, KII9, COUPON, and TWIST.

For details concerning extended Kirby calculus, see [Section 3.1, Chapter II, [Tur94]] and for a
proof of Theorem 3.2.1, see [Section 7.2,[RT91]].

3.2.4 'Two operations on cobordism tangles

Encircling composition

Let g = (91,---,9r), h = (h1,...,hs) and k = (k1,..., k) be three tuples of positive integers.

Let Mg € Cobg’Cd(g, h) and My € Cob“*(h, k) two cobordisms represented respectively by a
(g,n, h)-cobordism tangle S and a (h,m, k)-cobordism tangle 7. Then, according to Turaev (see

[Tur94]), the connected parametrized 3-cobordism Mrp o Mg € Cobg""’d(g, k) is represented by a
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tangle T'x S obtained by adding s — 1 trivial knots respectively surrounded the s —1 first boundary
components of 7" and juxtaposing this new tangle over S as it is illustrated on Figure 3.16:

N—— ~——
2k1 T 2k
reg. LAl 11D
—— N — —_——  ——
2h, % g sy 2h
~—— N——
291 29,

Figure 3.16 — Operation x on cobordism tangles.

Hallowed tangles

Let T be a (g, n, h)-cobordism tangle T'. We define the hallowed cobordism tangle 70’ by:

hl hs
— —

| —] o - | —]

ezl o =t
Taar SV

T= T

—
o | —
eee

Hely o =l
IR

g1 gr
Figure 3.17 — Hallowed cobordism tangle T'.
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Chapter 4

Construction of the internal
3-dimensional TQFT

In this chapter, we give all the steps to define the internal TQFT. First, we define isotopy invariants
of opentangles and cobordism tangles. Then we give sufficient conditions on a morphism « to obtain
a topological cobordism invariant. After explaining projections that emerge in the construction,
we give the main result of this thesis, that is, the construction of the internal TQFT. We remark
that all the TQFT depends only on the structure of the coend.

In this chapter, the category C is a ribbon category admitting a coend (C,:) and with split
idempotents. If g = (g1,...,9,) is a r-tuple of integers, denote by |g| = > G

4.1 TIsotopy invariant of opentangles

Let O be aribbon (g, n, h)-opentangle (see Section 3.1.4). If Xy,..., X g1y, Y1,..., Ya), are objects
of C, denote by B

lgl+n 2/h) 2/h|
OXI~,~~7X|£H—naY1a~~7Y2\h| : ® (X7 ® Xl) ® ®YJ - ®YJ
i=1 j=1 j=1

the morphism of C graphically represented by a diagram of O as illustrated on Figure 4.1.

-

4

~ =

OX1,---7X|g\+mY1»---7Y2\LL| = 1

-

/
I
\
(XX ) ‘ (XX ]
X

[+n Y1 Yo Yoip|-1 Yop

\
1

[}
X1

Figure 4.1 — Morphism graphically represented by an opentangle.

5]
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Then the following system, also denoted by O,

lgl+n 2|h| 2|h|
0= OXl,~~,X|£\+mY1,~~7Y2\ﬁ| : ® (Xz* ® Xl) ® ®Y} - ®YJ
j=1 j=1

i=1
X155 X g 4n> Y1500, Y2  €C

satisfies the conditions of Lemma 1.2.4 and denote by
0)¢: C®lgl+ntial _, celgl

the universal morphism associated to the system O. This construction provides us an invariant of
opentangles.

Lemma 4.1.1 — The universal morphism associated to an opentangle defines a map
| |e: Otang — Home

such that every isotopy class of (g,n, h)-opentangle O is mapped to the morphism of C:
0] C®ldl ® C®" @ o®lhl _y olhl

Proof. Choosing a (g, n, h)-opentangle O, the construction of the universal morphism is well-defined
by the universal property of the coend of the category C. Morevover, the construction does not
depend on the choice of an element in the isotopy class of O because of Shum’s result (see [Shu94]):
two isotopic opentangles define the same morphism in the ribbon category C. O

4.2 TIsotopy invariant of cobordism tangles

Using the isotopy invariant of opentangles of Lemma 4.1.1, we define an isotopy invariant of
cobordism tangles.

Lemma 4.2.1 — Let « be a morphism of Home (1, C). There is a map

Cob(

| le,a: Tang™*(g,n, h) — Home

defined on every isotopy class of (g,n, h)-cobordism tangle T by
Tle. = |0l o (id o1y @ a®mF 1)

where O is any preimage of T by the map U: Otang — Tang®°® defined in 3.1.2.
Proof. See Section 4.5.1. O

Remark 4.2.2 — This result could be obviously generalized by coloring the n surgery compo-
nents and the |h| exit components of a (g,n,h)-cobordism tangle by any different morphisms
ai, ..., 0y of Home(1,C).

Note that the isotopy invariant of cobordism tangles | |¢ o is multiplicative for the disjoint
union as claimed in the following Lemma.

Lemma 4.2.3 — Let o € Home(1,C) and T1,T5 be two cobordism tangles. Then
Ty UTs|c,0 = |Thlc,a ®|T2|ca-

Proof. See Section 4.5.2. O
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4.3 Homeomorphism invariant of 3-cobordisms

In order to define a topological invariant of 3-cobordisms using the isotopy invariant | |¢ o, we
need to make some assumptions on a.

4.3.1 Admissible element

Let o € Home(1,C). The morphism « is an admissible element if it satisfies the following con-
ditions, where m, A, ¢, S, w, and 64 denote respectively the multiplication, the comultiplication,
the counit, the antipode, the pairing and the linear from coming from twists of the coend C:

(Adl) ea =idy; (Ad2) Sa=o; (Ad3) Oyo,0_a € Ende(1)%;
©
Y
©)
Add N | Y = :
o®n c®n @

Remark 4.3.1 — For example, every integral a: 1 — C of the coend C' satifisfying (Adl), (Ad2)
and (Ad3) is an admissible element.

4.3.2 Homeomorphism invariant of 3-cobordisms

Before we formulate the main result of this section (Lemma 4.3.5), we need some intermediate
results.

Lemma 4.3.2 —

If (Ad5) holds, then for any n € N,

cen

Proof. Set I1,, = [idgen @ w(ide ® a)]dcen. We have:

(idc®n X Tn(idc ® O[))(idc@n—l X Tcﬁc)(idc & To,con-2 & idc)Hn
= (TCVC@,L*z ® idc®2)(idc ® Toen—2 C X m(idc X Oé)))(idc@n—l ® A)(ldc ® TC®'7L727C)(TC7C®1L72 X idc)Hn

—
-

= (Tc7c®n72 ®idge2)(ide ® Teen-2,c ® m(ide ® a)))(idcen—1 @ AL, (ide ® TC®n727C)(TC7C®n72 ®ide)

(32) (TC,Cn—Q ®ide ® a)(ide ® Tgen—2.c)ll, (idc ® TC®n—27C)(TC7C®n—2 ®ide)

4
Y (re.onz ®ide ® a)(ide ® Teen—2.0)(ide ® Teen—2 o) (T0.can—z ® ide)I,

=11, ® «
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Equalities (2) and (4) are due to the naturality of II,, between Identity functors whereas equality
(3) comes from the "If" part of the lemma. O

For any « € Home (1, C), define the morphism
Ho.n = [[dgen ® w(ide @ a)]dgen: CO™ — C".
For any tuples g = (g1,...,gr) of integers, set
C®L=C®"g..@C%"

and
Moy =g 0®... 0T 4

When T is a cobordism tangle, recall the construction of the tangle T' (see Section 3.2.4). The
next Lemma compares the two invariants |T'|c o and |T|c.q-

Lemma 4.3.3 — Let a: 1 — C and T be a (g,n, h)-cobordism tangle. Then

Havﬁ|T|C,aHa,g = |T‘C,a (431)

To construct an invariant of cobordism, we contruct an invariant of generalized Kirby II move
K119 (see Figure 3.13).

Lemma 4.3.4 — Let a: 1 — C that satisfy (Adl), (Ad2) and (Ad5) and T be a (g,n,h)-
cobordism tangle. Then the morphism
IT|c,a: C¥L — C®
is invariant by the generalized Kirby move KII9 on cobordism tangle T .
Proof. See Section 4.5.3. O

We are equipped now with an invariant of generalized Kirby move. We have to normalize this
invariant to obtain an invariant of Kirby I move (see Figure 3.12). Let T be a (g, n, h)-cobordism

tangle and a: 1 — C be a morphism of C that satisfies (Ad3). Denote by b (T) (respectively
b_(T)) the number of positive (respectively negative) eigenvalues of the linking matrix of the link
composed by all the surgery components of 1" and set

Vo (T) = (04a) "+ (0_a)~- 1) ¢ Ende(1). (4.3.2)
Clearly, v, is multiplicative for disjoint union of tangles:
Vo (TUT") = vo(T)vo (T').

Lemma 4.3.5 — Let a € Hom¢ (1, C) satisfying (Ad1), (Ad2), (Ad3) and (Ad5) and let My be
a connected cobordism represented by a cobordism tangle T. Then

We(Mr;a) = va(T)|Te.a
is a topological 3-cobordism invariant.
Proof. See Section 4.5.1. O

We extend the invariant We( ;) to non-connected cobordisms. If M is a 3-cobordism of
Cob%(g, h), denote by M# the 3-cobordism of Cob% (g, h) obtained as the connected sum of connected
components of M.
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Lemma 4.3.6 — Let o € Home (1, C) satisfying (Ad1), (Ad2), (Ad3) and (Ad5) and let M be
a cobordism. Then
We(M;a) = We(M*;a).

is a topological 3-cobordism invariant.

