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Abstract

In this thesis, we extend the theory of cartesian bicategories |14, [I3]| to linear
bicategories [I5] and introduce the concept of cartesian linear bicategories for locally
ordered linear bicategories. We demonstrate that the linear bicategory Rel of sets
and relations, along with two other examples, fits within this framework. In our
initial structure, called Cyclic cartesian linear bicategories, we believed that by tak-
ing the original definition of cartesian bicategories, adding a corresponding cartesian
structure for the second horizontal composition, and replacing the adjunctions in bi-
categories with cyclic linear adjoints, we would achieve a proper cartesian structure
on a locally ordered linear bicategory (B, ®, T, @, L). This approach was expected to
make the tensor product of the cyclic cartesian structure a linear bicategorical prod-
uct when restricted to the linear sub-bicategory of cyclic linear adjoints. However, we
were surprised to discover that, in our main example, although the linear bicategory
Rel is cyclic cartesian, the linear bicategorical product of the linear sub-bicategory
CMap(Rel) does not coincide with the monoidal product.

Consequently, we refined our approach to accommodate the dual structures of
tensor and par, which are linked in linear settings. By extending the theory of lo-
cally ordered cartesian linear bicategories, we introduce a characterization theorem
for these structures, which ultimately leads us to a more general definition of cartesian
linear bicategories that can be applied beyond the locally ordered case. Additionally,
we explore the linear bicategory Mat(X), where X is a x-autonomous linearly distribu-
tive category with linear products and coproducts [I§], as an example of cartesian
linear bicategories in the non-locally ordered case.

After studying the theory of cartesian linear bicategories, we introduce knowledge
representation in linear bicategories of relations, inspired by Patterson’s work in [46].
This concept bridges categorical frameworks and logical systems, providing some
applications of our work in databases and machine learning.

i



Dedications

In memory of Pieter Hofstra (1975-2022)

il



Acknowledgement

As I reach the end of this journey, I want to acknowledge everyone who con-
tributed to this thesis, both directly and indirectly.

First and foremost, I want to express my deepest gratitude to my supervisor,
Richard Blute, who introduced me to the interesting world of linear bicategories
and suggested the topic of this thesis. His patience, academic guidance, unwavering
support, and encouragement have been invaluable throughout this journey. I am
especially grateful for his generous financial support, which played a crucial role in
enabling me to complete this thesis. I could not have asked for a more supportive
and kind supervisor. Thank you, Rick.

I would also like to extend my sincerest thanks to the late Pieter Hofstra, who
co-supervised this thesis during the first three years of my PhD. His support and
kindness during that time were truly unforgettable. I will always remember his care
and assistance, especially during my first semester when I was new and overwhelmed.
His absence is deeply felt, and he is sorely missed.

I would like to thank the members of my thesis committee, Dr. Kristine Bauer,
Dr. Simon Henry, Dr. Colin Ingalls, and Dr. Michael Wong immensely for their time
and effort in reading and evaluating my thesis, and their valuable feedback.

I would like to thank my friend and colleague, Rose Kudzman-Blais, for all the
enjoyable moments we shared over these years and for her helpful discussions during
various parts of this thesis.

To my dearest friends of many years, Marzie and Sepideh, who became a true
source of inspiration for me: Thank you for encouraging me to embark on this path.
Even though distance separated us, your love, friendship, advice and support were
always with me. Your enduring encouragement and the depth of our long-standing
friendship provided me with invaluable strength and comfort throughout my journey.

I am profoundly grateful to my family, whose unwavering support and encour-
agement have been the driving force behind this journey. Their belief in me inspired
and motivated me to overcome challenges and achieve my goals.

Last but certainly not least, I want to express my deepest gratitude, with all my
heart, to Moodi: Your love, unwavering support, belief in me, and encouragement
have been my constant sources of motivation and strength throughout this journey,
particularly during moments of discouragement or setbacks. Thank you for being by

v



ACKNOWLEDGEMENT

my side in this journey.



Contents

[List of Symbols| viii
Introductionl x
(1 Bicategories| 1
(1.1 Bicategories| . . . . . . . ... 1

1.2 Dualitiesl . . . . . . . . . 4

([.3  Lax Functors (Morphisms) of Bicategories| . . . . . . . . ... .. 5

(1.4 Lax and Oplax Transtformations| . . . . . . ... ... ... ... 8
(Lo Modifications| . . . . . . ..o o 11

(1.6 Adjunctions and Mates| . . . . . . ... ... o000 12

(1.7 The Bicategory Q-Rell . . . . . . .. ... .. ... ... ... 14
(1.7.1 Quantales| . . . . . . ... ..o 14

[1.7.2  The Bicategory Q-Rel|. . . . . . ... .. ... ... ... . 16

[2 Cartesian Bicategories| 18
(2.1 Locally Ordered Cartesian Bicategories| . . . . . .. .. ... .. 18

2.2  The Bicategory Q-Rell . . . . . ... ... ... L. 23

2.3 Cartesian Bicategories| . . . . . . . . . .. ... . ... 27

[2.4 Symmetric Monoidal Bicategories| . . . . .. ... .. ... ... 32

[3 Linear Bicategories| 35
[3.1  Linear Bicategories|. . . . . . . . . . ... ... ... 35

[3.2 Linear Adjunctions and Closed Linear Bicategories| . . . . . . . . 38
(3.3 Dinear Functorsl . . . . . ... ... oo 40
3.4 Linear Iransformations and Modifications . . . . . ... ... .. 44

[3.5  The Linear Bicategory Q-Rell . . . . . . .. ... ... ... ... 48

[4  Locally Ordered Cyclic Cartesian Linear Bicategories| 50
.1 Bi(co)limits in Bicategories| . . . . . . . . ... ... ... 50

[4.2 Categorical Product in Bicategories| . . . . . .. ... ... ... 54
[4.2.1 Bicategorical Product|. . . . . . ... ... ... ... ... 54

vi



CONTENTS vii

4.3 Linear Bi(co)limits in Linear Bicategories| . . . . . . . ... ... 55

[4.4  Categorical Product in Linear Bicategories| . . . . . . . ... .. 56
[4.4.1 Linear Bicategorical Product | . . . . . . ... .. ... ... 56

[4.4.2 Linear Bicategorical Product im Rel| . . . . . . .. ... .. 56

[4.5 Cyclic Cartesian Linear Bicategories . . . . . . . . . .. .. ... 59

[ Locally Ordered Cartesian Linear Bicategories| 66
(5.1 Locally Ordered Cartesian Linear Bicategories| . . . . . . . . .. 66

(5.2 The Linear Bicategory of Sets and Relations| . . . . ... .. .. 70

[5.3  Discrete Cartesian Linear Bicategories| . . . . . . . . . . ... .. 75

[>.4  The Linear Bicategory Q-Rel . . . . . . .. ... ... ... ... 75

[5.5 ''he Module Linear Bicategory of Locally Ordered Closed Carte- |

| sian Linear Bicategories| . . . . . . . . .. ... ... 75
6 Cartesian Linear Bicategories| 88
(6.1 Precartesian Linear Bicategories| . . . . . . . . . ... ... ... 88

6.2 Cartesian Linear Bicategories| . . . . . . . . . ... .. ... ... 107

6.3 Matricesd . . . . . .. 108
[6.3.1 Linearly Distributive Categories (LDCs)|. . . ... ... .. 108

[6.3.2  The Linear Bicategory ot Matrices ot a x-autonomous LDC] . 115

[r  Knowledge Representation in The Linear Bicategory of Relations| 122

[7.1 Linear Relational Ologl. . . . . . .. ... ... ... ... .... 123
[7.1.1 Examplel . . . . . . . .. 124

[7.2 First-Order Logic and The Linear Bicategory of Relations| . . . . 128

I8 _Conclusion| 136

onoidal Bicategories

A M idal Bi 1es| 139
[A.1  Monoidal Bicategory|. . . . . . . .. ... ... ... ... 139

[A.2  Braided Monoidal Bicategory| . . . . . . ... ... ... ... .. 146

[A.3  Sylleptic and Symmetric Monoidal Bicategories| . . . . . . . . .. 154

B Col Condifi for I N [T P ons 157

(Bibliography| 163




List of Symbols

—
L
o

?“>u<—|EO'—*::1®®EB@<11L£<LUQS‘DVCE:TQQ&HHDI—
— Q Q > > X
><< (- D)

T

Complement of a relation
Identity of the par composition
Linear tensor product

Par product

Tensor product

Quantale-valued relation

Set intersection

Cyclic linear adjoint

Coproduct

Set union

Comultiplication for a comonoid
Empty set

Unit for a monoid

There exists

For all

Linear adjoint

If and only if

Multiplication for a monoid

Par composition

Comultiplication operation in quntale ¢
Tensor composition
Multiplication operation in quntale )
Product

The top elememt

The bottom elememt

Disjoint union of sets

Identity of the tensor composition
Suprema

Infima

Singleton set

Constant pseudofunctor at 0-cell L in a bicategory B
Counit for a comonoid

viii



LIST OF SYMBOLS

; Usual composition



Introduction

Cartesian categories, i.e. categories with finite products, are fundamental to most
branches of mathematics which make use of category theory. For example, one can
define internal groups in any category with finite products. This leads, for example,
to the definition of a topological group, i.e. a group in the category of topological
spaces and continuous maps.

Bicategories (also called weak 2-categories) extend the notion of categories in
two ways. First, they allow for 2-cells, i.e. morphisms between morphisms, so hom-
sets become hom-categories. Then, once one has 2-cells, it is possible to talk about
composition only being associative up to a specified isomorphism, which must satisfy
coherence conditions. See [5]. Bicategories have had applications in many branches
of science, from homotopy theory to theoretical computer science to linguistics [36].

The notion of cartesian bicategory was first introduced by Carboni and Walters
in 1987 [14], extending the concept of cartesian categories to bicategories. Their
initial exploration focused on locally ordered bicategories. These are bicategories for
which each hom-category is a partially ordered set. Such bicategories are genuine
bicategories, but the 2-cell structure is straightforward enough not to get bogged
down in coherence issues. A cartesian structure on a (locally ordered) bicategory
consists of a bicategorical tensor product for which every object is equipped with a
cocommutative comonoid structure, every 1-cell is a lax comonoid homomorphism,
and all of the comonoid structure maps have right adjoints. Details will appear below.
Carboni and Walters demonstrated that the symmetric monoidal structure becomes
a categorical product when restricted to the full sub-bicategory of 1-cells with right
adjoints, i.e. the maps.

The primary example of locally ordered bicategories is the bicategory Rel of sets
and relations. In this example, Rel has a symmetric monoidal structure given by the
cartesian product of sets. Since the cartesian product is not the categorical product
in Rel, this symmetric monoidal structure is not cartesian monoidal. However, the
cartesian product is restricted to the locally discrete sub-bicategory Set of sets and
functions, where it is the categorical product. Another example which they charac-
terized as a cartesian bicategory is the locally ordered bicategory Ord(E) of ordered
objects and ordered ideals [14].

Another example we consider in this thesis is ()-Rel, the bicategory of quantale-
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valued relations [25]. While the bicategory Q-Rel is abstraction of the bicategory of
sets and relations, it does not, in general, form a cartesian bicategory. We begin
with the obvious observation that when the quantale is, in fact, a locale, )-Rel is a
cartesian bicategory.

A crucial theorem in the original cartesian bicategories paper, [14, Theorem 1.6],
gives an equivalent characterization of the definition. This is significant because it
allows for the extension of the definition of cartesian bicategory beyond the locally
ordered case. This was accomplished two decades later by Carboni, Kelly, Walters,
and Wood in their 2008 paper [13]|. According to their definition, a cartesian bicat-
egory B must be precartesian, and the obtained lax functors ® : B x B — B and
I : 1 — B from precartesian structure on B must be invertible. That is, B must have
locally finite products, and its full sub-bicategory of left adjoints must have finite
bicategorical products and obtained lax functors ® : Bx B — Band I : 1 — B
are pseudofunctors. This generalized definition characterizes examples of cartesian
bicategories, such as the bicategory of spans, which is not locally ordered [35].

The other relevant structure in this thesis is the notion of linear bicategories as
introduced by Cockett, Koslowski and Seely [15]. These are a bicategorical variant of
the notion of linearly distributive categories [8]. Linearly distributive categories form
the categorical framework for modelling the tensor/par fragment of Girard’s linear
logic [21]. Just as a linearly distributive category has two monoidal structures related
by a natural transformation called a linear distributivity, a linear bicategory has two
horizontal compositions, making it a bicategory in two ways. These compositions are
similarly linked by linear distributions. Their work began with the realization that
the usual category of sets and relations has a second composition (dual of the usual
composition), making it a bicategory in a second way, and furthermore, these two
compositions make the category of sets and relations a linear bicategory.

The theory of linear bicategories was not much considered beyond the initial
paper since there seemed to be a lack of examples. But this changed with the work of
Blute, Kudzman-Blais and Niefield [9]. They were inspired by the theory of monoidal
topology [25] to consider categories of quantale-valued relations, denoted @-Rel. The
theory of quantales can be found in the text of Rosenthal [50] or the article of Niefield
and Rosenthal in which the relationship between quantales and locales is examined
[41]. The category of quantale-valued relations is studied in [25], which is also an
excellent source for some of the applications of this fascinating theory. While it is not
the case in general that (Q-Rel will have a linearly distributive structure for a general
quantale @, the paper [9] demonstrates that -Rel is a linear bicategory when @ is a
Girard quantale [50], or more generally an LD-quantale, a notion introduced in [9].

One of the key concepts of linear bicategories discussed in this thesis is the
linear functors introduced by Cockett, Koslowski and Seely [15]. Linear functors are
extensions of the morphisms between linearly distributive categories introduced by
Cockett and Seely [18, [7]. These functors can be easily extended to morphisms of
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linear bicategories [I5]. A linear functor between linear bicategories consists of two
coherently linked morphisms that agree on the O-cells. One of these morphisms is
lax with respect to tensor composition, while the other is colax with respect to par
composition.

Another key concept in linear bicategories is linear adjunctions. We refer to 1-
cells that share a common left and right linear adjoint as cyclic linear adjoints, which
form the base of the concept of linear monads. These linear monads can also be
viewed as linear functors from the terminal linear bicategory 1 into a specified linear
bicategory, similar to how a monad in a standard bicategory can be considered a lax
functor with a terminal domain. The authors in [I8] demonstrated that the collection
of cyclic linear adjoints forms a linear bicategory.

Similar to how cartesian structure in bicategories characterizes essential examples
of bicategories, this thesis aims to characterize important examples of linear bicat-
egories, such as the linear bicategory Rel of sets and relations. This is achieved by
extending the theory of cartesian bicategories to incorporate the second bicategorical
structure of sets and relations.

In our initial attempt, we believed that by taking the original definition of carte-
sian bicategories and adding a corresponding cartesian structure for the second hor-
izontal composition and replacing the adjunctions in bicategories with cyclic linear
adjoints, we would obtain a cartesian structure on a locally ordered linear bicate-
gory (B,®,T,®,1). Then, similar to cartesian bicategories, the tensor product of
cartesian structure becomes the linear bicategorical product restricted to linear sub-
bicategory of cyclic linear adjoints. However, to our surprise, we discovered that while
our main example, the linear bicategory Rel of sets and relations, is cartesian in this
sense, the linear bicategorical product of the linear sub-bicategory CMap(Rel) do
not coincide with the monoidal product. So, we had to change our definition in an
appropriate way.

As in all concepts related to linear bicategories, which involve two linked struc-
tures for each horizontal composition, we introduce a cartesian structure in a locally
ordered linear bicategory (B, ®,®, T, L) using two symmetric monoidal structures.
One structure with respect to tensor and the other with respect to par, with both
linked by linear distributors of a linear pseudofunctor. In other words, a cartesian
structure in a locally ordered linear bicategory (B, ®,®, T, L) includes a cartesian
structure on the bicategory (B, ®, T) and a cocartesian structure on (B,®, L) con-
nected by linear distributions of a linear pseudofunctor. This appropriate structure
leads us to a significant characterization theorem for locally ordered cartesian linear
bicategories, akin to the Carboni and Walters characterization theorem for locally
ordered bicategories [14]. This theorem then enables us to define cartesian linear
bicategories in general and explore non-locally ordered cartesian linear bicategories.

Finally, we introduce the concept of knowledge representation in linear bicate-
gories of relations, inspired by Patterson’s work on knowledge representation in bi-
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categories of relations [46]. Knowledge representation is one of the most successful
applications of category theory [54. (53], 47, 27].

Patterson in [46] demonstrated a strong correspondence between bicategories
of relations and certain fragments of first-order logic. For example, regular logic (a
fragment of first-order logic) can be effectively modeled using bicategories of relations.
This correspondence allows for the transfer of tools and techniques between categorical
frameworks and logical systems, enhancing the theoretical foundations and practical
applications of both fields [46].

From a logical view, our definition of a linear bicategory of relations includes two
bicategories of relations, (B, ®, T) and (B“,®, L). These structures correspond to
two complementary components of first-order logic (FOL): (B, ®, T) represents the
existential conjunctive fragment, while (B, @, L) represents the universal disjunctive
fragment.

We assume that the reader is familiar with the basic theory of categories as in
[39]. The outline of the thesis is as follows:

In Chapter 1, we review the appropriate preliminary materials of bicategories
and specifically consider )-Rel, the bicategory of quantale-valued relations.

In Chapter 2, first we briefly review the notion of locally ordered cartesian bicate-
gories from the paper [I4]. Then we focus on Q-Rel, the bicategory of quantale-valued
relations and show why it is not cartesian in general and how we can fix it just by
focusing on a specific type of quantales called locales. We then briefly review the
definition of cartesian bicategories in general.

In Chapter 3, we provide an overview of essential concepts in linear bicategories.
Additionally, in the final section of this chapter, we revisit the construction of the
linear bicategory of )-Rel as discussed in [9].

In Chapter 4, after reviewing the concepts of limits and colimits in bicategories
from [28], we introduce the notion of a linear bicategorical product for linear bicat-
egories by utilizing the concept of limits in linear bicategories. We then present our
initial definition of a cartesian structure in locally ordered linear bicategories, which
we refer to as a locally ordered cyclic cartesian linear bicategory. This structure is
introduced by taking the original definition of locally ordered cartesian bicategories
and adding a corresponding cartesian structure for the second horizontal composition
and replacing the adjunction axiom with the cyclic linear adjunction. We demon-
strate that the linear bicategory Rel of sets and relations is cyclic cartesian. Next, we
aim to establish a similar characterization theorem for cyclic cartesian structures in a
locally ordered linear bicategory. However, we discovered that in the cyclic cartesian
linear bicategory Rel, the linear bicategorical product of the linear sub-bicategory
CMap(Rel) does not coincide with the monoidal product. This leads us to our
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second definition, which is provided in next chapter.