Remarks 4.3.7 —
e If M is a connected cobordism, then M# = M.

e Suppose that M has n connected components represented by cobordism tangles 71, ...,7;,. Then
there exist two braids b;,, and by such that the cobordism M7 is represented by the cobordism
tangle by o (Th U...UT,) 0 biy. Then

We(M#;a) = Hva(ﬂ)(bout,c(\Tﬂc,a ®...0|T, C,a)bin,C)
=1

where b, c and b,yt,c are morphisms of the ribbon category C encoded by braids b;, and bgy:
whose every strand has been colored by the coend C.

4.4 Internal TQFT

In previous section, we have defined a 3-cobordism invariant We( ;) under assumptions on «.
We will use it to define the TQFT. For that, we have to understand what is going on for the
composition of cobordisms. Recall that the cobordism tangle which encodes the compositum of
two cobordisms is not the compositum of the tangles: we have to add several closed components
(see Section 3.2.4).

4.4.1 A useful morphism

Let X,Y be any objects of C and consider the morphism IIx y defined in Figure 4.2:

X

Myy =

)

X Y

Figure 4.2 — A useful morphism

Let us express this morphism Iy y using structural morphisms of the coend C' of C:

X X X X

D
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4.4.2 The idempotent II,,

Suppose that a: 1 — C satisfies admissibility condition (Ad4) this means that for all n € N, the
morphism
Ha’n = [idc X w(idc ® a)]écm L OO 5 oo

is an idempotent of C. As C has splitting idempotents then II, ,, has a split decomposition, that is,
there are an object (C®"), € C and two morphisms py ,,: C®™" — (C®")y, qan: (C®")q — CO"
such that

Pa,ndan = id(ceny,
and
GonPan = Han.
For any tuple g = (g1,...,gr) of integers, set

Moy =g, ®...®1lay,,

Pa,g = Pa,g: ® ... @ Pa,g,
and
Qa,g = da,g; X... Q0 Qa,g, -

4.4.3 The internal TQFT

Suppose that « satisfies (Ad4) and let 7" be a (g, n, h)-cobordism tangle where g = (g1, ..., g,) and

o
h = (hi,...,hs). As Iy n|T|c,alla,g = |T|c,a (see Lemma 4.3.3), remark that the restriction to
the images of Il 4 and I, j, (see Section 1.1.14) of these two morphisms are the same that means
the morphism

PanlTle.abag: (o g) = (C¥9 )0 @ ... @ (C¥)y — Im(Ila,p) = (C¥M) @ ... @ (CFM),

is the the same that the morphism

pa,Q|T|c,aQa,g5 Im(H%g) =(C%")f®...® (C%)y — Im(I, ) = (C®M)y®@...® (C%=),,.

It could be useful in the sequel.

Recall that every connected 3-parametrized cobordism of Cobg’Cd(g, h) can be represented by a
(g,n, h)-cobordism tangle (see Section 3.2.3) and denote by b, (T') (respectively b_(T')) the number
of positive (respectively negative) eigenvalues of the linking matrix of the closed components of
the tangle T'. Moreover, the compositum M7 o My of two cobordisms represented by 7" and T is
encoded by the cobordism tangle T'x 7" (see 3.2.4). Before constructing the internal TQFT, the
next Lemma makes the invariant of 3-cobordisms We( ;«) into a braided functor with anomaly.

Lemma 4.4.1 — Let a € Home(1,C) be an admissible element. Then for every connected
parametrized surface X4 of genus g and for every connected 3-cobordism Mt of Cobg(g, h) repre-
sented by a (g,n,h)-cobordism tangle T, the assignment:

We(Eg5a) = (C%9), (4.4.3)
WC(MT; OL) = Voz(T) (pa,@|T|C,aQ(1,g)
defines a braided monoidal functor with anomaly (W,~) between the category Cobs and C where the
anomaly 7y is given by:

Ve gy = (840)0+ (DHO+(T)=b4(THT") (g _q)b— (D) 46— (T)=b- (TT"),
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Remark 4.4.2 — For any 3-cobordism, we set vas,n := Yar# n#-
Proof. See Section 4.5.5. O

The following Lemma gives a characterization of the transparence of the image of an idempotent.
We will use it to show that the internal TQFT takes values in the subcategory of C of transparent
objects.

Lemma 4.4.3 — Let II: X — X be an idempotent of a ribbon category C with coend. Then
Im(IT) is transparent if and only if

Midy @ w(ide ® 9))ox = ®e.

Proof. Let (Im(II), p, q) a decomposition of the idempotent IT that means pg = idy 1y and gp = IL.
Tm(IT) is transparent if and only if

VY € C,(idlm(n) (%9 Coevy)(TI;nl(H),YT;,%m(H) X idy) = idIm(H) ® coevy

— VY e Ca (idIm(H) & w(idc ® S))51111(H) (idlm(l'[) & LY) = idIm(l'[) & coevy

(2) . . .
= (idmmm) ® w(ide ® 5))dm) = idmm ® €
<2> Q(ldlm(n) & W(ldc X S))élm(l—[)p =1I Ke
& qp(idimm @ w(ide ® §))dx =l ®e
— I(idxy Qw(ide® 9))dx =ll®e

Equivalence (2) is due to the universal property of the coend, equivalence (3) comes from the
identities pg = idpm () et gp = II and equivalence (4) is the consequence of naturality of 0. O

As We( ;@) is a functor with anomaly, for every surface X, of genus g, the morphism
e

idc®g

M, = w(o®a) ™ We(Sx[0.10) = Q) (D) s, AW

c®9
is an idempotent of C and then splits: there exist two morphisms p, and g, such that p,q, =
idim(,) and ggpy = . For g = (g1,...,9-) a tuple of integers, denote p, = pg, @ ... ® p,, and
dg = Gg, ®...®qq,. We are ready now to give the two main results of this chapter: Theorem 4.4.4
and Theorem 4.4.6.
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Theorem 4.4.4 — Let a € Home(1,C) be an admissible element. Then for every connected
parametrized surface ¥y of genus g and for every connected 3-cobordism Mg of Cobl(g,h) repre-
sented by a (g,n, h)-cobordism tangle T, the assignment:

Ve(Bg;a) = Im(w(a® o)™ We (S, x [0,1];a)) (4.4.5)
Ve(Mr;a) = vapp(T) (panlT C,aqa,g) dg (4.4.6)

defines a TQFT with anomaly (V,7v) between the category Cobt and the subcategory of transparent
objects T of C where the anomaly v is given by:

Ytmatgs = (B4c)bs DFOE )b (TRT) (g )b (D)+0-(T)=b (T+T)

Proof. See Section 4.5.6 O

Remarks 4.4.5 —

o
—

e The space V¢(34; @) is the image of the projector w(a ® a)~9|%, x [0,1]|c.a =

C®9
(Y
(@)

idC@g

wlama @y AL (D, A

%9
e If C is modular, we recover the Reshetikhin-Turaev TQFT as it is explained in Chapter 5.

Theorem 4.4.6 — Let a: 1 — C be an admissible element. The TQFT Ve( ;o) can be
expressed entirely in terms of o and the structural morphisms

-1 -1 .
m, A? €, U, 57 S ’ 0+7 07) W, TC,C, TC,Ca 1dC
of the coend C.

Remark 4.4.7 — To compute the TQFT, note that the product m of the coend C' is only used to
express the universal coaction on tensorial products of the coend C' (see Figure 4.3).
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c®n

Spen =

Figure 4.3 — The morphism dcen.

Before starting proofs of the different results of this chapter, we illustrate the steps of the
construction on the example of the cylinder My = ¥; x [0, 1] on the surface ¥, of genus 1:

Cobordism tangle T’ An opentangle O Morphlsm Ox.y.z of C Comp081t10n by L z
such that U(O
c | C |
= |0lc — [Ole —

OO

Isotopy invariant |T'|¢ q Topological invariant We (M; ar)
restricted on images of Il 1

Im(w(a ® &) ' We(ids, ; a))
7

— Ve(M;a)= |_paaWe(M;a)ga |

g1
i Im(w(a ® @)~ 'We(ids, ; )

TQFT with anomaly Ve( ;)

where
Ha,l = qua,1Pa,1;

Pa,1Ga1 = idc,, (see Section 4.4.2)
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wla® a) 'We(ids, ; a) = qip1,
and
P1¢1 = idim(w(a®a) -1 We (ids, ;) -

4.5 Proofs
4.5.1 Proof of Lemma 4.2.1

Proof. Consider an isotopy class T' of a (g, n, h)-cobordism tangle and two (g, n, h)-opentangles 77
and Ty such that U(T?) = T = U(Tg) where the map U is defined in 3.1.2. Then, as it is explained
in Section 3.1.4, there exists a finite sequence of planar isotopies and ribbon Reidemeister moves,
moves BA (see Figure 3.7), moves ESC (see Figure 3.8), and moves ROT (see Figure 3.9) between
diagrams of T and T5. We have to show that

T |c(idele ® a®m TR = |T9e(id o1y @ a®HIE]), (4.5.7)

If TY and T7% differ by planar isotopies and ribbon Reidemeister moves, the equality 4.5.7 is obvious
because | |¢ is an isotopy invariant of opentangles (see Lemma 4.1.1). Suppose now that 77 and
T3, considered as diagrams, differ only from one move BA as it is illustrated in Figure 4.4.

it i

) TS = 1//\2
1

Figure 4.4 — One different crossing between 77 and T%.