In Chapter 5, we establish the appropriate cartesian structure for locally ordered
linear bicategories. This structure includes a cartesian stucture on a locally ordered
bicategory Bg and a cocartesian structure on a locally ordered bicategory Bg, con-
nected through linear distributions of a linear pseudofunctor. We then introduce the
linear bicategory Rel of sets and relations as our primary example, along with addi-
tional examples. Furthermore, we prove a characterization theorem for locally ordered
cartesian linear bicategories, which leads us to a general definition of cartesian linear
bicategories in the subsequent chapter.

In Chapter 6, by using the characterization theorem from the previous chapter
we define precaretsian linear bicategories. In a precartesian structure we require bi-
categorical products on the full sub-bicategory of left adjoints in B, and bicategorical
coproducts on the full sub-bicategory of left adjoints in B, as well as local products
in the hom-category Bg(X,Y) and local coproducts in the hom-category Bg (X,Y).
We then demonstrate that any precartesian linear bicategory provides a canonical lax
tensor product on Bg and a colax cotensor product on Bg, which coincide on 0-cells.
We proceed to define a precartesian linear bicategory as cartesian when these tensor
and cotensor products are components of a linear pseudofunctor. Finally, we finish
the chapter by presenting examples of cartesian linear bicategories.

In Chapter 7, after briefly reviewing the concept of knowledge representation
for bicategories of relations from [46], we introduce the notion of knowledge rep-
resentation for linear bicategories of relations. We explain that this concept offers
a well-structured, human-oriented framework for machines and databases. Subse-
quently, we present first-order logic as the corresponding logic for linear bicategories
of relations.

Finally, in Chapter 8, we summarize our study presented in this thesis and pro-
pose several potential questions and projects for future research.



Chapter 1

Bicategories

The notion of bicategories was introduced in 1967 by Jean Bénabou [5]. Bicate-
gories can be viewed as a weakening of the definition of 2-categories.

In this chapter, we provide a brief overview of the definitions of bicategories,
lax functors, lax and oplax transformations, modifications, dualities, adjunctions,
and mates. In the final section, we discuss the bicategory (Q-Rel of quantale valued
relations, where () is a quantale. It is important to note that in this chapter and
throughout the rest of this thesis, we occasionally use pasting diagrams instead of
commutative diagrams in the context of bicategories. For more detailed information,
we refer the reader to [61], 28].

1.1 Bicategories

Definition 1.1.1. 28, Definition 2.1.3] A bicategory is a tuple (B, I, ®,a,l,r) con-
sists of the following data:

e 3 is equipped with a class Ob(B) = By, whose elements are called objects or
0-cells in B. If X € By, we also write X € B.

e For each pair of 0-cells X,Y € B, a hom-category B(X,Y) with:

— Its objects are called 1-cells in B denoted by X Iy Y. The collection of all
the 1-cells in B is denoted by B,
gy
— Its (morphisms) arrows are called 2-cells in B denoted by X \g Y,

g
The collection of all the 2-cells in B is denoted by Bs,

— Composition and identity morphisms in the category B(X,Y’) are called
vertical composition and identity 2-cells, respectively.
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— For a 1-cell f, its identity 2-cell is denoted by 1.

e A horizontal composition (bi)functor:

®X,Y,Z : B(X,Y) X B(Y, Z) — B(X, Z)

XLy Lz fog: X — 7

f g f®g
T
XY Pz e X sz
f/ gl f/®g/

e For each O-cell X € B, an identity functor
Iy:1— B(X,X).

We identify the functor Ix with the 1-cell Ix(x) € B(X, X), called the identity
1-cell of X.

e Natural isomorphisms:

1. Associators:
a:(®@x1);0=(1x®);®

B(X.Y)x B(Y,Z) x B(Z,W) —ZL 4 B(X,Z) x B(Z,W)

1x®l = l@
B(X,Y) x B(Y, W) s B(X, W)

®

2. Unitors:

[0l = (Ix x1);® r:l= (1xIy);®

(Ix,1) (1,Iy)

B(X,X) x B(X,Y) {2 gx,v) 15 B(X,Y) x B(Y,Y)

2N,
7z L AN
®

B(X,Y)

®

such that the following diagrams commute:



1. BICATEGORIES 3

(fegeh) ek

/ a®l

(feg o hek) (felgeh)®k
fely ;T(h@@k)) o » fely l@ah)@@k)
1®r oo I®1
feleyg) a r(fel)eyg

Example 1.1.2. The bicategory Rel of sets and relations consists of:

o 0-cells are sets: X,Y, Z, ...
e Fach hom-category B(X,Y) is a power set P(X X Y'), which is a partially or-
dered set poset) and

— 1-cells are relations R: X — Y.

— 2-cells are inclusions o : R C R'.
e The composition (bi)functor is the ordinary composition between relations:
®X,Y,Z : B<X7Y) X B(Y7 Z) - B(X7 Z)

XE5Y35 2725 ReS = {(z,2)] yeY (z,y) € R and (y,2) € S}

R S R®S
X o2y ' Z s X |esZ =R®SCR®S
R’ S’ R'®S’

e Forany 0-cell X € B, we have an identity relation Ix : X — X = {(x,2') | z =
x'}.
Definition 1.1.3. [28, Definition 2.1.14]

e A bicategory B is locally discrete if each hom-category is discrete.

e A bicategory B is locally partially ordered or locally ordered or locally posetal if
each hom-category is a partially ordered set regarded as a small category.
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1.2 Dualities

Definition 1.2.1. [28, Definition 2.6.2] Let B be a bicategory. The opposite bicat-
egory B is given by:

e 0-cells: It has the same 0-cells as B.

e l-cells: For O-cells X,Y € B, its hom-category is the hom-category in B,

B?(X,Y) = B(Y, X),

o Identity: I := Iy € B(X, X) = B?(X, X).

e Composition: Its horizontal composition is the composite
BP(X,Y) x B?(Y, 7) —XY2_, (X, 7) = B(Z, X)
®zv X
B(Y,X)xB(Z,Y) ————— B(Z,Y) x B(Y, X)

fRPg=g®f (for 1-cells f and g),
a®? B =8« (for 2-cells a and f3).

e Associator: for 1-cells f € B?(W,Z),g € B?(Z,Y), and h € B(Y, X), the
component of the associator a;” ; is the invertible 2-cell aj,, in B(X,W) =

B*(W, X).

e Unitors: for 1-cell f € B (W, X) = B(X, W) the unitors are given by I}* = r;
and 3" = I;

Next, we define the bicategory in which the 2-cells in B are reversed.
Definition 1.2.2. The co-bicategory B is given by:
e O-cells: it has the same 0-cells as B.

e 1-cells: For O-cells X,Y € B its hom-category is the hom-category in B,

B(X,Y) = (B(X,Y))%,

e Identity: 1 := (1x)? € B(X, X)? = B“(X, X).

e Composition: Its horizontal composition is the composite
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BO(X,Y) x B(Y, Z) — X2, geo(x, 7) = B(X, Z)®

)I\® %pY X

B(X,Y)? x B(Y,Z)? ———— [B(X,Y) x B(Y, Z)]

a®” B := & afor 2-cells a and ).

e Associator: for 1-cells f € B?(W,Z),g € B?(Z,Y), and h € B(Y, X), the
component of the associator aj’, ; is the invertible 2-cell (a;’;’h)"p in B(Z,W) =
BP (X, W).

e Unitors: for 1-cell f € B(W, X) = B(W, X)® the unitors are given by [{* =
(TJZI)OP and r{° = (l;l)(’p

Definition 1.2.3. [28/ Suppose B is a bicategory. Define
Beoor — (Bco)op'

Lemma 1.2.4. [28, Lemma 2.6.5] For a given bicategory B, the following statements
hold.

1. B? B?, and B are well-defined bicategories.
2. B = (B%).
3. (BP)? = B = (B“)®.

1.3 Lax Functors (Morphisms) of Bicategories

Definition 1.3.1. [28, Definition 4.1.2] Let (B,I,®,a,l,r) and (B, I',&",d',l',1")
be two bicategories. A laz functor (morphism) (F, F? F°) : B — B’ consists of the
following data:

e A function F' : By — By mapping 0-cells of B into 0-cells of B'.
e For each pair (X,Y) of 0-cells, a functor Fxy : B(X,Y) — B (FX,FY).

e For each triple X,Y and Z of O-cells in B, a natural transformation called the
lax functoriality constraint:

Fj,=Ff® Fg= F(f®g)
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B(X,Y) x B(Y, Z) = » B(X, Z)

F2
FX’YXFY’Z‘/ / lFX,Z

B(FX,FY) x B(FY,FZ)

y B(FX,FZ)

’

e For each 0O-cell X € B, a natural transformation called the laz unity constraint:

FO: I = F(Ix)

1 — 4 B(X,X)

satisfying the following coherence axioms:

e Lax Associativity:

Ffe (Fg' Fh) 225 Fre Flgah) = F(f® (g& h)

(Ff & Fg) & Fh oo F(f ©9) & Fh— F(f @ 9) @ h)

e Lax Left and Right Unity:

0 o/
Ly @ Ff 2 pre o) Ff 2 P(Ix @ f)

Ff Ff

1 170
FF& Iy Z20 pre FIy 2 F(f @ Ip)

Ef Ef
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Definition 1.3.2. [28, Definition 4.1.2]

o If F? and F? are natural isomorphism, then we call F' a pseudofunctor (homo-
morphism).

o If F? and F° are identities, then F is called a strict functor (strict homomor-
phism).

e A colax functor from B to B is a lax functor from B to B“°, in which B and
B'“° are the co-bicategories of B and B'.

e A strict functor between two 2-categories is called a 2-functor.

Remark 1.3.3. [59]. Bénabou [5] originally used the terms "morphisms" and "ho-
momorphisms" for what we now refer to as "lax functors" and "pseudofunctors." The
term "lax functor" is likely attributed to Street [59].

Example 1.3.4. [28, Example 4.1.10] Any lax functor (F, F?, F°): B — B’ uniquely
specifies a lax functor on opposite bicategories

(Fop’ (Fop)Z’ (Fop)(J) . Bop N B/op

with the following data, in which B and B’ are the opposite bicategories in Defi-

nition [[L.2.1]
o F°P = [ on (-cells.
e For O-cells X,Y € B, it is equipped with the functor
FP=F:B?X,)Y)=B(Y,X) - B (FY,FX) =BF7"X, FPY).

e For I-cells f,g € B(Y,X) x B(Z,Y), (F?)3, is the 2-cell

For)2 .=[2
Fow Ff 0™t poog f) i B(Z,X) = B(X, ),

The lax associativity axiom and the lax unity axioms for F'? follow from those
for F'. We call F°P the opposite lax functor of F', and similarly if F' is a pseud-
ofunctor or a strict functor.

Definition 1.3.5. [28, Definition 4.5.1]
Suppose f € B(X,Y) is a 1-cell in a bicategory B, and Z is a 0-cell in B.

1. We define the pre-composition functor by
f*B(Y,Z)— B(X,Z)
f*(h)=f®h for each 1-cell h e B(Y,Z).
[fla)=1;®a for each 2-cell « € B(Y,Z).
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2. We define the post-composition functor by

fo: B(Z,X) — B(Z,Y)
f«(g) =g f for each 1-cell g€ B(Z,X).
[(B)=p®1; foreach 2-cell B e B(Z,X).

3. For f € B(X,Y) and g € B(Z,W), define the hom-functor by:

B(f,9): B(Y,Z) = B(X,W)
B(f,g)(h)=f®h®g foreach l-cell he B(Y,Z).
B(f,9)(8)=1;®@p®1, foreach2-cell peB(Y,Z).

The functoriality of these functors follows from that of the horizontal composition in

B.

Proposition 1.3.6. [28, Proposition 4.5.2] Each 0-cell X in a bicategory B induces

a pseudofunctor
B(—,X): B — CAT.

Corollary 1.3.7. [28, Proposition 4.5.3] Each 0-cell X in a bicategory B induces a
pseudofunctor

B(X,—): B — CAT.

1.4 Lax and Oplax Transformations

Definition 1.4.1. [28, Definition 4.2.1] Let (F,F? F%),(G,G* G° : B — B be
two lax functors (morphisms) between bicategories B and B'. A lax transformation
a : F = G consists of the following data:

e Components: It is equipped with a component 1-cell ax € B (FX,GX) for
each O-cell X € B;

e Lax Naturality Constraints: For each pair of 0-cells X, Y in B, it is equipped
with a natural transformation . We use the notation (ax)* : B'(GX,GY) —
B (FX,GY) for the functor induced by a 1-cell ay € B'(FX,GX) of a bicate-
gory B, and similarly (ay). : B(FX,FY) — B(FX,GY).

B(X,Y) — X B(FX,FY)

GX,YH / NQY)*

B(GX,GY) — —— B/(FX,GY)

(ax)*
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which is for each 1-cell f € B(X,Y) a component 2-cell:

Fx — 5 gy

af
~ / aY

satisfying the following coherence conditions:

e Lax Naturality:

(Ff®ay)®Gg—> Ff® (ay ® Gg) &Ff@(Fg@aZ)

af@ngT la

(ax @ Gf) ® Gg (Ff®Fg9)® ayz
aT lF2®1aZ

ax @ (Gf ® Gyg) Fl(f®g ®@az

1(1;&@““\) %

ax @ G(f ® g
e Lax Unity:
ax ® Iox — ax —— lpy ® ax
1aX®G0l J/FO®104X
Oéx®G[X ary >F[X®04X

Definition 1.4.2. [28, Definition 4.2.1]

e A strong transformation is a lax transformation in which every component 2-cell
is invertible.

e A strict transformation is a lax transformation in which every component 2-cell
ay is an identity.

Definition 1.4.3. [28, Definition 4.2.1] Let (F, F?, F°),(G,G* G°) : B — B’ be two
lax functors (morphisms) between bicategories B and B'. An oplaz transformations
a : F = G consists of the following data:
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e Components: It is equipped with a component 1-cell ax € B (FX,GX) for
each 0-cell X € B;

e Oplax Naturality Constraints: For each pair of O-cells X,Y in B, it is
equipped with a natural transformation. We use the notation (ax)* : B (GX,GY) —
B (FX,GY) for the functor induced by a 1-cell ay € B'(FX,GX) of a bicate-
gory B, and similarly (ay). : B'(FX,FY) — B(FX,GY).

a: Fi(ay), — G (ax)": B(X,Y) = B(FX,GY),

B(X,Y) — Y B(FX,FY)

GX’Yl / l(aY)*

B(GX,GY) ——— B(FX,GY)

(ax)*

whose component 2-cell at f € B(X,Y) is:
ayp: (Ff) ®ay = ax ® (Gf)

Fx — " py

satisfying the following coherence conditions:
e Oplax Naturality:

(Ff®ay)® (Gg) +—— (Ff) ® (ay ® Gg) P Ff®(Fg® ay)

D‘f®1G9l Tail

(ax ® Gf)®Gg (Ff® Fg)® agz
a]\ lF2®1aZ
ax @ (Gf ®Gyg F(f®g) ®az

)
1aX ®G2 %
)

ax WG(f®g
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e Oplax Unity:

-1

Irx @ ax —— ax —— ax ® lax
F°®1axl llax 8GO
(FI)()(X)OJX T > OéX(X)(G]X)

Lemma 1.4.4. [28, Lemma 4.3.9] Suppose a: F = G is an oplax transformation
between lax functors F,G: B — B’. Then:

o « is uniquely determined by a lax transformation a?: GP = F°P with F°P and
G°P the opposite lax functors B — B'P.

e Fach component 2-cell of a is invertible if and only if o defines a strong trans-
formation o': F' = G with component 1-cells and o/, = 04]71 for each 1-cell

f.

e Each component 2-cell of o is an identity if and only if « is a strict transfor-
mation.

1.5 Modifications

Definition 1.5.1. [28, Definition 4.4.1] Let o, B: F = G be two lax transformations
between two lax functors F,G: B — B'. A modification v: o = [ consists of a
component 2-cell 'y : ax = Bx in B (FX,GX) for each O-cell X € B, such that the
following diagram commutes:

'x®lay

ax ® (Gf) Bx @ (Gf)
o By
(Ff) ® oy Tr @ly (Ff) ® By

for each 1-cell f € B(X,Y). A modification is invertible if each component 'y is an
invertible 2-cell.

Proposition 1.5.2. [28, Definition 4.4.10, Theorem 4.4.11] Suppose B and B' are
bicategories. Then Bicat(B,B') is a bicategory with

o 0-cells are lax functors B — B'.

e 1-cells are lax transformations between such pseudofunctors.
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e 2-cells are modifications between such lax transformations.

Corollary 1.5.3. [28, Corollary 4.4.13] Suppose B and B' are bicategories. Then
Bicat(B, B") contains a sub-bicategory BicatP*(B, B") with

e 0-cells are pseudofunctors B — B'.
o 1-cells are strong transformations between such pseudofunctors.

e 2-cells are modifications between such strong transformations.

1.6 Adjunctions and Mates

Definition 1.6.1. [28, Definition 6.1.1] For a given bicategory B, an adjunction
(n,e): f1g: X — Y in B consist of:

o lcels f: X —=>Yandg:Y — X,

e 2cellsn: Iy = f®gand e: g® f = Iy. Then we say f has right adjoint g
or f is the left adjoint.

such that the following diagrams commute:

of Y% Fogef 25 foge )

llf@e

f®ly

I

f

1 a
g@Ix 2 go (fog) =25 o fleyg

lﬁ@lg

Remark 1.6.2. In this thesis, we use an alternative notation for an adjunction in a
bicategory B, denoted as (f, g,n,€) instead of (n,€¢) : f 4¢g: X — Y in B defined in
Definition [[.6.1]
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Definition 1.6.3. [T/, Definition 1.5] In a bicategory B we call left adjoints maps,
and we will use Map(B) to represent the full sub-bicategory consisting of all maps.

Theorem 1.6.4. In the bicategory Rel of sets and relations maps are precisely func-
tion.

Proof: Assume f: X — Y is a map in Rel. That is, (n,e) : f 4¢g: X = Y,
where n: Iy C f®gande: g® f C Iy (since Rel is a locally ordered bicategory, so
2-cells are inclusions). By 2-cell n: Iy C f ® g, we get:

(r,x)€lx = (r,x) € fRg={(z,2") |y €Y (x,y) € f and (y,2) € g}.
Then this implies:
VeeX dyeY (zr,y) € fand (y,z) € g,
which implies that f is total. Next, by 2-cell ¢ : ¢ ® f C Iy, we get:

{(,y)|3r € X (y,x) € g and (z,y') € f} C{(y,y) |y €Y}

Now consider x € X. Since f is total, there exists y € Y such that (x,y) € f. For
y" €Y, if we have (z,y") € f, then by (y,x) € g we get (y,y”) € g® f. Thus f is a
function. ]

Remark 1.6.5. |28, Example 6.1.11] An adjunction (f,g,7n,€) in a bicategory B
induces:

e An adjunction (¢°, f°P,n,€) in B.
e An adjunction (g, f,n,€) in B®.