By isotopy, we modify the diagrams of opentangles 77 and 7% such that the difference of
crossings is at the bottom of the diagram as shown in Figure 4.5.

fo fo

I3

i e O v o

Figure 4.5 — One different bottom crossing between 77 and 7%.

7

Now, let X = Xi,..., X|g/4n+|n be objects of C and colore Ty and T3 by those objects to
obtain morphisms of C, T7 x and T3 x. Suppose that the crossing which is different between 77
and T affects the ith component such that lg| +1 <4 < |g| +n+|h| (a surgery component or an
exit component) and denote by Y the color of the other component in the crossing and by

frX{eXie. eV eXieX,eVe.. '®X@+n+|ﬁ|®X\gl+n+lﬁ\ - X|2|+n+1®X|g|+n+1®~ : ~®X|2|+n+\ﬁ|®X\g\+n+\ﬁl
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the morphism of C defined in Figure 4.6.

Xigl+n+1 Xg|-+n+]h]
f
i
Xa Xi Xigl+n+nl

Xig|+n+1 Xg|+n+]nl
Wx = f Tix =
Ny
X1 Xi Xigl+n+in|

Figure 4.6 — The morphims T7 y and T3 x of C associated to tangles 17 and 7% .

Note that there exists j € N such that Y = Xj.
Suppose that j # i and without loss of generality that j = |g| 4+ n + |h|. Using dinaturality of
(X yinis @ @ 1xy apn) © F 10 X1yt Xgpnyn—1 and using Fubini theorem (see [ML98] and

see Lemma 1.2.4) with parameters Y* and Y, by universal property of the coend C, there exists a

unique morphism

Pp: CO¥lRY* @ CRY @ CBldtnthi-i-l gy gy — ol
such that, for all objects X1,..., X|g|4nt|n—1 of C,
(X g @+ @Ky )OS = Y50 (1x, ©- @idy+ Bux, @iy ©x,,, @ OUX|y 0 Oldy-ey)

Morevover, we know by Lemma 4.1.1 that

(LX\anH ®...0 LX\g\+n+|g\) oTY x =[TYleo(x, ®...® LX\anHM)

and
(L,X@JrnJrl ®R...Q LXIanHM) OT20:£ = |T20|C o (LX1 ®R...Q LX\anHM)'

Thus we have the two identities showed on Figure 4.7.

E Lo ]
1TY e = vy

Ao A et

X1 Xigltntin =Y X X Y

C C T T
173 c = Uy

SN

X Xighntin =Y X X Y

Figure 4.7 — Two factorizations of (vx, ., @ - @ tx, )T x (resp. T3 x)
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Remark that in one hand, we have for all objects Y of C

[T7|c o (idoigi+ntin-1 @ ty) = Py o (idoei-1 ® \1/ Y @idsigi+ntini-i-1 @idy-gy)  (4.5.8)
C

and in the other hand, we have

‘TQO‘C o (idc®\2\+n+|ﬁ\—1 X Ly) =1yso (idc@i—l ® \‘J Y ® idc®\2\+n+|g\471 ® idy*®y) (4.5.9)
C
Indeed, as the right member of the equation 4.5.8 is dinatural in Y with parameters C, there exists
a unique morphism ¢: CEIgFTHIRl . O®Ihl guch that, for all Y € C,

Py o (idgei-1 ® W Y ® idc®\£\+n+|£\77ﬁ71 ®idy-gy) =¢o (idc®\£\+n+|g\71 ® ty)
C

and composing with morphism tx, @ ... ® tx om0
Wy oy
1/}f0(LX1®...® é OLXi®...®LX@+"HM71®1 yegy) = ¢o (Lx, ®...®LX@+"HM71®LY)

so, using the first equality of Figure 4.7,
TVe o (exy @+ @ X)) = 00 (30 @ @ bxyy )

and by unicity of this factorization
TY|c = ¢.
And now, we compute the invariant |T|¢ o using 77 and T3. Using the opentangle 77, we have
equality showed on Figure 4.8.

“ ..O.ﬂ _ U
oA L

Figure 4.8 — Toward the computation of the invariant |T'|¢ o using T7.

In the same way, using the opentangle 7%, we have equality showed on Figure 4.9.

“ ..O."% _ Lo
TEEA + T

Figure 4.9 — The invariant |T'|¢ o using 77
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But the braiding of C' is natural and cy,; = idy as shown in Figure 4.10

- Y - ...\&?”.

Figure 4.10 — Naturality of the braiding and trivial braiding on 1.

Thus we have identities of Figure 4.11

C C C C
by = (h
+ cl Yy % % C@g \gé)/Y +
C®ldl é) Y C®ldl Y
that means:
C C + C C *
77| = 75|

WA ISR

Figure 4.11 — Equal invariants.

c®lgl

and then by the factorization property of the coend C,
Y (id ory @ a®" T @ ide) = [T9]c(id e ® a®" T @ide)
so composing with the missing «,
Tile,a = [T2lc,a-

Secondly, suppose that diagrams of opentangles 77 and T¥ differ only by one move ESC (see Fig-
ure 3.8) as it is illustrated in Figure 4.12. where T"is a (g, n, h)-opentangle. Applying Lemma 1.2.4

to the (g,n, h)-opentangle T', there exists a morphism |T'|¢: C®lgltntlkl _y o1kl guch that we have
identities of Figure 4.13.
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t .. i

T = T T3

S0, 90, 50, 50,

Figure 4.12 — One permutation in the ordered surgery components of an opentangle.

1.

T} Tlc Tzl =

C,aa —

©

Figure 4.13 — Computation of the invariant | |¢ o with 77 and T%.

As the braiding 7 is natural and 71 1 = idy = idgg1, we have equalities of Figure 4.14. And so

L@ @gj

Figure 4.14 — Natural braiding and transparent object 1

|T1|C,a = |T2‘C,o¢-

Lastly, suppose that diagrams of opentangles T7 and T% differ only by one move ROT (see
Figure 3.9). The invariance by this last move comes from naturality of #. Indeed we have then
Orca = aby = « since Oy = idy. O

4.5.2 Proof of Lemma 4.2.3

Proof. Let us give the idea of the proof on simple cobordism tangles. Suppose that T; is a
((1),2,(1))-cobordism tangle, T is a ((1), 1, (1, 1))-cobordism tangle. Denote by 77 a ((1),2, (1))-
opentangle and by T¥ a ((1), 1, (1, 1))-opentangle such that U(TY) = T} and U(T¥) = T, (see 3.1.2)
that means we have equalities of Figure 4.15.

Choose the following ((1,1), 3, (1, 2))-opentangle O drawned on Figure 4.16.
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our OU?+
T1 = Tlo and T2 = TQO
++ UJ v + + 4 A\
SURG OUT SURG OUT
IN IN

Figure 4.15 — Opentangles T} and Ty such that Ty = U(TY) and Ty = U(TY).

H 1

0= T} T3

ML

7

Figure 4.16 — Opentangle O such that T UT, = U(O).

Remark that the universal morphism |O|¢ is equal to the morphism

L L
(1Tl ® IT3c) H } l

cccoccoccococceo
and then
LK
Ty U Tse,a = (IT7]c ® |T5]c) W 1 1 (idgez ® a®%) = |T°|
CCCCC;'CC

As the braiding 7 is natural, C® 1 =1® C = C, m,¢ =id¢ and 71 = idq,

B
(|T10|C X |T2O|c) T W 1 (idc@z X a®6) — |T10|C<1dC X a®3) ® |T20|C(ldc ® a®3)
A
ccoccoccoccococ
and we get the expected result. O

4.5.3 Proof of Lemma 4.3.4

Proof. Let T and Ty be two (g,n, h)-cobordism tangles that differ by one move KII9. Let us

(o) (o)
compute |T1|¢ o and |Tz|c -
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e First, suppose that an entrance component slides over a surgery component and without loss of
generality, we suppose that the entrance component and the surgery component are the first ones
as illustrated on the following picture:

\ PR T3 T /7NN

Note that we can always suppose that the "sliding" part of the entrance component is located
on the bottom of the picture (if not, you could "transport" by isotopy the little piece of the entrance
component of Ty that had slided over the surgery component to the bottom of the tangle 7). We
choose two opentangles O and Oy coming respectively from 77 and 75 (that means U(O1) = T
and U(O2) = T5) as shown just below:

N\ - 05 YRR o=\

g1 lgl—gr+1]g| lgl+1 1 g1 gl —gr

After coloring O and Oy by objects of C (we only particularize the color X corresponding to
the first entrance component of O; and O, and the color Y on the first surgery component of O
and Oy) and composing this morphism of C with the universal dinatural action ¢ of the coend ten-
sored as many times as the number of exit components |h|, we obtain a dinatural transformation
dx, .. y,. which is dinatural in every entrance pairs:
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Bllo Oyx Ly, = B0 Ogxy,... =
/i\c *C *C *C
dx,. . .v,. dx,. vex,..

Y®X

XX yor xYtx Y\‘MY
gl +1 1 jgl+1

By universal property of the coend, there exists a unique morphism ¢: C®19IF IRl _y clhl gych
that VX €C,...,VY €(,...,
de,yy,_” = (b(LX R...QLy &.. )
and then, we can factorize the two last diagrams using the morphism ¢ and the universal action &:
i

loO1x,.v.. = B 6 Og. .y =

yeen

Y®X
lg|+1

X Y
1 lgl+1

Using the definition of A, the morphism 1Blhl o O2.x,...y,... is equal to
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PRI O2x.. .y, = C _ C
m m
C Lc lc
C
Y
Y X
lg) +1 1 lgl +1
Consequently, the morphism |T5|¢. o is given by:
C C
Tale.o = ¢
C C C C
m
C C
A
1 lgl+1

so, according to lemma 4.3.3, the morphism |T¢ .| is given by:
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C®h/1 C®h5
(@
idc®’11 idc®hs
C C C
‘TQ |C,a = gb
C C C

idC®91 idc’@gr

and since « satisfies (Ad5) and using the result of lemma 4.3.2:

69
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C®h1 C®hs C®h1 C®hs
idoen, ideens ideon, ideen,
c_ ¢ c_[c c_ o c_ o
|T2|C,a - =
C C C C
@
lgl+1
| ide®g | idcegr ‘g|+1 | idoea | | idewer |
CO'®91 C®9r C'®91 C®9r

Then ‘T1|C,a = ‘TQ

C,a-

e Secondly, suppose that a surgery component slides over another (or itself) surgery component.
The topological proof is essentially the same than previously. As there is two surgery components,
to assure that we have an invariant by the classical move K11, this time we only need to satisfy
the axiom

(ide ®@m)(A®ide)(a®a)=a®a (4.5.10)

The latter is a consequence of axiom (Adl) and (Ad5). Indeed, as the we suppose (Ad5), we
have

(ide @ m)(A ®ide) (ide ® a)(ide ® w(ide ® @))de = [(ide @ w(ide @ a))dc] @ a.

Composing the last equality by «, we obtain

(ca)(ide @ m)(A ®@ide)(a® a) = (ca)(a ® a)

because the transformation 6 = {0x: X — X®C} is natural, v = §y, w(u®ide) = € (properties
of the Hopf pairing w) and e« is invertible by (Adl). Consequently, the identity 4.5.10 is true.
e Thirdly, suppose that an exit component slides over a surgery component and without loss of
generality that the first exit component slides over the first surgery component. Moreover, we can
assume that the "sliding part" of the exit component is located at the top of the exit component
as it is drawn of the following picture:

o
= |T1|C,oc



T
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T

I
-
-
~
~
-’

T =TI

We choose two opentangles P; and P, associated respectively to T7 and T as shown on the
picture:

ll |l 111 ll 1l Il
W EL I
\ s
,\ \ “a ! \\ P
_ «_7 ’ l P, = \\_’ NG \ll

IR \H/ RIEIR -‘-\Ef/x

The sequel of the reasoning is the same as in the first case. As ¢ is dinatural, note that
multiplication m of the coend could be defined graphically by the two following forms:

+C’

m

A b

We use the second form in this case and to conclude, we observe that we only need to satisfy the

axiom:

(m®ide)(ide @ A)la®@a)=a®a (4.5.11)

Note that in the case where (Ad 2) is satisfied, the two identities 4.5.10 and 4.5.10 are equivalent
as it is proved in [Vir06] (just using elementary axioms of m, A and S). As we have proved in the
second case that 4.5.10 is true, 4.5.11 is satisfied and the third and last case is proved. O

4.5.4 Proof of Lemma 4.3.5

Recall that
Vo (T) = (03a) D (0_a)~"- 1) ¢ Ende(1).

and
Wc(T, O{) - V(x(T)|T‘C~,”'
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Proof. Let M be a connected 3-cobordism of Cob5(g,h) and let [T1] and [T5] be two cobordism

tangles of | | Tang®°®(g,n,h) which represent the cobordism M that is N([T1]) = M = N([T»])
neN -
where the map N is defined in Section 3.2.3. Our goal is to prove that We (M ; o) = We(Mpy; o).

As indicated in section 3.2.3, [T1] and [T3] are equivalent if and only if a diagram of [T}] and
a diagram of [Ty] are related by a planar isotopy and a finite sequence of moves of type SO, K1,
KII9, COUPON, and TWIST. In the sequel, we denote indifferently by 77 and T, the tangles
and their diagrams. We can suppose without loss of generality that 77 and 75 are only isotopic or
only differ by only one of the four moves SO, KI, K119, COUPON, and TWIST.

e If T} and Ty are (planar) isotopic, then v, (T1) = v4(T5) cause it is well-known that the linking
number is an 1sotopy invariant and so it is the linking matrix. Moreover, if 77 and T5 are isotopic

then T1 and T2 are obviously isotopic too by construction. We have already shown that | |¢ o is
an isotopy invariant (see Lemma 4.2.1) and as a consequence, We (M, ; o) = We (M, ; ).

e If one surgery component of 77 and T differs by its orientation:

In order to simplify notations on the proof, we assume that the surgery component is isolated
from others components of the tangle. The general case is a direct rewriting of this particular
case. Suppose that 77 = T LU L and T, = T U L where T is a tangle of cobordism and L and L
are respectively the surgery components of Ty and Tg that dlffer by their orlentatlon Cause L

and L are links, T = —TUL and T2 —TUL As ‘T1|Co¢ = |TuL\c@ = \T|c<x ® |L|¢,o and
ITalc.a =|TUL|co = |T|c,a @ |L|c.o by Lemma 4.2.3, it is sufficient to prove that |L|c.o = |L|c.a-

. By the factorization property of the coend C' of C, there

' C,(X

exists a unique morphism ¢: C' — 1 such that for all objects X of C,

First, compute

-~
/ \ _ ¢

and |Ll¢ o = ¢a.

-~ N

CSince 1 = | L , compute |L|c o using this
C,«x -

second diagram of L. For all objects X of C,

Then, compute |L|c o = ‘

by defilition of
S—l
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and by the factorization property of the coend, we have |L|c, = ¢S 'a. Thus, as Sa = «
(the morphism « satisfies (Ad2)), we have S~'a = « too so |L|c., = ¢a and we conclude that
|L|c.o = |L|c.o. The number of positive (respectively negative) eigenvalues is invariant by changing
the orientation of a link component : indeed, changing the orientation of one component goes back
to change the sign of exactly the kth-line and the kth-column for a certain integer k of the linking
matrix and this new matrix is similar to the first one. Then we get that We (M, ; o) = We (M, ; ).

o IfTy =T, UCQ, we have [T1lc,a = |T2|c,a ®|CQ|c,o by Lemma 4.2.3. Compute |CO|¢, :
by definition of 6, : C' — 1 (see ?77), for all objects X € C,

X X
then [CQ|c.o = 0. Since v, (Th) = vo(To LU CRQ) = v, (T2)(0+a) 1,
Vo (Tt oo = Va(T3)(81.0) " <|T2|c,a ® M) — ()| Tsle.n

that is We(Mpy ;) = We(Mr,; ). The case where T = Ty U CQ is similar.

e If Ty and T differ by one move K119, since « satisfies conditions (Adl) et (Ad5), the result
is the consequence of Lemma 4.3.4 and the fact that by (T is invariant by classical Kirby move IT
(handle sliding).

e If Ty and T3 differ by one move COU PON, without loss of generality, suppose that the move
COUPON concerns the first boundary component of T} and T5 as shown on the following diagram

T = Ty =
T T}
———— ———— ——— —_——
g1 gr g1 gr

where T} and T are (g,n, h)-cobordism tangles and g = (g1,...,g,). Then Ty and T’y are given
by:
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b AT A
T, = T, =

1 1VA VA

L . L

A A < O

T T T T

g1 gr g1 gr

o [e]
Just remark that you can transform 77 into T3 by a move K119 considering that the arc A
slides on the link L as indicated on the diagram just above. We have already shown that | |¢ o is

invariant by move K119 when « verifies (Adl) and (Ad5) (see Lemma 4.3.4) so |T1]c.a = |T2lc.a
and since the move COU PON doesn’t affect the normalization coefficient v, (7T'), we conclude that
We(Mrp,;a) = We(Mrp,; «).

e If Ty and T; differ by one move TWIST, then, thanks to Fenn and Rourke moves (see [FR79)),
note that you can eliminate a twist of a boundary component adding an encircling closed twisted

component. So add such a surgery component and remark that it could slides on halo of T’y or Ts.
Since 64« is invertible (Ad3), we get easily the result. O

4.5.5 Proof of the Lemma 4.4.1

Recall that for any 3-cobordism, we set v, N = Yar# n#-

Proof. First, let us check that (W¢,~) is a functor with anomaly.

e Let us see what’s going on objects of Cob}. Let (g1,...,9,) be a r-tuple of integers and de-
note by ¥, a surface of multigenus g that means there exists, for 1 < i < r, a connected surface
3y, of genus g; such that

Yg=%g U...UZ,,.