Definition 1.6.6. [28, Definition 6.2.1] We call an adjunction (f,g,n,€) with f :
X — Y and g : Y — X in a bicategory B, an internal equivalence or adjoint
equivalence if n and € are isomorphisms. And, we say the 1-cell f : X — Y is an
equivalence in this case.

Definition 1.6.7. [28, Definition 6.2.8] For given bicategories B and C, we say a
pseudofunctor F' : B — C is a biequivalence if there exists a pseudofunctor G : C — B
together with the following internal equivalences

ldg = F;G and G;F =1dp
in Bicat™ (B, B) and Bicat™(C, C), respectively.
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Definition 1.6.8. [28, Lemma 6.1.13] For a given bicategory B, a pair of adjunctions
(mye): f4g: X =Y and (v,€): f'4¢ : X' = Y’ and l-cellsa : X — X' and
b:Y — Y’ there is a bijection

BX,)Y)(a® f,feb)=B(Y,X')g®abxd)

given by pasting with the unit of one adjunction and the counit of the other:

X~ X “ X —— X
1 b fl s b
Y —— Y Y—Y . g,\X’
y 2oy x Loy Lty —v
gl%lWH/l/l/H
X —— X X=X — Y

The 2-cells A and p in the above diagrams are called mates with respect to the
adjunctions (n,¢) : f 4g: X — Y and (1/,€') : f/4¢ : X' = Y’ and to the 1-cells
a,b.

1.7 The Bicategory ()-Rel

In this section, we present the bicategory ()-Rel, which extends the concept of
a relation over a quantale ). However, before proceeding, we will briefly review the
notion of quantales.

1.7.1 Quantales

A key foundational concept in monoidal topology [25] is the notion of a quantale,
which arises in the category @-Rel of @)-valued relations. Quantales were initially
introduced by Mulvey in [24], aiming to establish a lattice-theoretic framework for
C*-algebras and provide a constructive basis for quantum mechanics.

Definition 1.7.1. [25, Section I1.1.10] A quantale is a complete lattice @) with an
associative operation ®g: @) X Q — @ and unit T such that ®¢ preserves suprema
denoted with \/ on the left and the right. That is, for all subsets P C @ and all
elements ¢ € (), we have

(\/P)®Qq=\/p®Qq and q®Q(\/P):\/q®Qp. (1.7.1)

peEP peP
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Remark 1.7.2. Note that for all ¢ € () we have ¢ ®g 0 = 0 = 0 ®¢ ¢, where 0 is the
bottom element.

Definition 1.7.3. [25, Section II.1.10] For all ¢ € @, the operations (—) ® ¢ and
¢ ®¢ (—) in the equations m preserve all supremas. That is, they have right
adjoints. We denote the right adjoints to (—) ®¢ p and p®¢ (—) by (=)o—p: Q = Q
and p—o(—) : @ — @ respectively which is uniquely determined by:

PRQq=r = q=<p-or
all for ¢,r € Q) where

p—or=\{geQ|pogq<r} rop=\{e€Q|qgogp<r}

Definition 1.7.4. [50, Definitions 6.1.1] A cyclic dualizing element 1 € @ is an
element of () such that for all ¢ € (), we have
lo—g=q—olL and (g—ol)—ol =g¢q

Definition 1.7.5. [50, Definitions 6.1.2] A Girard quantale is a unital quantale @
with a cyclic dualizing object L. We denote g—oL as ¢*. Note that T+ = L.

Remark 1.7.6. [50, Definition 6.1.3] Any Girard quantale ) carries a second multi-
plication operation defined by de Morgan duality in linear logic.

Lemma 1.7.7. [50, Proposition 6.1.3] If (Q,®q, L) be a Girard quantale, then the
operation (=) is a contravariant isomorphism. So Q° is also a quantale. We will
denote its multiplication by

PEoq=(¢" ®qp-)"
Fvidently this operation satisfies:
(AP @ga= Apooa and  qoq(\P)= /\ a®qp
pepP peEP

Definition 1.7.8. [/1/

e A quantale () is said to be right-sided if for any ¢ € Q,q®¢g 1 < g, Where 1 is
the top element. Similarly, the left-sided quantale will be defined by duality.

e A quantale () is said to be idempotent if all elements of () are idempotent. That
is, forany ¢ € Q, ¢ ®g ¢ =¢q
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e A quantale () is said to be lean if for all p,q € () we have:

(p\/q:T and p®Qq:J_):>(p:T or g=T) (1.7.2)

e A unital quantale @) is said to be integral if 1 = T where 1 is the unit element
under multiplication and T is the top element.

Lemma 1.7.9. [/9, Proposition 8.2.6] Let Q) be a unital quantale. The following are
equivalent:

o [ =1.

o () is left-sided.
o () is right-sided.
o Q is 2-sided.

Definition 1.7.10. [/1|/ An idempotent, integral and commutative quantale is called
a locale.

1.7.2 The Bicategory ()-Rel

Definition 1.7.11. Let Q be a quantale, we can form the category )-Rel whose
objects are sets and arrows f: X -e Y are functions f: X xY — Q. Given f: X & Y
and g: Y - Z composition is defined by

(f@g)(z,2) =\ flz.y)®qgy.2)

yey
Note that the use of ®¢g on the left refers to composition and on the right refers to
multiplication in Q).

Identities are given by

0 ifzx#d
T ifx=2a

idx(z,x') = {

See [25] for further details.

If @ is a Girard quantale, there is a second categorical structure, using the fact
that Q° is also a quantale. Given f: X # Y and ¢: Y e Z, composition is given
by

(f®g)(x2) = N\ flz.y) B9y, 2)

yey

and obvious identities.
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Lemma 1.7.12. If Q is a quantale, then QQ-Rel is a locally ordered bicategory un-
der pointwise order. If Q) is a Girard quantale, it has two locally ordered bicategory
structures as described above.

Proof:  The bicategory (Q-Rel,®, T 4) is given by:
o O-cells are sets A, B,C, ...

o l-cells are Q-relations R: A x B — @

e 2-cells are inclusions o : R C R’

Composition (bi)functor is defined by:

(R® S)(a,¢) == \/ R(a,b) @q S(b,c)

(RS R)®(SCY):=(ReS5)(ac)c (Res)(d )

Identity T4 :1 — B(A, A) where T4: A — Alis

T fa=d
T(a,a’):{o ot

Similarly we define the bicategory (Q-Rel, @, L) by using the second composition and

dual of the identity in [1.7.11] |



Chapter 2

Cartesian Bicategories

2.1 Locally Ordered Cartesian Bicategories

In this chapter, we review the notion of cartesian bicategories from [I4]. Carte-
sian bicategories were originally introduced by Carboni and Walters [14] in 1987 for
locally ordered bicategories. In their definition, Carboni and Walters characterized
a cartesian bicategory by a symmetric monoidal bicategory where each O-cell has a
comonoid structure, and each 1-cell is specified as a colax homomorphism between
the corresponding comonoid structures.

Definition 2.1.1. [74, Definition 1.1] A tensor product in a locally ordered bicate-
gory (B,®,1,a,l,r) is a pseudofunctor (homomorphism) of bicategories X : B x B —
B together with 0-cell I, called the identity O-cell, and the following natural isomor-
phisms for all 0-cells X,Y,Z € B

0 (XRY)RZ - XK (YEZ)

p:X 5 XKI

AN X —>TXKX

VIXKY 5 YRX

satisfying the following coherence conditions:

1. Pentagon law:

(XRY)R(ZKW)

/ X

(XRY)RZ)RW XX (YK (ZRW))
(XR(YRZ))RW _ y XK (YK Z)RW)

18
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2. Unit law:

(XRHRY y XK(IRY)

3. Hexagon law:

XRY)NZ 25 XK(YXRZ) —— YRZ)KX

“lﬁlzl la

(YRX)RZ —= YR(XRZ) > YR (ZKX)

4. Inverse law:

/ \m

lyxy

XK Y

That is, (B,X, I) carries a symmetric monoidal structure.

Definition 2.1.2. A comonoid (X,Ax,tx) in a monoidal category (C,X,I) is an
object X together with two morphisms

Ax: X - X KX, tx: X — 1.
such that the following diagrams commute:

1. Associator:

X Ax s X XX

Axl ll@AX

XRYX o (XRX)RY —— XK (XK X)

2. Unitors:
X

Y

XN = AKX — IKX

xXtx txNlx
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3. Commutativity law:

X
>Ny
XKX o XK X

Definition 2.1.3. Given two comonoids (X, Ax,tx) and (Y, Ay, ty) in a monoidal
category (C,X, I), a morphism r : X — Y is a comonoid morphism when the following
diagrams commute

X —2 L XRX X
r rXr r

Definition 2.1.4. A monoid (X, V, ex) in a monoidal category (C, X, I) is a comonoid
(X, Ax,tx) in the opposite category C.

Definition 2.1.5. [7J, Definition 1.2] A cartesian structure on a bicategory B con-
sists of

e A tensor product on B

e cvery O-cell X € B, carries a cocommutative comonoid structure. That is, there
are 1-cells
Ay : X > XK X, tx : X — 1.

Then the above data must satisfy the following axioms:
(U) Each 1-cell r : X — Y is a colax comonoid homomorphism. That is

reoAy <Ax® (rXr) and rty <ty

X —2X L XKX X
tx
r < rXr r
<
Y ——— YRY YV ——— I
Y

(M) Comultiplication Ax and counit tx have right adjoints A% and t%. The only
cocommutative comonoid structure on X, with structure 1-cells having right adjoints,
is (X, Ax, tx)
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Remark 2.1.6. [14, Remark 1.3(i)] If B is cartesian, then the opposite bicategory
B is cartesian.

Theorem 2.1.7. The bicategory Rel of sets and relations is cartesian.

Proof:

Define X : Rel x Rel — Rel on O-cells X XY (=X xY

Define X on morphisms by RXS : XX X' — Y XY’ where (z,2")(RXS)(y,y)
iff (x,y) € RA(2',y') € S. That is, RX S is the image of
RxSC(XxY)x(X'xY)=(XxX)x (Y xY)

The unit O-cell is I = {*}

Associator ag : (X X Y) x Z — X x (Y x X), where
oo = {(((w.5), ), (&', (. #))) | & =’ and y = ¢/ and = = 2 }

Right unitor pg : X — I x X, where

pe ={(z,(x,2)) |z =2}
Left unitor Ay : X — X X I, where

Ao = {(z, (2, %)) | z =2’}
Braiding 75 : X XY = Y x X, where

Yo ={((.y),(¥,2)) |z =2"and y =y}

Composition ® is functorial with respect to C on both variables.

Interchange law, that is for any morphisms f: X - Y, g:Y - Z h:U - W
and j: W — V we have:

(f@g)®(h®j)=(fBh) @ (gKj).
Since X : Rel x Rel — Rel is a pseudofunctor.

For every 0-cell X, we have a cocommutative comonoid by defining 1-cells Ay :
X=X xX ={(z,(z,2)) |reX}and tx : X — [ :={(z,%) | x € X}.
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e To show the inequalities
roAy <Ax® (rXr) and rety <ty,

note that the LHS of the first inequality is computed as:

@Ay = {(z,(y,¥) |3y €Y (x,y") € rand (v, (y,9)) € Ay} = {(z, (v, »)) | (z,y) € 7}.

And the RHS of the first inequality is computed as:

Ax@(r®r) = {(z, (y,v")) | 3(2',2") € XxX (x,(2',2")) € Ax and ((«/,2"), (y,v)) € rKr}

= {(z, (y,9) | (x,y) € r and (z,y') € r}.
Thus, LHS C RHS. For the second inequality, we compute the LHS as:
r@ty ={(z,%)[IyeY (z,y) er}
which is obviously subset of tx : X — [ :={(x,*) | x € X}.

e Comultiplication Ax and counit ¢y are maps since they are functions [1.6.4]
]

More examples of locally ordered cartesian bicategories are provided in [14, 1] as
follows:

Example 2.1.8. [14]

(i) The bicategory Rel(E), of relations over a regular category. For more details
see [Il, Example 2.1.3].

(ii) The bicategory Ord(&), whose 0-cells are ordered objects in a regular category,
and whose 1-cells are ideals. For more details see [I, Example 2.3.2].

Theorem 2.1.9. [T, Remark 1.3 (iii)] Let B be a locally ordered bicategory with ten-
sor product. Then the tensor product is the bicategorical product in BB (see Definition
if and only if every 0-cell has a cocomutative comonoid structure (X, Ax,tx)
and every 1-cell f : X —'Y s a comonoid homomorphism.

Lemma 2.1.10. [1, Lemma 2.1.5] If B is a locally ordered cartesian bicategory then
the full sub-bicategory Map(B) in Definition[1.6.5 has finite products.

The following corollary originally is a component of the definition of cartesian bi-
categories in [14]. But it can be independently proven as an outcome of the Definition
2.1.0l
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Corollary 2.1.11. [1, Corollary 2.1.6] If B is a locally ordered cartesian bicategory
then the only comonoid structure on X with structure 1-cells having right adjoints is

(X, Ax,tx).

Theorem 2.1.12. [7], Theorem 1.6/ Let B be a locally ordered bicategory. If B has
a cartesian structure, then

e Map(B) has finite bicategorical products.
e Fach hom-category B(X,Y') has finite products which are denoted by .

e For any pair of 1-cells r and s we have the following formula in B:

r¥s=(pRreapH)Ages®q) (p and q are appropriate projections)

Conversely, if a bicategory B satisfies (i) and (ii) and the formula in (iii) defines a
tensor product on B, then B has a cartesian structure.

Next, we review discreteness axiom for locally ordered cartesian bicategories,
now known as the Frobenius axiom [14].

Definition 2.1.13. [T], Definition 2.1(i)] A 0-cell X in a locally ordered cartesian
bicategory B is discrete when the comultiplication A x satisfies the following equation

Ay RAx = (TxXRAx)® (AY X Tx)

Definition 2.1.14. [1j], Definition 2.1(ii)] A locally ordered cartesian bicategory is
called a bicategory of relations if every O-cell is discrete.

Example 2.1.15. [I4, Example 2.3(i)] The bicategory Rel of sets and relations is a
bicategory of relations.

2.2 The Bicategory ()-Rel

While cartesian bicategories were originally developed as an axiomatization of
the category of relations, the category Q-Rel, for a given quantale (), is not in general
a cartesian bicategory. The problem lies in the inequalities requiring that every 1-
cell must be a lax comonoid homomorphism. However, the following proposition
addresses this issue.

Proposition 2.2.1. If Q) is a locale, i.e. a commutative, integral, idempotent quan-
tale, then every 1-cell in Q-Rel is a lax comonoid homomorphism.
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Proof: Define the tensor product X : @Q-Rel x Q-Rel — (@-Rel on 0-cells as
XNXY := X xY which is the cartesian product of sets and define the tensor product
X for two l-cells R: X Y, S: X Y as RKS : X x X' - Y xY' where
(RXS)((x,2"), (y,¥")) = R(x,y)®@q S(«',y’) where ®q is the quantale multiplication.
Now consider these inequalities. First we have the following diagram:

X & L XKRX

Y — s YXY
Ay

For every 0O-cell Y, Define Q-relations Ay : Y & Y x Y by Ay(y,(v,vy")) =

T ify=9y =9" ‘ , ‘
i . Now by calculating the left hand side of the diagram, we get:
0 otherwise

LHS(z,y,y") = \/ R(z,y) @ Aly, (v, y")) =

yey

0 1f y/ 7£ y//
R(z,y) ify =4v"

whereas the right hand side yields:

RHS('%’ y/’ y”) = \/ A(xv (x/a x//))®Q (R(xla y/)®QR(xH’ y”)) = R(.T, y/)®QR(x’ y//)

(z,x")eXRX

For the inequality LHS < RHS we would need ¢ < ¢?, for all ¢ € Q which does
not hold in general. Of course, it does hold in an idempotent quantale.
The second lax comonoid inequality is:

X
R tx
<
Y — T

For every O-cell Y, define ty (y,*) = T. Then the left hand side of this inequality
is calculated as:

LHS(x,%) = \/ R(x,y) ®q t(y,*) = \/ R(z,y) ®¢ T = \/ R(z,y)

yey yey yey



2. CARTESIAN BICATEGORIES 25

The right hand side is of course just RHS(x,*) = T. In general, we won’t have
the inequality LHS(z,*) < RHS(z,*) unless T = 1, i.e. the quantale is integral. 1

This leads us to the following Theorem. While the result is straightforward, it
has not been published anywhere, as far as we know.

Definition 2.2.2. [25, Section III.1.2] Given a function f : X — Y |, one can define
fo: X oY, the Q-valued graph of f, defined as

T ify= f(z),
0 otherwise.

Proposition 2.2.3. [25, Proposition 1.2.1] Given a unitale quantale and @QQ-Rel, the
Q-relations with right adjoints are uniquely the Q-valued graphs if and only if @ s
lean.

Theorem 2.2.4. If Q) is a locale, i.e. a commutative, integral, idempotent quantale,
then QQ-Rel is a cartesian bicategory.

Proof:
e (Q-Rel, X, ®, 1) is a symmetric monoidal category:
— Define the tensor product X : (-Rel x Q-Rel — Q-Rel on 0-cells as XKY :=

X x Y which is the cartesian product of sets,

— Define the tensor product X for two 1-cells R: X & Y, S : X' & Y’ as
RXS: X xX —Y xY' where (RX S)((z,2'), (y,¢)) = R(z,y) ®q
S’ y),

— Identity 0-cell is the singleton set [ = {x}

— Associator a: X x (Y x Z) & (X xY) x Z, where

a((z, (y,2), (¢,y), 2) =

T ife=2'ANy=y Nz="7
0 otherwise

I

— Unitor p: X e X x I, where

(i, (2 4)) = {T o=

0 otherwise
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— Braiding v: X XY e Y x X, where

T ife=2"ANy=1
0 otherwise

Y((z,y), (v, 2") = {

I

e Each @Q-relation is a lax comonoid homomorphism by Proposition [2.2.1]
e Every 0-cell X carries a cocommutative comonoid structure (X, Ax,tx). Define
) . T fex=a"=2"
Q-relations Ay : X e X x X by Ax(z,(z,2")) := . and
0 otherwise
tx : X o [ where tx(z, %) =T.
— For every 0-cell X we have
Ax®<1xx’Ax)®&IAX®(Axglx) X-C}(XXX) x X

where

T if$1:$2:$3:$4

LHS(xq, (29, x3), 14)) = { = RHS(x1, (w9, 23), 74))

0 otherwise

Y

— For every 0-cell X we have
Ax @ (TxKitx)=p: X & X xI
where LHS(x,(2',%)) = T(x,2') = RHS(z, (2, %))
— For every 0-cell X we have
Ax®(txNRlx)=pRv: X &I xX
where LHS(x, (x,2")) = T(x,2') = RHS(z, (x,2)),
— For every 0-cell X we have
Ax@7=Ax: X & X x X
where

LHS (1, (2, 75)) {T B2 =225 b son (20, 33))

0 otherwise
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e The Q-relations Ay and tx have right adjoints denoted A* : X x X e X and
ty : I & X, respectively, as their duals, since () is a lean locale [2.2.3]

Remark 2.2.5. To ensure the symmetry of the tensor product X in (), a commuta-

tivity condition is required. Given that p is a natural transformation, it satisfies the
equation (RX S) @ v=~v® (RX S). That is,

(RXS) @) ((x,2), (4, 9)) = R(z,y) ®q S(2',y)
= S(2',y") ®¢g R(x,y) (by commutativity of Q)

= (y® (RRS))((z, ), (y,9))

2.3 Cartesian Bicategories

In this section, we review cartesian bicategories in general from [I3]. The authors
in [13], introduce the notion of precartesian bicategories before defining cartesian bi-
categories. These precartesian bicategories are taken from the main Theorem
in locally ordered cartesian bicategories. Precartesian bicategories do not require
finite bicategorical products throughout the entire bicategory but only within the
full sub-bicategory consisting of left adjoints, which they refer to as Map(B). They
demonstrate that a canonical lax tensor product can be constructed in any precarte-
sian bicategory. The bicategory is then termed cartesian if this tensor product is
pseudo. The discussion begins with a review of bicategorical products:

Definition 2.3.1. [1/ Consider a bicategory B and 0-cells X,Y in B. A 0-cell X x Y
together with projections pxy : X XY — X andrxy : X XY — Y is the bicategorical
product of X and Y in B, if VZ € B, the following functor is an equivalence:

Tyxxy : B(Z, X xY) = B(Z,X) x B(Z,Y)
(f:Z=>XxY)=(f®pxy, f@®rxy)
(a:f=g)— (@@, a®l.,)

Or equivalently, if the functors I'z x «y, are fully faithful and essentially surjective
for all XY, Z € B.

Definition 2.3.2. [I/ Consider a bicategory B. A terminal 0-cell in B is a 0-cell [
such that B(A,I) is equivalent to the terminal category 1. That is, for each 0-cell
X € B, there is a unique 1-cell X — 1.
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To explain a little more what a bicategorical product is, I'z x «y is an equivalence
of categories if there exists a functor

(— —)zxxy :B(Z,X)xB(Z,)Y) = B(Z,X xY)
(h:Z—->Xk:Z—=Y)—(hk):Z—>XXxY
(B:h=h,v:k=K)— (8,7 :(h k)= (I K)

such that I'z xxy; (—, =) zxxy = 1Bz x xy) and (= —)zxxviTzxxy = LBz x)xB(zy):
Specifically, there are natural isomorphisms with component 2-cells p¢ : (f@pxy, f®
rxy) = fin B(Z,X xY) and v = (vh, vk) : ((h, k) @ pxy, (h, k) @rxy) = (h, k)
in B(Z,X)xB(Z,Y).

Proposition 2.3.3. Consider a bicategory (B,®, T x) with bicategorical products.
That is, for any pair of 0-cells (X,Y) € B, a bicategorical product X XY exists and
it induces a pseudofunctor:

—Xx—:BxB—B
(X,Y) = X XY
([ X=>X,0:Y 2Y ) (fxg)=PxyQfrxy®g) : X xY = X' xY’
(a:f=fBg=d)maxf=,®al,, F): fxg=f x4

Proof: Connsider (X,Y), (X", Y"), (X", Y") € B x B, then there is natural iso-
morphism

F2: () x (9) x (7)) x (); @ = @ x @; (=) x (=)
C(Bx B)((X,Y), (X", Y") x (BxB)(X,Y"),(X",Y")) = (Bx B)((X,Y),(X",Y"))

with component invertible 2-cells Févg%(h’k) (fxg@hxk)=(foh)x(gk):
XXY > X"xY"for (f: X —>X',g:Y—=>Y'),(h: X' = X" k:Y' —Y"), which
are defined as follows.

Recall that Vh, k : Z — X XY, Iz x«v(h, k) is bijective. In particular, 'y xy, x»xy» ((f><
9) @ (h x k), (f®@h) x (g®k)) is bijective, that is if there exists a pair of 2-cells:

o (f X g) & (h/ X k) ®pX”,Y” = (f & h) X (g X ]{f) ®pX”,Y”7
ﬁ : (f X g) & (h X k) X Xy = (f X h) X (g X k) X X"y

then there exists a unique 2-cell v: (f x g) ® (h X k) = (f ® h) X (¢ ® k) such that
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(Y ® Ly yu, ¥ ® 1Tx~,y~) = (o, ). Now, let a be the following invertible 2-cell:

(fxg)®(hxk)®@pxnyr=pxy @ f,rxy ®g) @ (pxy @h,rxy @ k) ® pxryn
1®V1"X/,Y/®h
= (Pxy ® f,rxy ®g) @ pxryr @ h
Vpx,y ®F@1
= Pxy @ fRh

Vix.y @F®h
= <pX,Y ® f & h, TX,Y & g (029 k> ®pX”,Y”

= (f®h) x (9@ k) ® pxnyn.
Similarly, let 5 be the following invertible 2-cell:

(fxg)@hxk)@rxnyr = {pxy ® firxy ®9) @ (px,y' @ h,rx1yr @ k) @ rxnyn
1®Vpxl,yl®k
= (pxy @ firxy ®g) Qrxiy @k

Vry y ®981
= XYy ®g& k

Vf)i’y®g®k
= <pX7Y ®f®harX,Y ®g®k3> ®TXN7Y//

— (f@h) x (9@ k) © rxmyn.

So, F(j gy npy * (f X 9) @ (h x k) = (f ®h) x (g ®Fk) is defined as the pre-image of

(a, 3) under Cxyy xrxyn ((f X g) ® (h x k), (f @ h) x (g @ k)).

Moreover, ¥(X,Y) € Bx B, there is an invertible 2-cell Fyy : Txyy = Txx Ty
defined as follows. T'xyxy xxy(Txxy, Tx X Ty) is bijective as above, so defined o/
and ' respectively as:

Txxy®pxy Epxy Epxy@Tx = Pxy®@Tx,Txy@Ty)®pxy = Tx X Ty®pxy;

Txxy®@rxy Erxy ZrxyQ@Ty 2 (pxy @ Tx,rxy@Ty)®7xy = Tx X Ty®@rxy.

So, F)OQY : Txxy = Tx X Ty is the pre-image of (o/, ') under I'xxy xxv (T xxv, T x X
Ty). 1

Definition 2.3.4. [153, Definition 3.1] Consider a bicategory B. We say B is pre-
cartesian if

1. The full sub-bicategory Map(3) has finite bicategorical products.
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2. Each hom-category B(X,Y') has finite products.

Then for any bicategory B we consider the pseudofunctor:
Map(B)” x Map(B) - B x B B&2, car
where i is the inclusion functor, and B(—, —) is the hom-pseudofunctor and CAT is

the 2-category of categories. The two-sided Grothendieck construction of G is the
bicategory given by:

e A O-cell of G is a triple of (X, R: X — A, A), where R € B(X, A).

e A l-cellin G is a triple of (f,a,g) : (X, R, A) — (Y, S, B) where f: X - Y,g:
A— BeMap(B)and a: R®g= f® S5 is a 2-cell in B. We call this form of
1-cells primary form.

Remark 2.3.5. Fquivalently we can define 1-cells of the Grothendieck con-
struction of G by a triple (f,5,9) : (X, R, A) — (Y, S, B) such that the 2-cell
B:R=f®S®g" is the mate of 2-cellaa : R® g = [ ® S where g 4 g*. We
call this form of 1-cells secondary form.

e For given primary form of 1-cells (¢, %) : (f, v, 9), (f', &/, ¢") € G, define a 2-cell
in G as (f,a,9) = (f',d/,¢') where ¢ : f = f and ¢ : g = ¢ are 2-cells in
Map(B) such that the following diagram commutes.

fos —L o fog

w #, (2.3.1)

/
R®g:ﬁ§ﬁ:>R®g

Remark 2.3.6. Equivalently, For given secondary form of 1-cells (f, 8, g), (', 5, 4') €
G, define 2-cell in G as (f,5,9) = (f',3',¢') where ¢ : f = ffand ¢ : g = ¢
are 2-cells in Map(B) by commutativity of the following diagram

f®S®g*

/ PR15R1g*
R f'®S® g (2.3.2)
x /Ju@);s@’lﬂ*

f’®S®g’*
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where ©* : ¢ = ¢* is the mate of 1) : ¢ = ¢ with respect the adjunctions
g-g*and ¢ g™

All the details of this construction are available in Street’s paper [60] and in
Verity’s PhD thesis [61]. We also review this construction in more detail in chapter [6]
since we intend to extend a cartesian structure on bicategories to linear bicategories.

Proposition 2.3.7. [153, Theorem 3.9] Let B be a precartesian bicategory, then the
bicategory G has finite bicategorical products.

Proposition 2.3.8. [13, Theorem 3.15] Let B be a precartesian bicategory, then there
s a lax functor X : Bx B —Band I : 1 — B.

Definition 2.3.9. [13, Definition 4.1] A precartesian bicategory is said to be carte-
sian if the lax functors X : B x B — B and [ : 1 — B are pseudofunctors.

Proposition 2.3.10. [13, Proposition 4.2] If B is a cartesian bicategory, then the
pseudofunctors

BxBEBL1

1. restrict to Map(B) gives the right adjoints:

AAX  and !'HI,

where A : Map(B) — Map(B) x Map(B) is the diagonal pseudofunctor and
' Map(B) — 1 is the unique pseudofunctor;

2. the composites:

BIX,Y) x B(X,Y) % BIX® X,y ®Y) 2%, gix v
g B gy I

provide right adjoints to:
B(X,Y) 5 B(X,Y) x B(X,Y)
B(X,Y) 3 1.

Moreover, the pseudofunctors X and I which satisfy the above conditions are
unique. Thus we can define a cartesian bicategory as a bicategory B with pseud-
ofunctors B and I which satisfy conditions 1 and 2.
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2.4 Symmetric Monoidal Bicategories

In this section, we briefly review the definition of symmetric monoidal bicate-
gories from [52, [5§].

Definition 2.4.1. [52, Definition 2.3/ A symmetric monoidal bicategory consists of
a bicategory M together with the following data:

& A distinguished 0O-cell 1 € M
& A pseudofunctor (homomorphism) ® = (®, gb% 11); qﬁa,a,)) "MxM—M

e Transformations:

a = (Qabes Apgn) 1 (a®D) @c—a® (b®c)
&l =(,l) 1®a—a
r o=(re,rf)ia—a®l

048 = (B Bry) ra®b = b a

which are adjoint equivalences. We also choose adjoint inverses o*,(* and r*
and their associated adjunction data, which we will not name.

& Invertible modifications 7, u, A and p as in the following diagrams:

(a®b) ® (c®d)
(a®b)®c)®d a® (b® (c®d))

a®1l TI@&

(a®(b®c))®d >y a® ((b®c)®d)

(67

(@®1)©b—2 5 4@ (1®Db)
T‘®IT ﬂ# l]@l
a®b > a®b
Togb
(1®a)®b o y a®b
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®(b®1)

\ﬂ/

®b)®

¢ Invertible modifications R and S, as in the following diagrams:

b)) —2 5 bh®@c)

R \ ® (c® a)
/

/
(a®b)®
m
b®a)®c ——F—— bR (a®c)
(a@b)@c —L— co (a@b)
a® (b®c) S (c®a)®b
I®p /

® (c®b) a—>( a®c)®

*

@ An invertible modification o, in the following diagram:

fazt > a®b

b®a

such that the following axioms are satisfied:

& The equations (SM1), (SM2.i), and (SM2.ii) from appendix [A| (depicted in
Figures[A.1|through[A.4)) are satisfied, using the data (M, 1, ®, a,l,7, 7, 1, X, p).

¢ The equations (SM3.i), (SM3.ii), (SM4), and (SM5) from appendix |A| (pre-
sented in Figures through [A.14)) are satisfied, using the above data and also
(6, R,S).
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O The equations (SM6.1) and (SM6.ii) from appendix |A| (depicted in Figures
and [A.16)) are satisfied, using the above data and o.

& Furthermore, equation (SM7) from appendix |A| (depicted in Figure |A.17)) is
satisfied.

A bicategory equipped with the data &, {,© but only satisfying axioms &,
and © is a sylleptic monoidal bicategory. A bicategory equipped with the data &
and < and satisfying the axioms & and < is a braided monoidal bicategory, and
lastly a bicategory equipped only with data & satisfying the axioms & is a monoidal
bicategory.

Theorem 2.4.2. [13, Theorem 2.15] Given a bicategory B with bicategorical product
X and a terminal O-cell I, it forms a symmetric monoidal bicategory, where X serves
as the tensor product and I acts as the unit object.



Chapter 3

Linear Bicategories

In this chapter, we recall briefly some standard notions of linear bicategories
from [15]. Linear bicategories, as introduced by Cockett, Koslowski and Seely [15] in
2000 present a generalization of ordinary bicategories. Within this framework, two
horizontal (1-cell) compositions are established, corresponding to the operations of
"tensor" and "par" found in linear logic [21].

3.1 Linear Bicategories

Informally, a linear bicategory having two bicategory structures linked by linear
distributors.

Definition 3.1.1. [1J, Definition 2.1] A linear bicategory B consists of
e A collection of O-cells: X,Y,Z, ...,
e For each pair of 0-cells (X, Y), a hom-category B(X,Y)
e Two bicategory structures (®, T) and (&, L) with

1. Associators:
g (@ x1);0 = (1 XQ®);® ag: (1 X ®); 0= (& x 1); .
B(X,Y)x B(Y,Z) x B(Z,W) —2_ B(X,Z) x B(Z,W)

1x®l = l@
B(X,Y) x B(Y,W) s B(X, W)

®

35
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B(X,Y) x B(Y,Z) x B(Z,W) —ZL_ B(X,Z) x B(Z,W)
lxeal ¢a@ = l@

B(X,Y)x B(Y,W) 5 > B(X, W)
2. Unitors:
re: 1= (1xTy);® re:(I1x Ly);®d =1

B(X,X) x B(X,Y) &2 gix,v) U™ B(x,Y) x B(Y,Y)

wz R
£ ® ) “ X

V4

(LJ-Y)

B(X, X) x B(X,Y) &2 gx,v) &2 B(x,v) x B(Y,Y)
L A R R
~ ug ug S

B(X,Y)

2]

e Natural transformations d;, and dg, called linear distributivities

B(X,Y) x B(Y,Z) x B(Z,W) — %%, B(X,Y) x B(Y,W)

®><Idl </{h l@

B(X,Z) x B(Z,W) s B(X, W)

52

and,
BX,Y) x B(Y,2) x B(Z,W) —22L_ B(X,Z) x B(Z,W)

Tdx ®l </6R l@

B(X,Y) x B(Y, W) » B(X, W)

D
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These must satisfy several coherence conditions:

e The coherence diagrams regarding bicategory (B, ®). See Definition m
e The coherence diagrams regarding bicategory (B, ®). See Definition [1.1.1}

e The coherence diagrams related to the linear distributivity of ®, &

AR(B®Ll) ————— A®B

gl /

(A® B) &

(A®B)® (C® D) —=——= A® (B® (C & D))

ﬂ1®5L

51 A®(B®C)® D)

[

(A B)@(C)® D) ———= (AR (B®(C))® D)

(A (B®O)®D -2 A® (B®C)® D)
5L®1ﬂ HI@)(SL
(A By C)® D) ®(Ba (C®D))

\ /

(A® B)® (C® D)
Dualities provide the other diagrams
Example 3.1.2. [I5 Example 2.3]

(I) The bicategory Rel of sets and relations, where the first composition is the
usual relational composition and the second composition is its dual. That is, If
we have R: X — Y and S: Y — Z then define:

(r,2) e R® S ifand only if Jy (z,y) € R and (y,2) € S

with the unit Tx : X — X = {(x,2’) |z = 2’}. And the second composition is
given by dual of the first compostion:

(x,2) e R® S ifand only if Vy € Y such that (z,y) € R or (y,2) €S
with the unit Lx : X — X = {(z,2') |z # 2'}.
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(IT) Any bicategory B is a linear bicategory with @ = .

3.2 Linear Adjunctions and Closed Linear Bicate-
gories

Definition 3.2.1. [1J, Definition 3.1] Given a linear bicategory B, a linear adjunction
(1,7) : A-|B : X — Y consists of:

o lcellsA: X =Y and B:Y —- X

e 2cells7: Ty = A®d Band v: B® A= 1y. Then we say A has the right
linear adjoint B, satisfying the following equations:

uL

A A=A T2 A
4 AeB)®A
2 A@ (B® A)

1—A—®l>A@J_Y

ul

== A

uR
B2 B=—B-% B® Ty

IB@’T

== B®(A® B)

Ly (BoA) @B
Y®1lp J_y@B
uL

== B

Example 3.2.2. In the linear bicategory Rel of sets and relations, each relation
R : X — Y is left linear adjoint to Rt where R* is the inverse complement of R
defined as follows:

(y,z) € Rt & (2,9) ¢ R.

For the unit of the adjunction, assume (x,z) € T x, then we have (v,7) € R® Rt &
Vy €Y, (v,y) € Ror (y,z) € R* & Vy €Y, (z,y) € R or (z,y) ¢ R. Thus,
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Tx < R® R*. For the counit of the adjunction, assume (y,y') € R ® R < Iz €
X, (z,y) € Rt and (z,v) € R & 3z € X, (y,x) ¢ R and (z,y') € R which
implies (y,y') € {(y,v') |y # ¥} = Ly. Since if y = ¢/, then we get {(y,y') | Iz €
X, (v,y) ¢ R and (z,9') € R} = 0.

Definition 3.2.3. [1J, Definition 4.1] A linear adjoint A—|B, such that A is both
left and right linear adjoint of B is called a cyclic linear adjoint denoted by A|H|B.

Definition 3.2.4. [1J] Let B be a linear bicategory, then CMap(B) is the linear
sub-bicategory in which each 1-cell has a cyclic linear adjoint.