Note that we will forget parametrizations of surfaces in this proof. For a surface of multigenus
g=1(91,--.,9r), set:
We(Eg;a) = (C®)y ®...0 (C%),.

Thus we have a canonical identification W (24, 34): We(2,) @ We (1) — We (2, ®E5). More-
over, we set We(0;a) = 1. B B
Pay attention that on a connected 3-cobordism M7 represented by a (g, n, h)-cobordism tangle
T, the formula:
We (ZMT; a) = Vo (T) (pa,Q‘T|C,aQ(x,g)
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is obtained by the formula defined in Lemmas 4.3.5 and 4.3.6 by composing on the left by p, ; and
on the right by ¢a,4 (we have chosen a splitting of idempotents II, 5 and Il, 4).

e Suppose that My € Cobl (g9,h) and M7 € Cobk (h, k) are two connected 3-cobordims represented
respectively by a (g,n, h)-cobordism tangle 7" and by a (h, m, k)-cobordism tangle 7". We want to
compare We(Mrpr o Mr; ) and We(Mrr; ) o We (Mr; ).

According to Turaev (see [Tur94]), the cobordim tangle 77 « T' (defined in ?) encodes the
compositum of 3-cobordims M7, o My that means Mz o Mr is homeomorphic (as 3-cobordims)
to Myrr. Recall that the tangle T” x T is defined by

2k, T’ 2k,

T +T =
—— —— —_—— —
2k, 2hs 2he 1 2h,
—— ——
291 29,
o o [e]
We want to show that |T" *T|c.o = |T"|c,a © |T|c,a- To be more symmetric, we define a new

operation [J on cobordism tangles 7" and T by
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TaT =

!

—— ——
2k1 2k

§ & —_— —_ .> el

—_—— ~— —_——  ——
2hy 2ho 2hs_1 2h

~—— ——
291 2gr

Note that |T'0T|¢c,o = [T’ * T|c,o- Indeed, observe that
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T/
7’07 |¢,0 = “

T

1, -
T/

@

N

T
il 1>

o (e} 7 (e}
T % Tlca ® | < e = [T x Tle.a ® ca 2 [T/ % Tle.q

C,a

T!

N

Wk

= -
ﬂ
|| .

7

Since « is admissible, equalities (2) and (4) are due to Lemma 4.3.4 which garantees that | |¢ o
is invariant by generalized Kirby move K119 whereas the third equality is due to Lemma 4.2.1
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which assures that | |¢, is an isotopy invariant. Finally, equality (7) is the consequence of the
first admissibility condition (Ad 1). Then we compute |T" % T'|¢ o using the (g,n +m + || + s, k)-
cobordism tangle T'07T. We choose an opentangle @ such that U(Q) = T'OT as shown on the

following diagram:

.
Q= = —
. ——
| | ==
T

Let X1, ..., X\, Y1, s Y0, Z1, oo Zmy Ary oo o Ay Ba, .o, Bs, D1, ..., Dy be any objects of

C and colore the opentangle ) thanks to these objects:

| P

_<_
—— N

. L]
——
——

. .

. .
D
—— i >

. I~ .
——] c
JRr— .
-

.
(RS SR
——]
N Vi
NTT——

.

.

Zm Aq Apq AM By Bg Dy Dy

>

lgl

Al 4+1—hg

Xigl+1—gr

|+1—ky

Dy



4.5. PROOFS 79

We are going to factorize this morphism "by part". First, consider one opentangle O associated
to the cobordism tangle 7" defined by:

Then applying Lemma 4.1.1 to the opentangle O’, the universal morphism

|0 |¢: ChlFmtEl _y colk

is such that for all X, Y, Z, A, B, D tuples of objects of C, the morphism LD1&...®up k) QxY,z,ABD =

) =) =

cl| |C cl o|c
[ogF
Ch.AC CAWC ch.ho cloclclco

=
-
WY
rws
cee

Ky

LY
T

| =

X1 Xg, £ X vy Yn 1 Zm AL Ap 3 Ay Bi Bs DI by, &
! .
- ~
+ x +
> =l <

Now, let O be one >gpentangle associated to the cobordism taﬁg‘le T defined by:
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|

C C C C
|0'|e
Cl..|C cl...|C C\\C C [CJCIC
- = Y
R
Ole N
(] (]
X1 Xg 5 Xlg| iiove A1 ImoAr Ay < Al Br B P1 Diy F Dy
: i
2 & g




4.5. PROOFS 81

) c®h1‘ ﬁ o o c \< TTCTCT
) NN
cem cen \ \

>
=
o
K
o
B
S
8]
z
o
=

Q
- |
:Q
Al +1—h s e
——
-
——
—~
——
—~—

Dlkf+1—k,

Xigl+1—gr

Thus, we have found the universal morphism |Q|¢: C®lgltntmtlhl+stlkl - Ag o consequence, and

using that Sa = «, the morphism [7'07|¢ ,, is given by:

C C C C
0'lc
TR Tg &8 g
@ (<) ;
T'OTc,q = 1 Bi Bs PLo Py & D
| e, |L® :
QE\
C®h ".C®hs
10lc
CAK CAAC C‘ ¢ Ic..]¢.IC.
©
X1 Xgy : Nl i Ya AL Ang f Aln|
|
g i
EY =l
] <

= |T"|e.alla,n|Tlc.a
So p(x,E|T/DT‘C,o(q(y7g = p(Y,E‘T/‘C,(yH(x,Q|T‘C,o((J(y7g but we have

p<x,E|T/DT‘C,(y(I(x,g = p(y,E‘T/ * T|C,(Y(Ju,g~
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Indeed,

pa,&|T/DT|C,ang = pa,EQa,Epa,@‘T/DT|C,apa,gCIa,gpa,g
= pa,EHa,E‘T/DT|C,aHa,gpa,g
= pa,EHa,E‘T/DT|C,aHa,gpo¢,g

= pa’ﬁ T/DT|C,apa,g

T/DT|C,apa,g

= Pak

o
/
T * T|C’apa7g

= Pak
= pa,EHa,E‘T/ * T|C,aHa,gpoc,g
= pa,E‘T/ * T|C,aqo¢,g

Thus,

PakT" * Tlc.ada,g = Pak|T"lc.ollanlTlc,ada,g = (Pakl T |c.adan) (PanlTle,ada,q)-

M v (T'%T)
oreover, ’YMTMMT = m SO

We (Mg o Mr;a) = yary, mp We(Mr; a)We (M ).

Now, we have to prove this formula for non-connected 3-cobordisms using the connected case.
Let M and N be two composable 3-cobordisms. Note that the cobordism (M o N)# can differ
from the cobordim M# o N# only by adding a finite number of handles of type S? x [0,1]. If My is
a cobordism represented by the cobordism tangle T', the cobordism Mp#(S? x S!) is represented
by the cobordism tangle 7' Q) and [T U Qlc.o = [Tlc.a @ |Qle.a = [Tlc.a ® e = |T|c.o since
ea =150 We(Mr#(S? x St);a) = We(Mr; ). Then
) W #.
= C((M 0 N) ) a)

@ We(M# o N#;a)

We(M o N;a)

D s e We(M#; a) o We (N#; a)

4
(Z) 7M7NWc(M;a) 9] Wc(N;Oé)

Equalities (1) et (4) come from the definition of the invariant We¢( ;) on any cobordisms, equality
(3) is based on the fact that cobordisms (M o N)# and M# o N# could differ only by adding or
suppress handles S? x [0, 1], operation that is not detected by the invariant W, and equality (4) is
true because we have proved it on connected cobordisms. To conclude that We( ;) is a functor
with anomaly, we have to check that v is a 2-cocycle. We have already explained the difference
between the two cobordisms (M o N)# and M# o N# : they could differ only by handles of type
S? x [0,1]. And as v,(Q) =1, then vy (T U Q) = ve(T)va(Q)) = va(T), it is straightforward to
check that v is a 2-cocycle.

e We show that We( ;) is a strong monoidal functor with anomaly.
Let 3, and 3, be two surfaces of multigenus g and h. We have already seen that we have a canonical

identification Wa(Eg, 8p): Wa(E,) ®@ Wa(E) — Wa(E, U X)) and an identity Wo: T — We(D; ).
It remains to be seen if the anomaly of the functor with anomaly We¢( ;) is monoidal. Let
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(M,N) and (M’,N’) be two pairs of composable cobordisms and suppose that there exist 3-

M pM pM' pM' pN pN pN' pN’' : s ; s
cobordisms B;,,, B,.,, B;, , BJ., Bi,, Boyes Bi, » By obtained by composition and juxtaposition

of the braiding and its inverse in Cob} such that

M =BM, o (Mg, U...UMrp,)o B%,
M'=BM, o (M5 U...UMg,)o

N =BY,o0(Ng, U...UNg,)oBY,
N' =B, o (N, U...UNp)oBN.

where T1,..., T, S1,..., 5, R1,...,Rp,O1,...,0; are cobordism tangles. We have

YMUM',NUN’ = Y(MUM")# ,(NUN')#
Cve(TyU.. UT,US U, US,)*(RiU...UR,UOU...UOy))
Cov(MU. . UT, US U US ) Ve(RyU. .. UR,UO ... LUO)
@) Va((TyU. .. UT)O(R UL U R))ve (S U .. US,) x (O U...UO))
(MU UT, US U US ) ve(RiU...UR,UO U...LO)
ua((Tlu...uTm)*(Rlu.. uRk)) W((S1U...US,) (01 U...1U0Oy))