Example 3.2.5. In the linear bicategory Rel of sets and relations, every 1-cell is a
cyclic linear adjoint. That is, CMap(Rel)= Rel. Since any relation R : X — Y is
cyclic linear adjoint to R+ := (R*)¢ which is the complement inverse of R. Moreover,
note that (R+)L = R.

Definition 3.2.6. [1J, Proposition 3.10] A linear bicategory B in which every 1-
cell has both a linear right adjoint and a linear left adjoint is called a closed linear
bicategory. Closed linear bicategories are essentially x-autonomous [3]. That is, we
can take tensor composition and negation as primitive and then define the par by de
Morgan duality:

B® A~ (At ® BH)*,

B® A~ (Ate BH)*
Example 3.2.7. [I5] The linear bicategory Rel of sets and relations is closed and
essentially x-autonomous. The second composition & and its unit by de Morgan
duality as follows:
L:=Tt=(T)* and Ra®S:=(S*®RYH:,

where (St ® RL)L = (S*° @ R*)*“. We used (—)* for the inverse of relations and
(—)¢ for the complement of relations.

Lemma 3.2.8. [15, Lemma 3.2] Let A: X — Y,B :Y — X be 1-cells in a linear
bicategory B. The following are equivalent.

1. A is left linear adjoint to B.

2. For all 0-cells Z, the functor (=)@ A : Hom(Z,X) — Hom(Z,Y') is left adjoint
to the functor (—) @ B.

3. For all 0-cells Z, the functor B& (=) : Hom(X,Z) — Hom(Y, Z) is left adjoint
to the functor A @ (—).
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Definition 3.2.9. [T, Lemma 3.8/ Given a linear bicategory B, a pair of adjunctions
(1,7) : A-|B: X - Y and (7/,7) : A'—|B’ : X’ = Y’, and l-cells C': X’ — X and
D : Y’ — Y, there is a bijection between 2-cells a : C ® A = A’ @ D and 2-cells
b: B®C = D& B. That is:

BX' Y)Y C®AA®D)2BY' X)(B @C,D® B).

The 2-cells a and b above are called linear mates with respect to the adjunctions
(1,7) :A4B: X =Y and (7,7): A 4B : X' = Y’ and to the 1-cells C, D.

Definition 3.2.10. [75, Definition 4.9.] A closed linear bicategory B is x-linear if it
satisfies the following conditions:

e For every linear adjoint v : A—||B there is a linear adjoint v* : B—|A. For any
other v’ : A’—||B’ and a : A = B, the two constructed mates for a are equal.

e For any linear adjoint v = (v*)*.

o If v: A-|B and w : A'-|B’, then (v ® w)* = w* @ v* and (v & w)* = w* R v*.
If up: T—|L and uy, : LT are adjunctions, then uj = up.

3.3 Linear Functors

In this section, we review the notion of homomorphisms between linear bicate-
gories from [I15] called linear functors. Linear functors between linear bicategories are
a generalization of monoidal functors between x-autonomous categories.

Definition 3.3.1. [15, Definition 2.4/ Suppose B and B’ are two linear bicategories.
A linear functor F : B — B’ consists of

e A function F': B — B’ on 0-cells.
e For each pair (X,Y) of 0-cells, two functors Fy, Fy : B(X,Y) — B (FX,FY).
o 2-cells m~ : TF@(X) — F®(Tx) and n | : F@(J_X) — J—F@(X)

e Natural transformations which with m+ and n; make Fg monoidal (lax) with
respect to ® and Fy comonoidal (colax) with respect to @

Mg : Fg(A) ® Fg(B) = Fg(A® B)
ng : Fo(A® B) = Fg(A) @ Fg(B)



3. LINEAR BICATEGORIES 41

e Natural transformations (called linear strengths)

vl Fo(A® B) = Fy(A) @ Fg(B)
Vg : Fo(A® B) = Fy(A) @ Fy(B)
(A) ® Fg(B) = Fs(A® B)
Fy(A) ® Fg(B) = Fs(A® B)

V®: ®

satisfying the following coherence axioms:

[LE.1] (a) Fo(uk) = v (ny & 1)

(b) Fo(ug) = vg; (1@ ny);ug
() Foo(ug)™" = (ug)™; (mr & 1); v
(d) Folug)™ = (uz) ™' (mr @ 1);vg

[LF.2] (a) Fy(ae);vh; (1®vE) = vl (ne ©1);aq

Fo((A® B) @ 0) folao) Fo(AS (BaO))
Fuo(A® B) @ Fu(O) Fu(A) ® Fo(B® C)

n@’@lﬂ \“{1@115

(Fo(A) ® Fo(B)) @ F(C) === Fs(A) ® (Fa(B) & F(C))

(b) Fglag);vs; (1@ ng) = vk vk @ 1);aq
(¢) Fslag);vs; (1@ ng) = ag; (1@ vE); (vE @ 1);

(d) Fa(ag);vE; (1o vE) = vl (ng ®1);ae
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[LF.3] (a) Fylas);vd; (1@ vl) = vk (vE @ 1);ae

Fg(ag)

Fo((A@ B)@ O) Fe(Ae (Ba0))

L R
4 £

Fo(A® B) @ F5(C) Fa(A) @ Fu(B® )

VgEBlﬂ ﬂl@yg

(Fa(A) @ Fo(B)) @ F(C) == Fs(A) @ (Fs(B) @ F(C0))

(b) (Vg ® 1); l/é; Fylag) = ag; (1 ® I/é); I/g
[LF.4] (a) (1®vf);0% (VE@1) = mg; Fg(6");v8

1®I/g’

Fg(A)® Fo(Ba C)

m@ﬂ ﬂaL

Fg(A® (Ba () (Fe(A) ® Fg(B)) @ Fg(O)
F@(t&)ﬂ ﬂug@l
Fo((A® B)® () — Fs(A® B) @ Fg(C)

Ve

(b) (vg ® 1); 0% (1@ vg) = me; Fe(67);vg
(c) (1@ wg);0%; (vg @ 1) = vg; Fa(0%); ngl
(d) (ne ®1);0% (1@ vg) = vgFe(6"); ne
(a) ( )

1@ vf); 0% (e © 1) = me; Fe(07); 5

L
1®1/®

Fy(A) @ Fu(B® C) Fy(A) ® (Fp(B) ® Fg(C))

m®ﬂ ﬂaL

Fe(A® (B C)) (Fa(4) @ F(B)) @ Fo(C)

F®(5L)ﬂ Hmca@l

Fo((A® B)& C)
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(b) (vE®1);6% (1@ mg) = mg; Fe(6);vE
(c) (1®@ng); 0% (VED1) = v Fu(6")ne
(d) (ne ®1);6% (1@ k) = vk Fa(0%)ng

Remark 3.3.2. In other words, a linear functor F : B — B’ between linear bicate-
gories consists of a pair (Fg, Fy), where Fg : By — By, is a lax functor with respect to
® composition, and Fg : Bg — Bg 1s a colax functor with respect to & composition.
Both components share the same underlying function on 0-cells and satisfy the four
linear strengths outlined in[3.3.1]

Definition 3.3.3. If in the definition of a linear functor F : B — B, m+, mg, n,
and ng are all natural isomorphism, then we call F' a linear pseudofunctor.

Proposition 3.3.4. [15] Linear functors preserve linear adjoints. That is, if F' : B —

C is a linear functor between linear bicategories B and C, and (1,7) : A-|B: X =Y
in B, then Fg(A)—|Fo(B) and Fg(A)—|Fg(B)

Proof:  The unit and counit of the linear adjunction (7/,7") : Fg(A)—|Fs(A) are
given by:

l/L
=T 25 Fe(T) e, Fo(A® B) = Fy(A) @ Fo(B),

I/L n
Y = Fa(B) ® Fo(A) 25 Fe(A® B) =0 Fo(1) ™ 1.

The unit and counit of the other linear adjunction are given similarly. i

Proposition 3.3.5. Let B and C be x-autonomous linear bicategories and F : B — C
be a linear functor containing a lax functor Fg : Bg — Cg and a colax functor
Fy : By — Cg. Then the colax component Fy is given by (Fg(—)%) .

Proof: Let Fy := F and Fy := (F(—)*)*. Then F is a colax functor with
respect to @ and we get a linear strength v : Fg(A @ B) = Fg(A) ® Fy(B) as
follows:
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vl Fy(A® B) iT@F(A@B)
L (F(AY @ F(AY)) ® F(A® B)
SR

= (F(AYY e (F(AN @ F(A® B))

1oms (F(AYH e (F(At ® (A@ B)))

1®&F(61,)

(F(A))" & (F(A* ® A) & B)))

L (A @ (F(L) © B))
=05 (F(A)Y): @ F(B)
= Fs(A) @ Fg(B)

Similarly, we get the other linear strengths. i

3.4 Linear Transformations and Modifications

Definition 3.4.1. [16, Section 5.1/ A linear natural transformation w : F — G
between two linear functors F' and G consists of the following data:

e A lax natural transformation w® : F'® = G® and an opcolax natural transfor-
mation w? : G¥ = FP,

e For every 0-cell X € B, the 1-cells w®X : FX — GX and w¥X : GX — FX
are cyclic linear adjoints

e For every l-cell f: X — Y, 2-cells w®f : 02X @ G®°f = F®f ® w®Y and
WP WP X @ FPf — G @ w?Y

which satisfy several coherence axioms. See Appendix [B]

The following proposition is a generalization Proposition 4 in [I8] for linear bi-
categories.

Proposition 3.4.2. Locally ordered linear bicategories, linear functors, and linear
transformations form a 2-category, which we denote by LiBicat.
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Proof: We define the horizontal composition of 1-cells as

; : LiBicat(B,C) x LiBicat(C, D) — LiBicat(5,D)
(F;G)(X):=G(F(X)) (for any 0-cell X)

(F; G)a(A) == G (Fg(A))  and

(F;GQ)g(A) :== Gg(Fp(A)) (for any 1-cell A)

(3.4.1)

e [ts O-cells are linear bicategories.

e For two linear bicategories B and C, a hom-category LiBicat(B,C) of 1-cells as
linear functors and 2-cells as linear transformations.

e An identity 1-cell is an identity linear functor 1 € LiBicat(B, B), for each
linear bicategory B.

e An identity 2-cell is an identity linear transformation 1 € LiBicat(B,C)(F, F),
for each 1-cell F' € LiBicat(5,C) and each pair of linear bicategory B, C.

e First, we show that F'; G is a linear functor. Let F': B — C and G : C — D be
linear functors between linear bicategories B,C and D.

FiDmg : (F;G)g(A) @ (F;G)a(B) = Go(Fs(A)) ® Go(Fs(B))
=2 Go(Fu(A) ® Fy(B))
=2 Go(Fo(A® B))
= (F:G)s(A® B)

and similarly

Fng 1 (F;G)e(A® B) = Go(Fu(A® B))
=L G (Fy(A) @ F(B))
=5 Go(Fz(A)) ® Ge(Fa(B))
= (FG)a(4) ® (F;G)a(B)

Moreover,

=% G®(TF®(X)>
=5 Ge(Fo(Tx))
= (F§ G)@(TX)
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Similarly,
Fny 2 (F;G)a(Lx) = Ga(Fa(Lx))

n:l> G@ (J_F@(X))
= L(@o(Fa(x))

= L(ro)sx)
It remains to show that ['; G satisfies the linear strengths.

FDyE . (F;G)g(A® B) = Gg(Fs(A® B))

L, Gy (Fa(A) © Fu(B))

L Go(Fa(A)) & Go(Fa(B))
— (F1G)a(A) @ (F: G)o (B

The linear strength (F ?G)l/é follows similarly. Next we get (Fi&)y

FEDYE (F;R)e(A) ® (F; G)a(B) = Go(Fu(A)) @ Go(Fs(B))

)
R as follows:

L Go(Fao(A) ® Fu(B))

vR
== Go(F3(A® B))
— (F;G)s(A® B)
And similarly we get the linear strength (' G)u Thus, we conclude F;G is a

linear functor.

[39h]

e Associator: The horizontal composition “;” of 1-cells is associative, in the
sense that for 1-cells F': B —-C, G :C — D and H : D — £ which are linear
functors between linear bicategories B,C,D and £. Then for any O-cell X € B

we have
(F;G); H(X ) H(F;G(X))
H(G(F(X)))
= G H(F(X))
Fi (G H)(X)
Similarly for any 1-cell A € B(X,Y) we have
((F;G); H)o(A) = Heo((F; G)e(A))
= Hg(Go(Fz(4)))
= (G5 H)o(Fg(A))
= (F;(G; H))o(A)
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Similarly we get associativity for ((F;G); H)g(A) = (F; (G; H))e(A).
e Unitors: The identity 1-cell 15 with respect *;” is the identity linear functor
1g : B — B. Then for any linear functor F': B — C we have
(F;10)(X) = 1¢(F(X)) = F(X)
(F; 1C)®(A) = (1C)®(F®(A)) = F@(A>
(1g; F)(X) = F(15(X)) = F(X)
(133 F)g(A) = F®((1B)®(A)) = Fg(
Similarly, we get units for .

A)

e The vertical composition of 2-cells: Let G, H : B - C , a : F = G and
b : G = H. Then we define the vertical composition of o and [ as follows:

B—ac——C
N
H
with
(axB)g =ag @By and (axf)g = fFs® ag (3.4.2)

e The horizontal composition of 2-cells: Let F,G : B — C and H K : C — D,
a:F = (Gand f: H= K. Then we define the horizontal composition of «
and [ as follows:

F;H
F H

B@C/WD::B/WPD (3.4.3)
G \IE)’ \GK/{
with
(;8)e = Bg; K(ag) and (a;8)e = K(ag); B (3.4.4)

Definition 3.4.3. [55] A linear adjunction F'—||G between linear functors F' : B — C
and G : C — B is an adjunction in the 2-category LiBicat of linear bicategories,
linear functors, and linear transformations. In particular, this adjunction contains a
®-lax adjunction Fy 4 G and a @-colax adjunction Gg = Fiy.
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3.5 The Linear Bicategory ()-Rel

In this section, we review the construction of the linear bicategory of ()-Rel by
using Girard quantale and LD-quantales, as described in [9]. Specifically, if @ is a
Girard quantale, then (Q-Rel is a linear bicategory. It is furthermore closed in the
sense that each 1-cell has a linear adjoint. We also review LD-quantales which are
similar to linearly distributive categories. We observe that all Girard quantales are
LD, and LD-quantales lead to linear bicategories.

Let @ be a Girard quantale (see Definition . Then we demonstrate that
(Q-Rel is a linear bicategory. To achieve that we need two notions of composition:

®,®: B(X,Y)xB(Y,Z) — B(X,Z2)
Given f: X & Y and g: Y e Z, we define
f@g(z,2) = max(f(z,y) ®q 9(y, 2)) f ® g(z,2) = min(f(z,y) q 9(y, 2))
The identity 1-cells are given by:

0 ifx#a
T ifax=2a

1 ifex#a

bl = {J- if =2

Tx(z,2') = {

Note that we are using symbols ®¢g and @ for the multiplication and the compulti-
plication in Q.

In summary, we have:
Theorem 3.5.1. [9, Theorem 4.1] The above determines Q-Rel as a linear bicategory.

Next one can generalize the notion of Girard quantale to what the authors of [9]
refer to as LD-quantales.

Definition 3.5.2. [J, Definition 4.3/ An LD-quantale is a complete lattice @@ with
operations * and + and elements T and L such that

o (Q,%,T)and (Q,+, L) are quantales.
e ax(b+c)<(axb)+c and (b+c)*xa<b+ (cxa)
Suppose (Q, *,+) is an LD-quantale, and X - Y -e Z are ()-valued relations.
Define

R® 5(z,2) =sup(R(z,y) * 5(y,2)) R®S(z,2) = nf(R(z,y) + 5(,2)) (3.5.1)

yey
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The identity 1-cells are given by:

0 ifx#a
T ifax=2a

1 ifx#2
1 ifz=2a

Tx(z,2') = { Ly(z,2') = {

Theorem 3.5.3. [9, Theorem 4.6] (Q,*,+) is an LD-quantale if and only if (Q-
Rel, ®,®), where ® and @ are defined as in is a linear bicategory.



Chapter 4

Locally Ordered Cyclic Cartesian
Linear Bicategories

4.1 Bi(co)limits in Bicategories
In this section, first, we review definitions of limits in the context of bicategories.

Definition 4.1.1. [28, Definition 5.1.2]

1. Suppose F': A — B is a lax functor between bicategories. For a 0-cell L in B,
define the category Cone'®™(Cp, F) = Bicat(A , B)(Cy, F) such that Cp, : A —
B is the constant pseudofunctor at L € B, with:

e Objects are lax transformations C = F.
e Morphisms are modifications between such lax transformations.

e The identity morphisms are the identity modifications.
An object in the pseudo-Cone(Cy, F) is called a laz cone of L over F.

2. Suppose F': A — B is a pseudofunctor between bicategories. For a 0-cell L in
B, define the category pseudo-Cone(Cy, F') = Bicat™(A , B)(CL, F') with

e Objects are pseudo-natural transformations C, = F.

e Morphisms are pseudo-modifications between such pseudo-natural trans-
formations.

e The identity morphisms are the identity modifications.
An object in pseudo-Cone(Cy, F') is called a pseudo-cone of L over F.

Definition 4.1.2. [28, Definition 5.1.11]

50
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1. Suppose F': A — B is a lax functor between bicategories. A lax bilimit of F
is a pair (L, ) with

e [ is a O-cell in B and,

e m:( = Fis alax cone of L over F

such that, for each object X in B, the functor

B(X,L) % Cone'™(C, F)

where 7, is an equivalence of categories.

2. Suppose F': A — B is a lax functor between bicategories. A lax limit of F is a
pair (L, 7) as in the previous item such that , is an isomorphism of categories.

3. Suppose F': A — B is a pseudofunctor between bicategories. A pseudo bilimit
of a pseudofunctor F'is a pair (L, ) with

o [ a0-cell in B and

e 7m:(p = F a pseudocone of L over F

such that, for each object X in B, the functor

B(X,L) % pseudo-Cone(Cx, F)

where 7, is an equivalence of categories.

4. A pseudo limit of F is a pair (L, ) as in the previous item such that 7, is an
isomorphism of categories.

Definition 4.1.3. [28, Definition 5.2.2] Suppose F': A — B is a lax functor between
bicategories with Suppose FP: A ¥ — B is the opposite lax functor. Then:

e For each 0-cell L € B, define the category Cone®®(F, Cy) = Bicat(A ?, B?)(CL, F)
such that C, : A °? — B in the right hand side is the constant pseudofunctor
at L € B°?. An object in this category is called an oplax cone of L under F.

o A lax bicolimit of I is a lax bilimit of F°P.
o A laz colimit of F is a lax limit of F°P.

e If I is a pseudofunctor, then a pseudo bicolimit of F' is a pseudo bilimit of FP.
And pseudo colimit of F is a pseudo limit of F°P.
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Remark 4.1.4. |28, Explanation 5.1.3] As an explanation of the lax cone/pseudo-
cone in the above definition, for an object L in B, a lax cone/pseudo-cone 7 : Cf, = F
is a lax transformation/ pseudotransformation which is determined by a component
1-cell m4 € B(L, FA) for each object A € A such that the following are satisfied:

1. Lax Naturality Constraints: For each 1-cell f € A (A, A), it has a compo-

nent 2-cell
L— 1 .7
TA T Al
in B(L, FA).

2. Naturality of 7;: For each 2-cell © : f = g in A (A, A’), the equality

L — 1 .7 L — 1 .7
¢
TA T Al = TA T Al
ey S
FA— S FA FA HF@ FA
Ff
\Ff

of pasting diagrams holds in B(L, F'A").

3. Lax Unity: For each object A € A | the pasting diagram equality:

L—* L —*% 5

: AN
wlo S = "
N / \

—
\1FA/

holds in B(L, FA).

4. Lax Naturality: For 1-cells f € A (A, A’) and g € A(A’, A”), the equality
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L L s L L4 L L
TI'A/ TrAl/ = ™A TrA/ TrA//
F(f®g) l
— T FA"

FA HFQ FA" FA s FFA S
Rf\) FAI %\

of pasting diagrams holds in B(L, FFA").

Remark 4.1.5. [28, Explanation 5.1.4| If F' is a pseudofunctor, then a pseudocone
m: C = Fis a strong transformation, which is as above with each component 2-cell
7y is invertible.

A morphism of lax cones
I':7= ¢ Cone™(Cy, F)
is a modification between lax transformations with a component 2-cell
Ly:ma— ¢a in B(L,FA),

such that for each object A € A , it satisfies the modification axiom:

L—* L L— L

ol s
AR

for each 1-cell f € A (A, A’). A morphism of pseudocones is a modification between
strong transformations, which is described in exactly the same way.

Example 4.1.6. |28, Example 5.3.9] Let the category C with three objects and two
non-identity morphisms be as follows:
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4 > Cp <

C1

Cs

Cc2

We consider C as a locally discrete 2-category, That is, a 2-category with no non-
identity 2-cells. Suppose F': C — A is a 2-functor, which is uniquely determined
by:

FCl F—cl> FCO TFCQ

Then a lax cone 7: C'p, = F' is uniquely determined by
e Component 1-cells m;inA (L, FC;) for ¢ € {1,2,3}.

e Two component 2-cells:

L
|
A?%

T ™2
\ Z
F01 7 FCO S FC2 FC’Q

FCy

in A (L, FCp). A lax bilimit of F', which is also called a laz bi-pullback, is such
a pair (L, ) such that the two conditions in are satisfied for each object
Xed.

4.2 Categorical Product in Bicategories

4.2.1 Bicategorical Product

Definition 4.2.1. /5] Consider a bicategory (B,®, Tx) and 0O-cells X,Y € B. A
O-cell X x Y, together with 1-cells pxy: X XY — X and rxy: X XY = Y is the
bicategorical product of X and Y if the following functor is an equivalence VZ € B:

Ty xxy i Bo(Z,X x V) = Bo(Z,X) x Bo(Z,Y)
(f:Z—=XxY)= (f@pxy, f®rxy)
(a:f=g) = (@@, axl.,,)
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Equivalently, if the functor I'; x«y is fully faithful and essentially surjective. A
terminal 0-cell in Bg is a O-cell T such that Bg (X, T) is equivalent to the terminal
category 1. In other words, for each X € B, there is a unique 1-cell X — T.

Proposition 4.2.2. Consider a bicategory (B, ®, T x) with all bicategorical products.
That is, for any pair of 0-cells (X,Y) € Bg, the bicategorical product X XY exists.
Then they induce a pseudofunctor:

— X —:Bg x Bg, — Bg
(X,Y) > X xV
(f X=X, Y 2Y)=(fxg)=(pxy@firxy®g) : X xY - X' xY’
(a:f=>fBrg=>g)—axf=(,®al,, ®08):fxg=[fxg
Proof: See proof of Proposition m |

4.3 Linear Bi(co)limits in Linear Bicategories

In this section, we introduce the definition of limits in linear bicategories by
adding a proper linear setting to the limits in bicategories. Since linear bicategories are
a generalization of bicategories, one of our guiding principles in developing concepts
for linear bicategories is that, within a closed linear bicategory, these concepts should
be simplified to those found in standard bicategories. This implies that we need to
incorporate sufficient duality to handle the two types of composition.

Definition 4.3.1. A linear pseudo bilimit of a linear pseudofunctor F' = (Fyg), F) :
A — B is a pair (L, 7) with

e [Lisa0-cell in B

o m:(p = Fis a linear pseudocone of L over F

such that for every X € B there are equivalences of categories

Bo(X, L) =5 Bicat™(A , B)(CY, F).

and

B (L, X) =5 Bicat™(A , B) (Fa, C2).

Remark 4.3.2. A linear pseudo-cone 7 : C', = F of L over F in the above definition,
is a linear pseudonatural transformation consists of a pair (7® : CY — F® 7% : F% —
C?) of an invertible lax natural transformation 7® and an invertible opcolax natural
transformation 7% determined by components 7§ € B(L, FA) and 7% € B(FA, L)
for each O-cell A € A such that 7§ and 7 are cyclic linear adjoints 7% |=|79.
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4.4 Categorical Product in Linear Bicategories

4.4.1 Linear Bicategorical Product

Definition 4.4.1. Let B be a linear bicategory. A linear bicategorical product of a
pair of O-cells (X,Y) € B is a 0-cell XOY equipped with cyclic linear projections
pxyllgxy : XOYV — X and rxy|sxy : XOY — Y such that the following
functors are equivalences:

FZ,XI:IY : B@(Z, XDY) — B@(Z,X) X B@(Z, Y)
(f:Z = XOY) = (f®pxy, f®rxy)
(Oé : f = g) = (Oé@ 1PX,Y7a® 17“X,Y)

And,

Oxny,z : Bo(XQY, Z) = By(X, Z) x Bg(Y, Z)
(h - X0y — Z) — (QX,Y ) h, SXYy &, h)
m:h=k)— (lgx, & Legy ©&n)

Or equivalently, if functors I'z xoy, © xoy,z are fully faithful and essentially sur-
jective.

Definition 4.4.2. A linear terminal O-cell in a linear bicategory B is a 0-cell I such
that Bg(X,I) is equivalent to the category 1g and Bg([, X) is equivalent to the
terminal category lg. That is, there are adjunctions (n®,€®) : I® 41® : By — 14
where 19 : 1o — Bg with the unit n®(X) : X — I and (n®,€®) :19 4 1% : 15 — By
with the counit €®(X) : I — X such that n®(X)|€®(X).

Example 4.4.3. The linear terminal 0-cell in the linear bicategory Rel is the empty
set (). Since for any 0-cell X € Relg, we have a unique 1-cell n®(X) : X — 0.
Moreover, since Rel is a x-autonomous, €5 = (0)*“ = (). Additionally, we get ()|~|0.

4.4.2 Linear Bicategorical Product in Rel

Proposition 4.4.4. The linear bicategory Rel of sets and relations has linear bicat-
egorical products.

Proof: We claim that disjoint union is the linear bicategorical product in Rel.
Suppose X,Y are two sets in Rel and X T Y := {(z,1)|x € X} U{(y,2)|ly € Y}
is the disjoint union of X and Y. We define cyclic linear projections px y|~|gxy :
XY = X and rxy|sxy : XIIY — Y as the following:
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te X, ifi=1

- t717t7 ,tEX
undefined, if ¢ =2 {(,1),1), | }

pxy(t,i) = {

And, gxy = (pXy)¢. Similarly,

, undefined, ifi=1
i (t.1) = {tey NS (NN

And, sxy = (rxy)°% To get disjoint union as the linear bicategorical product, we
must show the following equivalences VZ € Rel.

FZ,XHY : RGI(Z,XHY) — RQI(Z,X) X RQI(Z, Y)
(f L — XHY) — (f ®pX’y,f ®T’X7y) (441)
(Oz : f = g) = (a ® 1PX,Y7a® 1TX,Y)

And,

Oxnyz: Rel(X1IY,Z) — Rel(X, Z) x Rel(Y, Z)
(h: XIY - Z)— (gxy @ h,sxy & h) (4.4.2)
(m:h=k)— (g, &1, 1y, &1)
Equivalently, I' z x1iy and © x11y,z must be fully faithful and essentially surjective. For

surjectivity of I'z xmry, consider 1-cells [x : Z — X and ly : Z — Y. Then there
exists a 1-cell [ : Z — X I1'Y such that

Z
[@pxy =Ix
by : Ix l@rxy =ly
XY
XY DX,y
Y X

where l: Z — X IIY and

(2,8) =(z,2) €lx, ifj=1
(2,8) = (z,y) €ly, ifj=2

(z,(s,7)) €l iff {

Since the disjoint union is the categorical product in Rel under ordinary composition:
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Rel(Z, XI1Y) = P(Z x (XIIY))

P(Zx X)II(Z xY))
P(ZxX)xP(ZxY)
Rel(Z, X) x Rel(Z,Y)

11

1%

To show I'z x1ry is fully faithful, we must show that the following function is a
bijection.

Ty Rel(Z, X I1Y)(I,m) — (Rel(Z, X) x Rel(Z,Y))(T(1),T'(m))

That is, we must show that for every 2-cell (5,7) = (I®@pxy = mpxy, [ @rxy =
m®rxy) in Rel(Z, X) x Rel(Z,Y), there exists a unique « : [ = m such that

Fl,m(O‘) = (ﬁ? 7)'

But, (3,7) = (I®pxy = mQpxy,[@rxy = m@rxy) = (I = m)®1,, ., (=
m) ® 1., ). Now let o : [ = m. Moreover, the uniqueness follows from the fact that
2-cells in Rel are inclusions.

Next, we show O x1y,z is a surjective and fully faithful functor.

Oxny.z : Rel(X I1Y, Z) — Rel(X, Z) x Rel(Y, Z)
(h XIIY — Z) — (quy@h,SX,y@h)
(n:h=k) = (loxy ®n0,Lsx, ©0)

Specifically, for 1-cells hx : X — Z and hy : Y — Z, there exists a 1-cell h : XIIY —
Z such that

XY
gxy ® h = hx
SX,Y h ax,y SX,Y @ h = hy
Z
/ x
Y X

for the equation gx y ®h = hy, since Rel is x-autonomous, equivalently, it suffices
to show (h*°® (g% y))*" = hx. But, for h*° € Relg(Z, X 1Y),

(2,8) # (z,x) € %S, ifj=1

(2, (s,7)) € K™ iff {(z,s) £ (z,y) ERLE, ifj=2
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we have:

(™ @ (gxy))™ = (M ®@pxy)™  (since gxy = (pxy)")
= (h%°)*“ = hx. (by the equivalence [£.4.1])

Similarly, we get the equation sxy @ h = hy. To show Oxy 7 is fully and
faithful, we must show the following function is bijection.

Onr : Rel(X 1Y, Z)(h, k) — (Rel(X, Z) x Rel(Y, Z))(0(h), O(k))

That is, for every 2-cells (0/,0") = (qxy @ h = qxy @ k,sxy ®h = sxy @ k) in
Rel(X, Z) x Rel(Y, Z), there exists a unique 2-cell o : h = k such that

Oni(o) = (o', 0").

But, the 2-cell 0/ : gxy ® h = qxy ® k is equivalent to (h*° ® pxy)* =
(k*¢ @ pxy)*¢, or equivalently, provides 2-cell £*“®@pxy = h*“®pxy in Relg(Z,Y).
and similarly, we get k*°®7rxy = h*“®rxy in Relg(Z, X). But, then the equivalence
provides a unique 2-cell £* = h*“ in Relg(Z, X 1Y), or equivalently, a unique
2-cell h = kin Relg(X 1Y, 7). |

Corollary 4.4.5. In the linear bicategory of Rel, the linear sub-bicategory CMap(Rel)
of cyclic linear adjoints has linear bicategorical products.

Proof:  Since CMap(Rel)=Rel, as demostrated in and Rel has linear bi-
categorical products. Thus CMap(Rel) has linear bicategorical products. |

4.5 Cyclic Cartesian Linear Bicategories

In this section and the next chapter, We are going to take a slightly unconven-
tional approach, which we want to clarify first. Essentially, we will present two distinct
(and not equivalent) definitions of a locally ordered cartesian linear bicategory. We
believe both are worth exploring.

The original idea was that the definition of a (locally ordered) cartesian linear
bicategory could be formed by modifying the original Carboni-Walters definition [2.1.5]
to incorporate linear structure throughout. In more detail, our first idea was that
one could take the original definition of cartesian bicategory, add a corresponding
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structure for the second tensor and replace the adjunctions of axiom (M) with cyclic
linear adjoints.

This approach does give a sensible definition, which we refer to as a cyclic carte-
sian linear bicategory. The question, however, is whether this definition is useful. To
verify its usefulness, we applied two criteria. First, the linear bicategory Rel had to
serve as an example. Second, a linear version of Carboni-Walters Theorem in [14],
Theorem [2.1.12] needed to hold. While the first condition is met, i.e., Rel is indeed
an example, the second is not. The linear sub-bicategory CMap(Rel) does have lin-
ear bicategorical products, as demonstrated in [4.4.4] since the linear sub-bicategory
CMap(Rel) is all of Rel. However, these products are not derived from the linear
tensor product of the monoidal structure.

This prompted us to propose an alternative definition, which we present in Chap-
ter Al

Here is the first definition we tried:

Definition 4.5.1. A cyclic linear tensor product on a locally ordered linear bicategory
B consists of a linear pseudofunctor [J : B x B — B together with an identity (unit)
0-cell I. Like any linear functor, [ provides two pseudofunctors:

(Og :==KX) : Bg x By = By and (g :=H): By x BY — By,

where they share same product on 0-cells and they are linked by the linear strengths
in[3.3.1] In addition, (B,0g, ®, I) forms a symmetric monoidal structure with respect
composition ® and (B,0g, ®, ) forms a symmetric monoidal structure with respect
composition é. Specifically we have the following data:

e A symmetric monoidal structure on (B, g, ®, ) consists of:
— A natural isomorphism:

called the associator.

— A natural isomorphism
p® . X — (XD@[)

called the left unitor.

— A natural isomorphism
Ag @ X = (I0xX)

called the right unitor.
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— A natural isomorphism
Vo 1 XOgY — Yg X
called the braiding.
satisfying monoidal equations in with respect to ® composition.
e A symmetric monoidal structure on (B, g, @, ) consists of:
— A natural isomorphism:
ag : XOg(YOgZ) = (XOgY)OgZ

called the associator.

— A natural isomorphism
Po - (XD@I) — X

called the left unitor.

— A natural isomorphism

called the right unitor.

— A natural isomorphism
Yo ¢ YDEBX — XD@Y
called the braiding.

satisfying monoidal equations in with respect to & composition.

such that these two monoidal structures are also connected by cyclic linear adjoints:
aglHlae, pelblpe, Asl-HAe, and YglH/ve-

Definition 4.5.2. A cyclic cartesian structure on a locally ordered linear bicategory
B consists of

(i) A cyclic linear tensor product O : B x B — B, as described in [£.5.1]

(ii) On every 0-cell X € B, a cocommutative ®-comonoid structure (X, Ax : X —
XOX,tx : X — I), and a commutative &-monoid structure (X, Vy : XOX —
X,ex : I — X).

satisfy the following axioms:
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(Uy) Each 1-cell 7 : X — Y is a colax ®-comonoid homomorphism. That is

roAy <Ax® (rXr) and roty <ty
X 2, xOx X
r < rXr Tk tx
= <
Y —— YOOy Y ———~ T
Ay ty

(Ug) Each 1-cell r : X — Y is a lax @-monoid homomorphism. That is,
(rEBr)®Vy <Vxdr and ey <exDr

Y« yOy Y
T > rBr r &
>

(M) The comultiplication Ax|{|Vx and the counit ¢x||ex are cyclic linear ad-
joints. The only cocommutative comonoid structure on X, with structure 1-cells
having cyclic linear adjoints, is (X, Ax,tx). And similarly the only commuta-
tive monoid structure on X, with structure 1-cells having cyclic linear adjoints,
is (X, Vx,e€x).

In the following theorem, we demonstrate that the linear bicategory Rel of sets
and relations is cyclic cartesian.

Theorem 4.5.3. The linear bicategory of sets and relations Rel is cyclic cartesian.
Proof: Let R: X - Y and S: Y — Z are two relations. Then:

e Compositions R® S :={(z,2)| y €Y (x,y) € R A (y,2) € S} and
RS :={(z,2)|VyeY (z,y) € R V (y,2) € S}.

e (Rel,0y, ®, I) is a symmetric monoidal category:

— Define g : Rel x Rel — Rel on objects X[gY := X xY

— Define Og on morphisms by ROgS : XOg X' — Yg Y’ where (z, 2') (ROgS) (v, ¥')
iff (x,y) € RA (2/,y) € S. That is, ROgS is the image of R x S C
(X xY) x (X’ xY’) under the isomorphism

(X xY)x (X' xY) (X xX')x (Y xY').
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— Unit object is I = {x}
— Associator ag : (X X Y) x Z — X x (Y x Z), where

ag ={(((z,9),2),(«",(y/,2)) |z =2"and y =y and 2 = 2" }
— Right unitor pg : X — I X X, where
pe ={(z,(x,2)) |z =2}
— Left unitor A\g : X — X x I, where
Ao ={(z, (@' %)) | v =2'}

Braiding vg : X XY = Y x X, where

Yo = {((z,y), (¥, 2") | = 2" and y = '}

— Composition ® is functorial with respect to C on both variables.

— Interchange law, that is for any morphisms f : X — Y, g :Y — Z,
h:U— W and j: W — V we have:

(f ® g)0g(h ® j) = (fOgh) ® (9Hsj)-
Since []: Rel x Rel — Rel is a linear pseudofunctor.

e (Rel,g, @, I) is a symmetric monoidal category

— Define g on objects XY (=X xY

— Define g on morphisms by R4S : X x X' — Y x Y/ where (z,2')(RO4S)(y, y)
iff (z,y) e RV (2/,y')e S

— Unit object is I = {x}
— Associator ag : X X (Y x X) — (X xY) x Z, where

ae = (0p)" ={((2", (v, 7). (z.9).2) |z #a"ory #y or 247}
— Right unitor pg : I X X — X, where
pe = (p5)* ={((x 2),2)) | = # 2’}
— Left unitor \g : X x I — X, where

Ao = (A)" = {((z.%),2)) | = # 2"}
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— Braiding 74 : Y x X — X x Y, where
Yo = {((y,x), (I,7y,)) | T 7& l’l ory 7£ y/}

— Composition @ is functorial with respect to C on both variables.