I/a(Tlu...uTml_lSl )l/a(Rlu I_IRkI_IOlLI...I_IOl)
C ve((Tyu. . UT,) * (Ry U uRk))u ((S1U...U8,)*(0O1U...1uOy))
Vo(Th U ..U T v (S1 U Sp)lVa(R1U...URp)Va(O1U...LUO;)

= YM# N#VM'# N'#

= YM,NYM' N’

Remember the operation O on cobordism tangles which is defined above in this proof (see 4.5.5)
and remark that if T, 7" are two cobordism tangles, the number of positive (respectively negative)
eigenvalues by (T xT") = by (TOT") (respectively b_ (T xT') = b_(TOT’). Indeed, the operation
[J only add a circle which just encircles closed components so this circle is not linked with other
components. Then we conclude that 7 is a monoidal anomaly and then (W, Wa, Wy, ) is a monoidal
functor with anomaly.

o We show that We( ;«) is a braided functor functor with anomaly. Let us show this result on
connected surfaces X, of and X respectively of genus g and h. The general case is analogous.
Denote by Ty 1, the following cobordism tangle
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and remark that v, (T, ) = 1 since its closed components are not linked. We have

<=
WC (jv O[) = (pa,h ®po¢,g)|Tg,h|C,o¢(QO¢,g ® QQ,h)

IPDNY
= (pa,h ®pa,g)(‘ >< " >< ‘C o & ’ >< " >< ’C a)TC®g,C®h (Qa,g ® Qa,h)

~—~— N~
h times g times
= (pa,h) >< - x ’ do,g ®pa,g‘ x - x ‘ q(x,}L)T(C®g)LX7(C®h,)a
C,a C,a
SN~ SN~
h times g times

= (WC (idzh ja) ©@ We (ing ; a))TWC(Eg§a);WC(Zh§a)

and We( ;) is then a braided functor with anomaly. O

4.5.6 Proof of the first main Theorem 4.4.4

Proof. Recall the braided monoidal functor with anomaly (We( ;«),7) (see Lemma 4.4.1). Then
the unitalized functor (Ve( ;a),7) is a braided monoidal unital functor with anomaly (see ?7).
We just have to prove that objects associated to surfaces are transparent. Let ¥, be the canonical
surface of genus g. Recall that X, x [0,1] is encoded by the (g, g, g)-cobordism tangle:

U U
/\ /\

I, =w(la® o) IWe (2, x [0,1]; o)

Denote by

the unique endomorphism of Im(I1, ,) induced by the morphism

s | = 0]

C,x

As image of an identity by a functor with anomaly, 11, is an idempotent of C.
In order to show that Im(II,) is transparent, we compute the following morphism:
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Equality (2) uses the fact that « is an admissible element so | |¢ o is invariant by the generalized
Kirby move KII9. Equality (4) is based on the multiplicativity of | |¢. on a cobordism tangle
seen as the dijoint union of a (g, g + 2, g)-cobordism tangle and a (1,0, 0)-cobordism tangle. This
calculus implies that II; o (idces ® w(ide ® S)) = I, ® . Applying Lemma 4.4.3 to II,, we get
the result. O

4.5.7 Proof of the second main Theorem 4.4.6

Proof. In [BV05], Bruguiéres and Virelizier show that one (|g|, n, 0)-cobordism tangle without exit

components (called ribbon handles) gives a morphism |T|¢ o: C 91 5 1 which is expressed entirely
in terms of structural morphisms (except m) of the coend C' and o. We want to show that it is still
the case for any (g, nh)-cobordism tangle. The product m is needed only to express down. Let T
be a (g,n, Q)—Cobo}dism tangle. We pull down the exit components before pull them up as shown
of the following diagram we denote by T" the (g.h,n,0)-cobordism tangle defined just below:
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where g = (91,...,9r), h = (h1,...,hs) and g.h = (g91,...,9r, h1,...,hs). Then just remark that

c C

T|c.o = T"]ca

c\ C

According to the result of Bruguieres and Virelizier, |T"|¢ o can be expressed only thanks to struc-
tural morphisms of C' (except m) and . So is |T|c, and then so is the TQFT V' (the normalization
coefficient v, of the TQFT is expressed using only morphisms 6, §_, and «; see 4.3.2). O
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Chapter 5

The modular and premodular
cases

In this chapter, we compare our internal TQFTs with those of Turaev in the modular case and the
modularizable case. After recalling some properties of premodular categories, we give one of the
main results of this thesis, that is, our TQFT is a transparent lift of Turaev’s one. We study the
dependence of our TQFT V¢ with the category C and we conclude the chapter with the last main
result of this thesis that compares our TQFT and Turaev’s one in the modularizable case.

In this chapter, assume that k is a field.

5.1 Preliminaries

Let C be a premodular category and denote by A¢ a representative set of simple objects of C.
Recall that the category C has a coend

C=P e

AeAC

Assume that the category C is normalizable, that is, for all transparent objects X of C,
GX':idX
and suppose that C has invertible dimension

dim(C) := Y dimZ()).

A€Ac
The category C has a Kirby element
1 .
ag = 7dim(C) Z dimg(N)ex
A€

where ey = 1ycoevy is a S-invariant integral of C' such that eax = 1 and Orak, 0_ak are
invertible. Then the morphism ag is an admissible element (see [Vir06]) and the TQFT with
anomaly Ve( ;agk) is well-defined. Denote by 7T the subcategory of transparent objects of C. Let
X be an object of C and decomposed as direct sum of n simple objects:

)(Z{%?f%

89
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The transparent part X of X is defined as:
XT = @ Si-
i€{k | SLeT}

The next Lemma identifies the natural transformation Il,, x = [idx ® w(idc ® ax)]dx with the
projector on the transparent part of the object X.

Lemma 5.1.1 — Let C be a premodular category with invertible dimension. Then, for all objects
X of C:

i) The morphism [idx ® w(ide ® ak)]dx is an idempotent of C.
i) If X is a transparent object of C, I, x =idx.
i) If X is simple and not transparent, Iy, x = 0.

Proof. For all objects X of C,

© © . O ©
O - [P Y 0Oy O e
©
i\ O OO
X X b'e X

X

Equality (2) uses the axiomatic of the Hopf pairing w (see Section 1.2.1), equalities (3) and
(4) hold because aj is an admissible element (ak is an integral) so the i—part of the Lemma is
proved. Now, assume that X is a transparent object. Then for all objects Y,

N In

X Y X Y

so Iy, x = idx ® eax = idx. If X is not transparent and simple, remark that Im(Il,, x) is
transparent : see [Bru00] for details. Then, as Im(Il,, x) is a direct factor of X, Im(Il,, x) =
0. ]

5.2 The modular case : on the Reshetikhin-Turaev TQFTs

Let C be a modular category. We have the following comparison result between the TQFT RT¢ of
Reshetikhin-Turaev and our TQFT.

Theorem 5.2.1 — Let C be a modular category and denote by ak its Kirby element and by T
its subcategory of transparent objects. Then, up to normalization, the following diagram commutes

Ve( sak)
Cobgc—ykfr

Home (1, —) (521)

RT¢

M odﬁ{:
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where Modﬂ{: is the category of finite dimensional k-vector spaces.

Before proving this theorem, we need some tools. First, recall that the subcategory of trans-
parent objects of a modular category is identified with the category /\/lodﬂf of finite dimensional
vector spaces. If C is a k-fusion category and X is an object of C, we denote by < X > the smallest
monoidal rigid subcategory of C containing X and stable under direct sums and direct factors. The
subcategory < X > is a fusion subcategory of C such that the simple objects are the direct factors
of tensorial products of X and X*.

Lemma 5.2.2 — Let C be a modular category. The subcategory < 1 > of transparent objects of
C is monoidally equivalent to the category ./\/lodﬂ{.

Proof. In a modular category, the only simple and transparent object is the monoidal unit 1.
Indeed, if we denote by S a simple and transparent object of C, it satisfies for all simple objects X
of C,

try (75, x7x,5) = dim,(S)dim,(X)

so the line of the object S in the S-matrix is colinear to the line of the object 1. As the S-matrix
is invertible, we have

S=1.

Then every transparent object of a modular category is a direct sum of copies of 1 and the functor
defined by k € Modﬂ{ — 1 €< 1 > is a k-linear monoidal equivalence of category. O

Secondly, recall that the cylinder ¥, x [0,1] on a surface of genus ¢ is represented by the

(9,9, 9)-cobordism tangle T}:

fr= /}\\ - /(}\
g times
Lemma 5.2.3 — Suppose that C is a modular category and ax its Kirby element. Then

Tyle.ax = wlak ® ax)?idoss.

Proof. Let us show that |Ti|c.o, = idc; the general result comes from tensorization. Remark that

AT

We choose the following opentangle O coming from 7;:



92 CHAPTER 5. THE MODULAR AND PREMODULAR CASES

Then compute |Olc. For Xi, X5, X3 objects of C,

LXSOX11X2-X3 = ~~| = ~ - ~~
\\\\ ~ \\\\ ~ \\\ ~
\ N .
N N N
X1 X2 X3 X1 X X3 X1 X X3
so the invariant is
C
®
@
6,
[T|c,arx = |O|c(ide ® ax ® ak) = @
@ C

As w is nondegenerate and aj is an integral of C', as shown in [[BV13], Lemma 3.1], we have the
following identity:
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@ = w(ag ® ag)ide

50 |Thlc,o = w(ax ® ag)ide. -
Thus, in our construction, if C is modular and aj is the Kirby element of C:
We(Eg x [0,1]; ax) = id(coo)as

Then, in this case, the functor with anomaly We¢( ;) is already unitalized and We( ;1) =
Ve( ;ak). Now we are ready to prove Theorem 5.2.1.