— Interchange law, that is for any morphisms f : X — Y, g : Y — Z,
h:U— W and j: W — V we have:

(f ©9)0s(h @ j) = (fOszh) @ (90e))-

Since Rel is a closed linear bicategory. And, [J : Rel x Rel — Rel is a
linear pseudofunctor.

e The cyclic linear tensor product [ : Rel x Rel — Rel contains components
Og := X and Og := B = (X((_)*))* provides a linear pseudofunctor.

e For every 0O-cell X € B we have a cocommutative comonoid with respect to “®”
and a commutative monoid structure with respect “@”. That is, arrows Ax :
X = XxX: ={(z,(z,2)) |re X}and tx : X - [ :={(z,%) | x € X} and
their duals Vy : X x X — X = {((x,2'),2") | ¢ # 2/ or  # 2" or 2/ # 2"}
andex : [ = X =10

e Inequalities
rAy <Axy® (rXr) and rty <ty

(rlr)®Vy <Vx®r and ey <exDr

To show (r B r) ® Vy < Vx @ r by contrapostive we must show if (z,2',y) ¢
Vx @r then (x,2',y) ¢ (rBHr) ® Vy. Then we get

(x,2',y) & Vx®r <= (v,2",y) € {(z,2",y) | (z,y) ¢ r and (2',y) ¢ r and x = 2}
And,
(,2"y) ¢ (rBr) & Vy <= (z,2",y) € {(z,2",y) [ (,y) ¢ r and (,y) ¢ r}

So, we get the inequality (rBHr) ® Vy < Vyx @ r. Now, we consider the second
inequality ey < ex @ r. By calculating the right hand side of the inequality we
get:

RHS(x,y) =ex ®r=0@r={(xy)|Ve € X (z,y) €r}
And, in left-hand side we have always (). Thus we always have LHS < RHS.
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e We have cyclic linear adjoint Ax|~||Vx and tx||ex since Vx = (Ax)t =
((A%)¢) and similarly ex = (tx)* = (t%)¢ and conversely.

Remark 4.5.4. Observation in Proposition and the early discussion in the
beginning of Section [4.5, made us to shift our study in another direction, provided in
Chapter [5, where we can characterize Rel as an example, and have a characterization
theorem similar to cartesian bicategories in [14].



Chapter 5

Locally Ordered Cartesian Linear
Bicategories

In this chapter, we expand the concept of cartesian bicategories to linear bicate-
gories and define a cartesian structure within a locally ordered linear bicategory. We
then establish a fundamental theorem, which serves as the main result of this chapter
and forms the foundation for defining cartesian linear bicategories in general in the
next chapter. Additionally, we will present numerous examples of locally ordered
cartesian linear bicategories.

Remark 5.0.1. In this chapter, B will denote a locally ordered linear bicategory.
That is, each hom-category in B is a partially ordered set.

5.1 Locally Ordered Cartesian Linear Bicategories

In the following, we present a linear tensor product for locally ordered cartesian
linear bicategories. This tensor product differs from the one outlined in Definition
[4.5.1) in Chapter In the previous definition, cyclic linear adjoints and a linear
pseudofunctor were employed to connect two given monoidal structures. However, in
the following definition, the tensor product introduces two monoidal structures that
are connected by a linear pseudofunctor.

Definition 5.1.1. A linear tensor product on a locally ordered linear bicategory B
consists of a linear pseudofunctor [J : B x B — B together with an identity O-cell [.
Like any linear functor, [J provides two pseudofunctors:

(D@ = IX) . B@ X B@ — B@ and (D@ = Bﬂ) : Bg; X B%) — BEBO,

where they share the same products on 0-cells and they are linked by the linear
strengths in [3.3.1] In addition, (B,0g,®, ) forms a symmetric monoidal structure

66
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with respect to ® and (B,0g, @, ) forms a symmetric monoidal structure with re-
spect to @. Specifically we have the following data:

e A symmetric monoidal structure on (B,g, ®, ) consists of:
— A natural isomorphism:

called the associator.

— A natural isomorphism
P - X — (XD@])

called the left unitor.

— A natural isomorphism
Ag : X = (I0xX)

called the right unitor.

— A natural isomorphism
Vo 1 XOgY — YOg X
called the braiding.
satisfying monoidal equations in with respect to ® composition.
e A symmetric monoidal structure on (B, g, @, ) consists of:
— A natural isomorphism:
ag : (XOgY)OgZ — XOg(YOe 2)

called the associator.

— A natural isomorphism
Po - X — (XD@])

called the left unitor.

— A natural isomorphism
Ag @ X — (105 X)

called the right unitor.
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— A natural isomorphism
Yo ¢ XEIEBY — YD@X
called the braiding.

satisfying monoidal equations in [2.1.1] with respect to @ composition.

Definition 5.1.2. A cartesian structure on a locally ordered linear bicategory B
consists of

(i) A linear tensor product [J: B x B — B, as described in

(ii) On every 0-cell X € B, a cocommutative ®-comonoid structure (X,Ax : X —
XOX ty : X — I), and a commutative G-monoid structure (X, Vy : XOX —
X,ex : I — X).

satisfy the following axioms:
(Uy) Each 1-cell 7 : X — Y is a colax ®-comonoid homomorphism. That is

rAy <Axy® (rXr) and rty <ty

X — 2%, xOx X
tx
T < rXr T
<
Y ———— YOy YV —— 1
Y

(Ug) Each 1-cell r : X — Y is a lax @-monoid homomorphism. That is,

(rEBr)®Vy <Vxdr and ey <exDr

Y« yOy Y
T > rHBr r Y
>
X ¢———— X0OX Xe—ri— 1
X

(M;) The comultiplication Ax and the counit ¢y have right adjoints with respect to
®. The only cocommutative comonoid structure on X, with structure 1-cells
having right adjoints, is (X, Ax,tx).



5. LOCALLY ORDERED CARTESIAN LINEAR BICATEGORIES 69

(My) The multiplication Vx and the unit ex have right adjoints with respect to .
The only commutative monoid structure on X, with structure 1-cells having
right adjoints, is (X, Vx,€x).

The Definition for locally ordered cartesian bicategories differs from the

Definition [4.5.2] for locally ordered cyclic cartesian linear bicategories in two primary
aspects. Firstly, they use different tensor products. Secondly, the formulation of
axioms “M;” and “M,” in the Definition differs, with the cyclic version utilizing
axiom “M”. In the cyclic setting, as outlined in the Definition [4.5.2] axiom “M” uses
cyclic linear adjoints Ax||Vx and tx|ex. However, in the above definition,
axioms “M;” and “M,” use the adjunctions in bicategories Bg and Bg, respectively.
Specifically, we have Ax -y A% and tx g t% in Bg, and Vx g V% and ex g €%
in Bg.
Remark 5.1.3. The definition of cartesian linear bicategories induces a cartesian
structure on a bicategory Bg and a cartesian structure on a bicategory B or equiva-
lently a cocartesian structure on Bg, where these two cartesian structures are linked
through the linear strengths of the linear tensor product in [3.3.1]

Definition 5.1.4. A 1-cell f: X — Y in a linear bicategory (B, ®,@®, T, L) is called
a ®-map if it has a right adjoint f*: Y — X in Bg. We denote set of all ®-maps by
the full sub-bicategory Map(Bg,).

Definition 5.1.5. A 1-cell f: X — Y in a linear bicategory (B,®,®, T, L) is called
a @-map if it has right adjoint f*: Y — X in Bg. We denote set of all ®-maps by
the full sub-bicategory Map(Bg).

Proposition 5.1.6. In the linear bicategory (Rel®, ®,®, T, L) of sets and relations,
@©-maps are precisely the complement inverse of functions.

Proof:  Suppose f: X — Y has a right adjoint f*:Y — X in (Rel® &, 1). Then
we have:
Ix<rfef, [f&f<ly

Since Rel is closed, by equations f @ f* = ((f*)*® f*)* = (f°® f*)°and f*@ [ =
(f*® (f*)*)° = (f*® f°)° in Rel we have

Iy <(ffef ) (fe@f)<ly
Then we have

ffeof“<Tx, Ty feaf.
But we have the above inequalities when f*¢ is a function in Relg. Thus, f is a
complement inverse of a function. |
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5.2 The Linear Bicategory of Sets and Relations

In this section, we show that the linear bicategory Rel of sets and relations is
cartesian.

Theorem 5.2.1. The linear bicategory of sets and relations Rel is cartesian.
Proof:

e Compositions R® S :={(z,z)| Iy €Y (z,y) € R N (y,z) € S} and
RS ={(z,2)|VyeY (z,y) € R V (y,2) € S}

e The symmetric monoidal structure of (Rel,Ug,®, ) is exactly same as the
given symmetric monoidal structure of (Rel, g, ®, ) in [1.5.3]

e (Rel,0g, @, I) is a symmetric monoidal category

— Define [g on objects X[gY := X x Y

— Define (g on morphisms by R4S : XX X' — Y x Y/ where (z,2')(RO4S)(y, y)
iff (z,y) e RV (2/,y') e S

— Unit object is I = {x}
— Associator ag : X x (Y x X) = (X xY) x Z, where

ae = (05)° = {((, (4, #)), (@), 2)) |2 £’ ory £y or =42}
— Right unitor pg : I x X — X, where
pe = (p)" ={((x2),2)) | = # 2}
Left unitor \g : X x I — X, where
Ao = (A\p) = {((z,#).2) | = # 2’}
Braiding 74 : Y x X — X x Y, where
ve ={((y.2), (@".y)) |z # 2" ory # 4/}

— Composition @ is functorial with respect to C on both variables.

— Interchange law, that is for any morphisms f : X — Y, g :Y — Z|
h:U— W and j: W — V we have:

(f©g)Ue(h & j) = (fOsh) ® (90ej).

Since Rel is a closed linear bicategory.
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e The linear tensor product []: Rel x Rel — Rel contains components [g := X
and Og = B = (X((_)*))*, which provides a linear pseudofunctor.

e The proof for every O-cell X € B, we have a cocommutative comonoid with
respect to “®” and a commutative monoid structure with respect “@” is given

in [4.5.3
e The proofs for the inequalities
reoAy <Ay ® (rXr) and rty <ty

(rEr)®Vy <Vxdr and ey <exDr
are same as the proofs provided in [£.5.3]

e Comultiplication Ax and counit tx are ®-maps since they are functions under
C(®77'

e Multiplication Vx and unit ex are @-maps since they are complement inverse
of functions under “@®”, see the Proposition [5.1.6|

Remark 5.2.2. (1) Recall the Theorem from chapter . In a bicategory B
with a tensor product, the tensor product is the bicategorical product if and
only if every 0-cell has a cocommutative comonoid structure and every 1-cell is a
comonoid homomorphism. Moreover, by its dual statement, the tensor product
is the bicategorical coproduct if and only if every O-cell has a commutative
monoid structure and every 1-cell is a monoid homomorphism.

(2) The 1-cells
Vi : X — XOX ex : X =1

which are right adjoints to Vx and ex respectively, provide each 0-cell X with
a cocommutative ®-comonoid structure which satisfy axiom U,. In fact, Bg™
has a cartesian structure induced from Bg.

Lemma 5.2.3. If B is a locally ordered cartesian linear bicategory then Map(Bg))
has finite coproducts.

Proof: Since Vx and ex are @®-maps, then by the dual of the Fox Theorem for
bicategories m B will be the bicategorical coproduct in Map(Bg) if and only if
every @-map is a monoid homomorphism. Let f : X — Y be a @-map in Map(Bg)).
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We know that by axiom (Us) each 1-cell is a lax @-monoid homomorphism. So
f: X —=Yand f*: Y — X are lax &-monoid homomorphisms. That is,

(fBffeVx <Vyadf* and ex < ey @[
Then by é-adjunction we have:

(fFEH"OVx<Vydf <= Vx<(fBf)OVyo f*
= Vxof<(fBf)eVy
= Vxaf<(fBf)®Vy.

and similarly we have:
ex<ey P [f<=ex D f <ey.

So,Vx@® f=(fBf)®Vy and ex & f = €y, i.e. [ is a monoid homomorphism. §

The above lemma leads to the main theorem of this chapter, which is the linear
version of the Carboni-Walters Theorem presented in [I4]. Similar to the second paper
on cartesian bicategories [13], in Chapter |§|, we will demonstrate how this theorem
serves as a definition for cartesian linear bicategories in general.

Theorem 5.2.4. Let B be a locally ordered linear bicategory. If B has a cartesian
structure, then

1. Map(Bg) and Map(Bg) have finite bicategorical products and coproducts re-
spectively, and they share the same 0-cell.

2. Hom-categories Bg(X,Y) and Bg(X,Y') have finite products and coproducts
respectively, which are denoted by N and V respectively.

3. For any pair of 1-cells F' and G we have the following formulas in B:
FRG=(pF®p)A(qoGcq) (p and q are appropriate projections)
FEHG=(@"aFei)V(j aGEa)) (i and j are appropriate coprojections)

such that X and B provide two components of a linear pseudofunctor where they
share the same 0-cell in Map(Bg) and Map(Bg).

Conversely, if any locally ordered linear bicategory B satisfies the above conditions
then B is cartesian.
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Proof: For the first item, see [I, Lemma 2.1.5| and Lemma [5.2.3] For hom-
categories Bg(X,Y) has finite products, see [14, Theorem 1.6], for hom-categories
B(X,Y), let r,s : X = Y € BJ(X,Y) = Bg(X,Y)” be two 1-cells. Then for
a l-cell rBs : XOX — YOV, we show that » < V% & (rBs) & Vy and s <
V% @ (rBs) @ Vy. Since each 1-cell is a lax @-monoid homomorphism we have
ey < ex@s. But then by the right adjoint of ey with respect to &, we get €5 Bey < s.
Then we have:

Vi@ (rBs)dVy >V (rB(ex ®ey)) & Vy (by replacing € @ ey < s)
=Vi®(1Hex) @ (rB1) @ (1HBey) @ Vy (by the interchange law in Bg)
=px ®(r@1)®py (by naturality of pg)

=T

Thus, we get r < Vi @ (rHs) ® Vy. Similarly, we have s < V5 @ (rBs) @ Vy.
Therefore, r Vs < Vi @& (rHs) & Vy.
For the reverse direction, If » < v and s < v, then we have:

v=1lxBv>VydVxdv>Vid(vBv)GVy >Via&(rfBs)® Vy.
Now by replacing v = r V s we get:

rVs=Vi®(rHs)® Vy.
Moreover, the initial object in Bg (X, Y’) is given by the following

1= LX,Y = 6}— D ey.

To prove item (3), suppose F' : X — A and G : Y — B are l-cells in B, then we
compute (p® F @ p*) A (@ G ® q*) as FXG as follows:

PR FRp)N(@RGE®q)=Axoy @ (PR FRp )N (¢®GR¢")) ®A)ng
=Axoy @ ((p@ (FOp') K (@ (G®q"))) @ Aynp
=Axoy @ (pNRq) @ (F®p")) X (G®q")) @ Alqp
=Axoy @ (PR @) @ (FRG) @ (p"Wq")) @ Alnp
=Axoy @ (pXq) @ (FRG)® (p"Xq") @ Alp

=FKG
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j) as FH G as follows:

Similarly, we compute (i* @ F &)V (j*® G P
O@F®)B (" ®G®j ) ® Vaos
(

(U
(FOFO)V(G ®GDJ) = Vigy @ ((7*
= Vioy @ ((&F ®©)B (e (GoJ)) & Vaos
= Vioy ® ("8 & (F @) B(G)))) ® Vaos
= Vixoy @ ((Z* Je(FEG)® (i87))® Vaos
=Vioy @ ("B @ (FBEG) S (i8))® Vans

Conversely, if a locally ordered linear bicategory B satisfies the above condition,
then

e Define Og, 0y : By x By — By by the formulas in (3) on 1-cells and by the
shared (co)products in (1) on 0-cells.

e By the first item and Remark [5.2.2(i), we get a cocommutative ®-comonoid
structure on every O-cell X € Bg and a commutative @-monoid structure on
every O-cell X € Bg.

e For axiom condition (U;), see Theorem 1.6 in [14].

e For axiom (U,), note that by using @®-adjunction on local unions we get:
Ix®d(rBr)eoVy <Vxd (VY®(rBr)®Vy)=Vxdr.
Thus this gives us
(rBr)oVy <Vxo®r.

Moreover, by using local initials we get:

l=ex@ey <r

and applying @-adjunction, we get ey < ex @ r and this completes the proof.

e For axiom (M), l-cells Ax and tx have right adjoints since they are ®-
comonoid homomorphisms. And the proof for the uniqueness of cocommutative
®-comonoid structure on X with 1-cells having right adjoints is (X, Ay, tx) can
be found in Corollary 2.1.6 in [1].

e For axiom (M), 1-cells Vx and ex have right adjoints since they are &-monoid
homomorphisms. And the uniqueness of commutative @&-monoid structure on
X with 1-cells having right adjoints is (X, Vx, ex) follows similarly from dual
of the proof for the Corollary 2.1.6 in [1].



5. LOCALLY ORDERED CARTESIAN LINEAR BICATEGORIES 75

5.3 Discrete Cartesian Linear Bicategories

In this section, we introduce a discreteness axiom for cartesian linear bicategories,
now known as the Frobenius axioms.

Definition 5.3.1. A 0-cell X in a locally ordered cartesian linear bicategory B is
discrete when multiplication Ax and comultiplication V x satisfy the following equa-
tions
Ay @Ay =(TxKAY)® (AY K Tx)
Vx®Vy=(LxBVY)® (VxHB_Lx)

together with the cyclic linear adjoints Ax|~|Vx and tx|-lex.

Definition 5.3.2. A locally ordered closed cartesian linear bicategory B is called
a linear bicategory of relations (LinBiRel) if every 0-cell X € B is discrete. In
other words, this definition provides us two bicategories of relations (B, ®, T) and
(B, ®, L) which are linked by linear strengths.

Example 5.3.3. The linear bicategory of sets and relations Rel is a linear bicategory
of relations.

5.4 The Linear Bicategory ()-Rel

While LD-quantales give linear bicategories, they do not generally give cartesian
linear bicategories. Again one must use localic structures rather than the more general
quantales.

Theorem 5.4.1. If Q) is a Girard locale, then Q-Rel is a cartesian linear bicategory.