Proof. ® On a connected surface X, (we forget the parametrization of the surface) of genus g,

RTc(%y) =Home [1, P  AMoae...0Xe)
()‘1#"")‘9)61\2

and
®g g

Ve(Sgian) = | | D A @A = | P rer

A€Ac ok AEAC T

according to Lemmas 5.2.3 and 5.1.1. Moreover, for every object X € C, we have Home (1, X) =
Home (1, X7) by Schur lemma. Then we have the result on surfaces.

e We show the result now on a connected cobordism M: ¥ — ¥’. For simplicity of notations,
assume that ¥ and %' have genus 1. Let T be a (1,n,1)-cobordism tangle representing M and
denote by L1, ..., L, the n surgery components of T'. Colore by k € A¢ and by [ € A¢ the boundary
components of T' corresponding respectively to ¥ and ¥’ defining a morphism T,ﬁ: ok —1"®l.
Let ¢: {L1,...,L,} — Ac¢ and denote by F' the Shum-Turaev functor from colored ribbon tangles
to C (see [Shu94] and [Tur94]) and by ey = txcoevy. Choose an opentangle O such that T'= U(O).
Then we have:

F(T/i,c) =p;0 |O|C o (L]C Dec1) ... B ecn) ® el)
where for all A € A¢, py: C — [* ® [ is such that idg = Z)\GAC tapx and pxey, = 0y uidaga. Then

d1m Zdlmq F(T},c) =pio|Olco (1 ®ay" ®@e)
where dim,(c) =[]\, dimy(c(i)) and so

di 2
dllrlrlllq Zdlmq F(T},¢) = pio |0l o (i ® a2 @ dimy(Der) 2 pro [Olc o (1r ® 0 ® ae)
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The last equality (2) holds because:

dim(C)"(pr 0[Ol o (1 ® o ® arr)) = Y dimg(y)pio|Ole o (1 ® aF" @ ;)

YEAC

= > dimg(y)pi © tp|Ole (1 ® aF" @ e4)
YEAC

= Z dimg (7)d1,4idi<@r 0 py|Ole(tr @ O‘K ® ey)
yEA

= dimg(D)ps 0 [Olc o (1 ® o @ e,)

Thus we have shown that

dim, (
dlmq Zdlmq F(T},c) =pio|T|c.a

The default of normalization between the two TQFTs is given by D*bO(T)’gLQ”, where D is a
square root of dim(C), by(T) is the number of null eigenvalues of the linking matrix of the surgery
components of T and ¢’ is the genus of exit boundary X/ of M.

Adding projections and injections, we recover exactly

RT¢(M) = DM =9 "2"Home (1, =) Ve ( ;ak).

5.3 Functoriality of the construction

Let C and D be two ribbon categories with coend respectively denoted by (C,¢) and (D, j). Let
a:1 — Cand 5: 1 — D. Suppose that F': C — D is a strong monoidal functor which is ribbon
such that (F'(C), F(¢)) is the coend of the functor F': C°? @ C — D defined by

F(X®Y)=F(X*®Y) and F(f,q) = F(f* ®g) (5.3.2)

As F'is a strong monoidal functor, we have a natural isomorphism F(X*®Y) ~ F(X)*®@ F(Y).
Then, by the factorization property of the coend (F(C), F(¢)), there exists a unique morphism
¢: F(C) — D of D such that, for every object X of C, the following 5.3.3 diagram commutes:

F(X)* ® F(X)
y w (5.3.3)
C) : D

If o € Home (1, C), denote by Frae = (F(a): F(1) ~ 1 — D.

Lemma 5.3.1 — Let T be a(g,n, h)-cobordism and o € Home (1, C). Then the following diagram
commutes:

F(c®|g|) DOl
F(IT)c,a) PTD‘FW
F(c@lﬁl) D®Ih|

<®\E‘
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Proof. For simplicity of notations, assume that T is a (g,n, h)-cobordism tangle where g and h
are integers. The case where T is a (g, n, h)-cobordism tangle with multigenus g and h is similar.
Let O be a (g, n, h)-opentangle such that U(O) = T. Colore the components of the opentangle O
by objects of C: the entrance components are colored by X7, ... , Xg, the surgery components are
colored by Xg11,...,Xg1n, the exit components are colored by X¢4pi1,..., Xginin.

Remark that, since F' is ribbon, that:

F((LXg+n,+1 ®...® LXg+n+h) © OXl-,---Xg+n+h) = F(LXQ+71,+1 ®...® LXg+71+h)F(OX11-~~Xg+n+h)
= F(LX9+7L+1 ®...® [’Xg+n+h)OF(XI)"~~7F(Xg+n+h,)

And, as (1x,,,,, ® ... ®LXg+n+h) 00X, .. Xyinin = Ole(ix, ®...® Lxg+n+h),

F(‘Olc(bxl ®...0 LXg+n+h)) = F<LXg+n+1 ®...® LXg+n+h>OF(X1) ,,,,, F(Xg4ntn):
so, multiplying by ¢®",

C®}LF(|O|C<LX1 ®...0 LXg+n+h))

= (JF(Xgini1) ® - ® jF(Xg+n+h))F(LXg+n+1 @ QX i) OF(x0), oy F(Xgynin)

=0lp(rx) @ - @ JF(Xyinin)
= |O[pC®IT M (Fix,) @ ... @ Flix, i)

We have
CF(0le)(F(1x,) © .. ® F(ix, 0p) = |0l (Fux,) ® .. @ Flix, )

so as (F(C), F(¢)) is a coend,
<®hF(‘O|C _ |O‘D<®g+n+h

thus
C®hF(|O|C)F(idC®g ® a®n+h) _ |O‘Dc®g+n+hF(idc®g ® a®n+h)

SO
¢ F(T)e.a) = F(IT|p,pa)C®’
O

If v is an admissible element of C and g is a positive integer, then define the following idempotent

of C

1

C_—,_b
e | 0
A A

N

—_ -

C,a

g
and if g = (g1,...,9,) is a r-tuple of positive integers, denote by Hg’g =I¢ ®...® Hg’gr.

@, g1
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Lemma 5.3.2 — Let a: 1 — C be an admissible element of C and suppose that Fia is an
admissible element of D. Then the following diagram commutes:

<®\g\

F(C@Igl) Dol
F(Is ) [H’F’,a,g
F(C@Igl) Dol

C@\g\

Proof. The result is just the consequence of Lemma 5.3.1 applied on the special (g, n, g)-cobordism
tangle

I

i

|

9

oYY
* @——ﬁ) JATRNAR

N~—
/‘
S~

| >
[ Nove’s

where g = (91,...,9r). O

Recall that if « is admissible, we have defined a braided functor with anomaly (W¢( ;a),7)
and then a TQFT with anomaly (Ve( ;«),v). The space associated to the surface of multigenus
¥, is the image of the idempotent We (ids, ; o) denoted by II¢.

Lemma 5.3.3 — Let F = (F, Fy, Fy,v) and G = (G, G2, Go,7) be two strong monoidal functors
with the same anomaly between categories C and D where C is supposed to be rigid. Then a monoidal
natural transformation between F' and G with the same anomaly is a natural isomorphism.

Proof. Let
C={¢x: F(X) = G(X)}xec

be a monoidal natural transformation. For X an object of C, set
Bx = (GoG(évx)G2(X, X*) ®idp(x))(ida(x) ® (x+ ®idp(x)) (idex) ® Fy ' (X*, X)F(coevx ) Fy )

and remark that (xfx and Sx(x are identities up to an invertible scalar. O]

Lemma 5.3.4 — Let o be a morphism of Home(1,C). If a and Fia are admissible elements
then ¢ induces a system of natural isomorphisms

C=AC: FVe(3;a) = Vo (35 Fie bsecony

between functors with anomaly FVe( ;a) and Vp( ; Fla).
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Proof. First, note that the two functors FV¢( ;a) and Vp( ; Fia) have the same anomaly. In-
deed, the anomaly of V¢( ;«) is given by a product of inverse of 6« which are morphisms of
the form |T4|¢,o for some (0, 1,0)-cobordim tangles 7% (see Figurel.5) so, applying the result of
Lemma 5.3.1, F(65a) = 62 Fa.

Let Mr: £, — Xp be a cobordism represented by the (g,n,h)-cobordism tangle T. As
FVe(E,ng;a) is a direct factor of F(C®!9') and using the commutative diagram of Lemma 5.3.2,
we have the following commutative diagram:

C@Igl
F(C®‘3|) Delgl
FVe(S:a) Vb (S,; Fia)
F(We(Mr;a)) FVC(MT;a)| |FVD(MT;Fga) Wop (Mr; Fio)
FVc(EQ; a) EE— VD(EQ; Ea)
F(Cc®ldy D&l

C®\ﬁ\
The induced natural transformation ¢: F'Ve — Vp is monoidal by construction. Finally, we can
conclude applying Lemma 5.3.3. OJ

Remark 5.3.5 —1f (: F(C) — D is an epimorphism then Fia is an admissible element.

5.4 The modularizable case

Theorem 5.4.1 —  Let C be a normalizable premodular category with Kirby element ag.
Assume that C is modularizable, with modularization F': C — C. Then F(T) is a subcategory of

the category T of transparent objects 0fC~ and there exists a natural isomorphism ¢ such that

VC,aK
CObg T
/ JF\T
RT~ T
c JHomE(ﬂ,f)
/\/loal“{(c

Proof. Apply the result of Lemma 5.3.4 on the modularization functor F': C — C which is ribbon
and preserves coends (and so preserves coends). In this case, Fi(ay) is the Kirby element of C so
is admissible. For details, see [[Bru00], Section 2]. O



Index

BA, 44
COUPON, 47
ESC, 44

Graph(g,n, h), 41

KI, 47

KII9, 47
Otang(g,n,h), 43
ROT, 45

S, 23

SO, 47

TWIST, 47

Tang©°® (g,m,h), 42

I1,, 57

Mx.y, 55
II, 4, 54

Iy, 54

S3, 45

Modk, 15
We(Mr; ), 54
g, 89

0x, 25

Z.%fv 29

T, 49

Lx, 25

|Olc, 51
ITc.a 52

£, 28

g, 39

Modu{, 19
RT¢, 90
Ve(Mr; ), 58
Ve(Eg:a), 58
Wc(MT;Oé), 56
We(2g;a), 56
dim(C), 89

Vo (T), 54

w, 23

*, 48

TX)Y 17

04, 25

0_,25

98

¢, 94

by (T), 54

b_(T), 54

(Cu), 24

S-invariant cointegral, 23
S-invariant integral, 23
Sq, 45

X7, 90

Cob,,, 36

Cobl(g,h), 45

Cobt, 45

A, 22

HX,Yv 99

II,,q4, 56

Iy, 56

k-linear category, 19
k-linear functor, 19
k-linear monoidal category, 19
w, 25

w rescaling of a functor with anomaly, 36
€, 22

i-decomposition, 20

m, 22

u, 22

2-cocycle, 29

anomaly, 29

anomaly of a natural transformation, 31
antipode, 23

autonomous category, 17

balanced category, 18

balanced functor, 18

balancing, 18

bialgebra in a ribbon category, 22
braided category, 17

braided functor, 18

braided functor with anomaly, 35
braiding, 17

category of 3-dimensional parametrized cobor-
disms, 45



INDEX

category of n-dimensional cobordisms, 36
category of transparent objects, 18
category with split idempotents, 21
cobordism tangle

entrance boundary component, 41

exit boundary component, 42
coend, 24

of a ribbon category, 24
composable pair of morphims, 29
coproduct, 23
counit, 23
coupon, 39

dimension, 19

dimension of a premodular category, 89
dinatural transformation, 23

direct factor, 19

direct sum, 19

dominant, 20

dual morphism, 17

dual object, 17

functor with anomaly, 29
fusion category, 20

hallowed cobordism tangle, 49
Hopf algebra in a ribbon category, 23
Hopf pairing, 23

idempotent, 20

image, 21

inverse of a Hopf pairing, 23
isotopy, 40

isotypical component, 20

Kirby element in a premodular category, 89

left coevaluation, 17

left composed functor with anomaly, 30
left dual, 17

left dual functor, 17

left evaluation, 17

left integral, 23

left twist, 18

manifold, 36

modularizable category, 20

modularization, 20

monoidal anomaly, 31

monoidal category, 15
strict, 16

monoidal functor, 16
strict, 16

strong, 16

monoidal functor with anomaly, 32
strict, 32
strong, 32

monoidal natural isomorphism, 17

monoidal natural transformation between func-

tors with the same anomaly, 32
multigenus, 45

natural transformation on functors with anomaly,

30
normalizable, 89

pivotal category, 17
premodular category, 20
product, 23

rectract, 20
representative set of scalar objects, 20
restriction to the image of idempotents, 21
ribbon (g, n, h)-graph, 40
exit coupon, 40
entrance boundary component, 41
entrance component, 41
entrance coupon, 40
exit boundary component, 41
exit component, 41
ribbon category, 19
ribbon cobordism tangle, 41
surgery component, 41
ribbon cobordism tangle
entrance component, 41
exit component, 41
ribbon functor, 19
ribbon graph, 39
arc
base, 39
core, 39
closed component, 39
core, 39
arc, 39
coupon
top base, 39
diagram, 39
blackboard framing, 40

ribbon tangle with k bottom endpoints and

[ top endpoints, 39
surgery component, 41
ribbon opentangle, 42
entrance boundary component, 43
exit boundary component, 43
ribbon opentangle
entrance component, 43



100 INDEX

exit component, 43
surgery component, 43
right coevaluation, 17
right composed functor with anomaly, 30
right dual, 17
right dual functor, 17
right evaluation, 17
right integral, 23
right twist, 18
rigid category, 17

scalar object, 19

split decomposition, 20

symmetric braiding, 18

symmetric category, 18

symmetric monoidal functor, 18

symmetric monoidal functor with anomaly, 35

TQFT with anomaly, 36
trace, 19

transparent object, 18
transparent part, 90
twist, 18

two-sided cointegral, 23
two-sided integral, 23

unit, 23

unital functor with anomaly, 30
strict, 30

unitalized functor with anomaly, 30

universal coaction, 25

universal dinatural transformation, 25

universal morphism, 28



Bibliography

[Ati89]

[BCGPM16]

[BHMV95]

[Bru00]

[BV05]

[BVO7]
[BV13]

[Koc03]

[KRT97]

[Lic97]
[Lyu95a]

M. Atiyah, Topological quantum field theories, Publications Mathématiques de I'THES
68 (1989), 175-186.

C. Blanchet, F. Constantino, N. Geer, and B. Patureau-Mirand, Non semi-simple
TQFTs, Reidemeister torsion and Kashaev’s invariants, Advances in Mathematics
301 (2016), 1-78.

C. Blanchet, N . Habegger, G. Masbaum, and P. Vogel, Topological quantum field
theories derived from the kauffman bracket, Topology 34, No 4 (1995), 883-927.

A. Bruguieres, Catégories prémodulaires, modularisations et invariants des variétés
de dimension 3, Mathematische Annalen 316 (2) (2000), 215-236.

A. Bruguieres and A. Virelizier, Hopf diagrams and quantum invariants, Algebraic
and Geometric Topology 5 (2005), 1677-1710.

, Hopf monads, Advances in Mathematics 215 (2007), 679-733.

, On the center of fusion categories, Pacific Journals of Mathematics 264 ,
No.1 (2013), 1-30.

R. Fenn and C. Rourke, On Kirby’s calculus of links, Topology 18 (1979), 1-15.

J. Fuchs and C. Schweigert, Coends in conformal field theory, ZMP-HH/16-6, Ham-
burger Beitrage zur Mathematik 589, preprint, arXiv:1604.01670.

C. Kassel, Quantum Groups, Graduate Texts in Mathematics, vol. 155, Springer,
1995.

K. Kirby, A calculus of framed links in S3, Inventiones mathematicae 45 (1978),
35-56.

T Kerler and V. Lyubashenko, Non-Semisimple Topological Quantum Field Theories
for 3-Manifolds with Corners, Lecture Notes in Mathematics, vol. 1765, Springer,
2001.

J. Kock, Frobenius algebras and 2D topological quantum field theories, London Math-
ematical Society Student Texts, vol. 59, Cambridge University Press, 2003.

C. Kassel, M. Rosso, and V. Turaev, Quantum groups and knot invariants, Panoramas
et Syntheses de la S.M.F., vol. 5, Société Mathématique de France, 1997.

W. B. R. Lickorish, An introduction to knot theory, Springer, 1997.

V. Lyubashenko, Invariants of 3-manifolds and projective representations of mapping
class groups via quantum groups at roots of unity, Communications in Mathematical
Physics 172 (1995), 467-516.

101



102

[Lyu95b]

[MLOS]
[Rad12]

[RT91]

[Shu94]

[Tur94]

[Vir06]

[Wit89)

BIBLIOGRAPHY

, Tangles and Hopf algebras in braided categories, Journal of Pure and Applied
Algebra 98 (1995), 245-278.

S. Mac Lane, Categories for the working mathematician, 2nd edition, 1998.

D. E. Radford, Hopf Algebras, Series on Knots and Everything, vol. 49, World Scien-
tific, 2012.

N. Reshetikhin and V. Turaev, Invariants of 3-manifolds via link polynomials and
quantum groups, Inventiones mathematicae 103 (1991), 547-598.

M. C. Shum, Tortile Tensor Categories, Journal of Pure and Applied Algebra 93 (1)
(1994), 57-110.

V. Turaev, Quantum Invariants of Knots and 3-Manifolds, Studies in Mathematics,
vol. 18, W. de Gruyter, 1994.

A. Virelizier, Kirby elements and quantum invariants, Proc. London Math. Soc. 93
(2006), 474-514.

E. Witten, Quantum field theory and the Jones polynomial, Communications in Math-
ematical Physics 121, No. 3 (1989), 351-399.