Proof: By Theorem and since @) is Girard, ()-Rel is a closed linear bicategory
[9], we get a cartesian structure on linear bicategory of @Q-Rel. |

5.5 The Module Linear Bicategory of Locally Or-
dered Closed Cartesian Linear Bicategories

This section extends the bicategory ModB for locally ordered cartesian bicate-
gories in [I Sections 2.2, 2.3| to linear bicategories. First, we define module linear
bicategories for locally ordered closed linear bicategories. Then we prove that the
module linear bicategory of a locally ordered closed cartesian linear bicategory is
cartesian.
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Definition 5.5.1. For a locally ordered closed linear bicategory B, we define its
module linear bicategory of B to be the linear bicategory ModB that consists of the
following data:

O-cells in ModB are pairs (A, ay), where A is a O-cell in B and a; is an idempo-
tent on A with respect ® with T 4 < a;. That is, 1-cells a; : A — A in B such
that a1 ® a1 = a1 with T4 < ay. Such a O-cell will be called a monad.

If (X,z1) and (A,ay) are two monads, then a l-cell R : (X,z1) — (4, a;)
between them is a 1-cell R : X — A in B such that 1 ® R® a; = R. We call
such a 1-cell a module between monads.

2-cells in ModB are inequalities, as in B.

For a monad (X, ), two units T(x,,) =21 : X = X and L(xg,) = z9 :=
(z1)t: X — X,

Remark 5.5.2. Equivalently, we can define 1-cells by the equations 1 ® R =
11QR®a; = R®aq, sinceif 11 @ R®Ra; = Rthen 1@ R=21®r1®R®a; =
1 QRR®Ra=R=23RRQa1 =119 RQa; Q®a; = RRa;.

The compositions of 1-cells are the compositions of 1-cells in B. That is, for
any modules R : (X, z1) — (Y,y1) and S : (Y,y1) = (Z,21), R® S and R® S
are modules. Since

(R®pS)®2 CR®(S®21) (by dg in the Dfinition [3.1.1])

5.0.1
=R®S (since S is a module.) ( )

And conversely,

uR
ReS=(R®S®TZzC(R®S)® 2.
Thus, R ® S is a module. And, similarly, R ® S is a module.

Remark 5.5.3. 1. Since B is a closed linear bicategory, then we have x5 & R =

2.

(Rt @ 23)t = (Rt @ 1)t = (RY)* = R. And similarly R ® a; = R and
To B RPas = R.

similar to Remark [5.5.2] if 2o ® R @® ay = R then a; S as ® R® a9 = ay &
R®Pro =Ry =a0B RPrs =0,P RD 23D x5 = R D w9 and conversely, if
r1®R=R=R®a; then 11 ® R®a; = R and similarly if as R = R = R® x5
then ay & R ® x2 = R.
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3. If (X, x1) and (A, a;) are two monads in ModB, then every 1-cell F' : X —
A € B provides modules 1 ® F ® a1 : (X,21) — (A,a1) and 2o & F & ay :
(X,z1) = (A, a1) between monads, since 1 ® r1 @ F ® a1 ® a; = 1 @ F ® a4
and 2o @22 B F @ ag @ az = 12 © F @ as.

Example 5.5.4. Consider the locally ordered linear bicategory Rel. Then Mod(Rel)
consists of:

e (-cells are sets with a reflexive transitive relation (preordered sets). i.e, (X, <)
such that <: X — X is a transitive relation which means for all z,y,z € X

if (r<y and y<z)=z<z

A reflexive transitive relation <yx: X — X is an idempotent with Ty C <x.
Since for <y: X — X we have

Tx ={(z,2) |z =2"} C{(x,2") |z <2’} =<x .
And,

(r,2) e (Sx®@<yx)=F2" € X st z<2” and 2" <a'
= d2" € X <z (since < is transitive.) (5.5.2)
= (z,2') € <x

conversely, since T x C <x then we have:

<x= Tx® <x C <x®<x.

e A module R: (X,<x) — (Y,<y,)isarelation R : X — Y such that R® <y=
R =<x ®R. That is, (xz,y) € R if and only if (32')(x < 2’ and (2/,y) €
R) if and only if (3y')((z,y') € Rand ¢y < y). Since Rel is a closed linear
bicategory, we have R® Fy= ((¥v)* ® RH)* = (<y ®RYH)* = (RYH): =
R. And similarly, x @R = R and #x ®R® #y= R. So, (z,y) € R iff
(Va')((x,2") € #x or (¢/,y) € Riff (Vy)(z,y') € Ror (V,y) € Fy).

e 2-cells are given by inclusion as usual.

e Composition ® is the usual composition in Rel, and composition @ is its dual.
That is for any modules R : (X, <x) — (V,<y) and S : (Y, <y) — (Z,<z),
R® S and R @ S are modules. Since,

(R S)® <z CR®(S® <y)

5.5.3
=R®S ( )



5. LOCALLY ORDERED CARTESIAN LINEAR BICATEGORIES 78

And conversely,

uR
ReS=(R®S®TzC (RS <s.
Thus R @ S is a module.

e The units are T(x <) :=<: X = X and L(x<,):=%x: X — X is dual of <y.

Lemma 5.5.5. 1. If (X, z1) and (A,a1) are monads and F 4 F* : X — A is an
adjunction in (B,®) such that xr1 @ F < F ® a1, then we have an adjunction
1@ F®a a3 ® F*®xp in (ModB, ®).

2. Similarly if (X,z1) and (A,a1) are monads and G 4 G* : A — X is an ad-
gunction in (B, @) such that as & G < G ® x4, then we have an adjunction
as ® G ®xy 10 B G* B ay in (ModB“,®).

Proof:  For the first adjunction with respect to ® see Lemma 2.2.4 in [I]. For the
second by adjunction G 4 G* in (B“,®), we get L4 < GO G* and G*® G < Ly.
The unit and counit of the adjunction as & G & x5 4 22 & G* ® ay will be given by
the following inequalities:

Liaa) = a2 = 2B LaPas < a2 GEG"Bas < ax® GOy BG Bay = (as® GB2) B (220G Bay),
(22 DG Dag) D(aa® GRx2) =20DG Dags® GD o
<8 G BGE D2y ® a9
<2o® LB
=y = L(xz)-

Lemma 5.5.6. Let (X, 1) and (A, ay) be two monads.
1. If R: X — A is an isomorphism in (B, ®), then 11 @ R®ay : (X, x1) — (A, a1)
is an isomorphism in (ModB, ®).
2. If R: A — X is an isomorphism in (B, @), then aa®R®xy : (A, a1) — (X, x1)
is an isomorphism in (ModB“, ®).
Proof:  For the first item, see the proof of [I, Lemma 2.2.5|. For the second item
similarly we can find the inverse of as @ R ® x5 is 7o ® R~ @ as:
(a2 ® RO T) B (12O R G az) =2 ®RG12 G ® R™ D g
:CLQ@R@JIQ@R_I@(IQ
—w,®audRER " ®ay
=ax® La®ay
= a2 = L(aa)-
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And, similarly we get

(SL’Q @ R_l EB ag) EB (CL2 @ R GB .I‘Q) = Ty = J—(X,a;l)-

Definition 5.5.7. Locally ordered linear bicategories, linear pseudofunctors, and lin-
ear pseudonatural transformations form a 2-category, which we denote it by LoLBicat.
See Proposition [3.4.2]

Next, we demonstrate that the module envelope of a locally ordered closed carte-
sian linear bicategory is cartesian. To show that we construct a 2-functor from
LoLBicat to itself. We begin by proving the following Lemma:

Lemma 5.5.8. For locally ordered closed linear bicategories B and D, consider a
linear pseudofunctors F' : B — D. Then the following mapping provides a linear
pseudofunctor Fy : ModB — ModD consists of pair of functors (Fif, Fﬁ) such that

Fu(A a1) = (FA,Fay), for a monad (A,a;) and

Fy ((X, 1) A, (A, a1)> = (FX, F,) AN (FA,Fay), for a module R.

Fg = (X 2) 5 (A,01)) = (FX, (F((1) ")) 0, (FA, (F((a))), for a module R.

Proof: By Lemma 2.2.7 in [I], pseudofunctor F' : Bg — Dg induces a pseudo-
functor Fy : ModBgy — ModDg. But, since B, D are locally ordered closed linear
bicategories then F' induces a linear pseudofunctor with F¥ = F : Bg — Bg and
F® = (F((_)*)* : By — Bg. Moreover, Fy is well defined since F®a; ® F®a; =
Fa; ® Fa; = F(a; ® a1) = Fay; = F®ay, and

= ((F(a)™) ® (F(a1)") (5.5.4)

And Fiu(T(aa)) = Fu(Ta) = F(a1) = T(rapa) = T Fy(Aa), Which means (FA, Fa)
is a monad. Moreover, (F®z;) ® (F®R) ® (F®a;) = F®(x1 ® R® a;) = F®R and
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(5.5.5)

which shows that F®R and F®R are modules between monads. Then since F' is a
linear pseudofunctor, it induces F is a linear pseudofunctor. |

Lemma 5.5.9. For two locally ordered closed linear bicategories B and D, consider a
linear pseudonatural transformation ¢ : F' = G : B — D. Then we can define a linear
pseudonatural transformation ¢x @ Fyg = G4 : ModB — ModD with components
(05, %) where ¢35 (A, a1) = FPa1 @9 A®G%a; and ¢34 (A, a1) = GPay @ ¢ A® F¥ay
where (6%, ¢®) are components of ¢. Moreover, ¢y is an isomorphism if ¢ is an
1somorphism.

Proof: By Lemma 2.2.8 in [I], a pseudonatural transformation ¢ : F® = G% :
By — Dg induces a pseudonatural transformation ¢3 : Ff = G3 : ModBg; —
ModDy, with components gbi(A, ar) = FPa10¢0% AQG®a,. But, since B, D are locally
ordered closed linear bicategories then ¢® induces a linear pseudonatural transforma-
tion § = (6, 6), where 6% = (¢2(—)1)" : (G2(—)*)* — (F2(—)4)* i= G® = F®.
By Lemma 2.2.8 in [I] ¢ : F}Y = GZ is a pseudonatural transformation. Then it
induces an opcolax pseudonatural transformation ¢ : G5 = F/. The components
$%(A a1) : (FA, Fay) — (GA, Ga,) are modules since

F®G1®(F®CL1®¢®A®G®6L1)®G®a1 = F®(a1®a1)¢®A®G®(a1®a1) = F®a1®¢®A®G®a1

and similarly for ¢3 (A, az) = (¢%(A, a1)")" : (GA, (G®(a1)")*") = (FA, (F®(a1)")")

we get
G@GQ@(G@GQ@QZ)@A@F@CLQ)@FEBGQ == G@(ag@aQ)Qb@A@F@(CLQ@CLQ) == G@a2@¢@A@F@a2

and
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Also, gbﬁ : Fif = Gi becomes a pseudonatural transformation since

PL(X, 1) ® GYR = F¥2, ® ¢°X @ G®21 © G®R
= F?(21) ® ¢"X ® G*(21 ® R)
= F%(21) ® ¢°X © G*(R® ay)
= F® (1) ® ¢°X @ G®(R) @ G®(ay)
< F®(x) ® F®(R) ® ¢° A ® G®(ay)
=F%1 ® R)® ¢®A® G%(ay)
= F®(R ®a;) ®YAR G%(ay)
F®(R) ® F®(a1) ® ¢ A® G%(a1)
= Fg(}z) ® 6% (A, ar)

Similarly we can show that qﬁﬁ : Gi = Fﬁ is an opcolax pseudonatural transforma-
tion

¢2(A,a1)@F ( ) GEB

)® YA D F¥(ay) ® FO(R)

) ¢TAD F¥(az ® R)
az) ® ¢*A® F®(R & 3)

) ®

)

a2

b

a2

52

D

(

(

(

(az) ® A @ FP(R) ® F¥(x5)
“(az) ® GY(R) ® ¢V X @ F(x2)

(

(

“(

“lay ® R) ® 0% X @ F¥(x,)
C(RDx2) ®P¥X @ FO (1)
R) ® G%(x2) ® ¢°X @ F¥(x9)
GR® ¢4 (X, 2)

IN
QQQC}QQC}Q

Next, we must show that for every O-cell (A4, a;) in ModB the 1-cells ¢2(A,a1) :
FZ(A, a1)

— G3(A,a1) and ¢4 (A, a1) - GL(A, a1) — F (A, a1) are cyclic linear adjoints. How-
ever, these are derived from cyclic linear adjoints ¢®(A)|-|¢%(A) as components of
linear natural transformation ¢.

Now, if ¢ = (¢®, ¢?®) is an isomorphism, then by the naturality of ¢® we have
PPA®G%y < FPa @ ¢®A and FPa; @ 9¥A = ¢PA® (¢%) 1 (A) ® F®a; ® ¥ A <
A RGP @ (0%)HA) @ ¢p®A = ¢® A ® G®a,. Similarly, we have ¢¥A @ F®ay <
G%ay @ pPA and GPay @ P A = 0P AP (¢%)1(A) DG ® P A < ¢PAD BF®ay @
(¢®)1(A) ® ¢%A = ¢®A @ F®ay. So, by Lemma ¢4 (A ay) is an inverse of
¢#(A7 al)' i
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Proposition 5.5.10. There is a (strict) 2-functor (—)x: LoLBicat — LoLBicat
that maps each locally ordered closed linear bicategory B to its module linear bicat-
egory By = ModB, each linear pseudofunctor functor F to Fy and each linear
pseudonatural transformation ¢ to ¢u.

Proof: let B and D be two locally ordered closed linear bicategories. Then
the mapping F' — Fj and ¢ — ¢4 gives a functor (—)4 : LoLBicat(B,D) —
LoLBicat(B,D). Indeed, if F' : B — D is a linear pseudofunctor, then we get the
components of (1p)y = ((1r)%, (1r)%) on a monad (4, a1) as F®(a;) ® 15(A) @
F®(a1) = F®(a1) ® lpoy ® F¥(a1) = F®(a1) ® F®(a1) = F®(a;) and similarly,
F®(ag) ® 15(A) & F®(ay) = F%(az) & lpes & F®(ay) = F¥(az) & F®(ay) = F®(ay)

and the components of g, are 1%#(&&1) = T(FA,F®a;) = F®q; and by duality we get
1;‘2#(14@1) = Lpa,po(a)t)t) = F®as. So, 1p, = (1p)x. Moreover, for the following

linear pseudonatural transformation

F
"
B —c— D
NP

H
and for a monad (A, a;), we have
(643 04)" = 05 ®Uy(A 1) = 65(A, 1) @ Yy(A, @)

= F®a1 ® ¢®A & G®a1 ® G®a1 ® ¢®A ® H®a1
=% @ ¢°AR G @ YA H?q,.

Similarly for (¢4;¢4)® = wﬁ @ (bg; we get
V5 ® oA ar) = Ha, © 6°A® GPa, & v®A @ Foay.
And,
(6° @ ¥®) (A, a1) = F¥a; ® (¢° @Y%) ® H®ay = F®a, ® ¢°A @ v A® H%a.

Similarly,
(V7 @ 6%)p(A, 1) = HPy & A YA Fay.
However, by naturalities ¢ A®G®a; = F®a1 @ ¢® A and ¢® AP FCay = GPay @ pP A,
we get: .
(¢® ® ¢®)#<Aa CL1> = ¢§ & 1/}#(147 al)
and

(V% @ %) 4(A, a1) = U5 & ¢u(A, ar)
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Moreover, by definition of (—)4 on linear bicategories B — (B)x and linear pseud-
ofunctors F' + (F)u we get (1g)y = 1p, and (F;G)y = Fu;Gy. Thus (—)4 :
LoLBicat — LoLBicat is a 2-functor. i

Lemma 5.5.11. [1, Lemma 2.2.10] Let B and D be two locally ordered closed linear
bicategories. Then ModBx ModD =Mod (B x D).

Proof:  First, note that a pair ((A4, B), (a1,b1)) in B x D is a monad if and only
if (A,ay) and (B, b;) are monads in B and D respectively. Since (a1, b;) ® (a1,b1) =
(a1 ® ay,by ® by) = (ay,by) if and only if a; ® a3 = a; and b; ® by = by with with
Tp < (a1,b1) if and only if (T4, Tp) < (a1,b1) if and only if T4 < a; and
Tp < bi. Moreover, 1-cell (S,T) : ((X,Y), (z1,31)) = ((4,B), (a1,b1)) is a mod-
ule between monads ((X,Y), (x1,v1)) and ((A, B), (a1,b1)) in B x D if and only if
S (X,z1) = (A,a1) and T : (Y,y1) — (B,b1) are 1-cells between monads. Since
(x1,11) ® (S, T) ® (ay,b1) = (S,T) if and only if (1 ® S® a1, y1 @ T @ by) = (S,T)
if and only if 1 ® S®a; = S and y; ® T ® by = T. Since we defined everything
componentwise, so the functor (pi, p2)x : Mod(B x D) — ModB x ModD, where p;
and p, are the projections of B and D, is an equivalence. i

Lemma 5.5.12. For a locally ordered closed cartesian linear bicategory B

o [f each Bg(X,A) has finite products, then each ModBg((X,z1), (A, a1)) has
finite products.

o If each BE (X, A) has finite coproducts, then each ModBg ((X, 1), (A, a1)) has
finite coproducts.

Proof:  For the first item, see Lemma 2.2.11 in [I]. For the second item, let (X, z1)
and (A, a;) be monads and ]'X,A : X — A is the initial object in Bg (X, A). Then 1-
cell 9@ Ix a®ay : (X,21) — (A, ay) is the initial object in ModBL((X, x1), (A, a1)).
Consider a 1-cell F': (X, z1) — (A, a;) between monads, then o & jX,A Day < F =
) @ F @ ao.

Now consider modules F,G : (X,z;) — (A,a;). Then we want to show that
2@ (F'VG)®Das is the coproduct of F, G in ModB ((X, 1), (A, a1)). By the coprojec-
tions we have F' = xo@FPay < 2oB(FVG)@ag and G = 2o0GDas < 2900 (FVGE)Das.
If H:(X,z1) = (A a1) is a 1-cell in ModBg such that F¥ < H and G < H, then
FVG<HinBg(X,A) and so, H =2, ® H ®ay > 22 ® (FVG) D ay. Thus we
get the coproduct of ', G in ModBY((X, 1), (A, a1)) by FUG = 2,® (FVG) ®as. I
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Lemma 5.5.13. Let B be a locally ordered closed cartesian linear bicategory, then
e Map(ModBg) has a terminal 0-cell.
e Map(ModB)) has an initial 0-cell.

Proof: For the first item, see Lemma 2.2.12 in [I]. For the second item let I be
the initial O-cell in Map(Bg). Then L; = L, is the local initial object in Bg ([, I).
We want to show (I, L;) is the initial object in Map(ModBg)). Let (A4,a1) be a
0-cell in ModBg. Since B is cartesian, we have a unique map €4 : I — A. If
€y« A — I is its right adjoint in B, then we have € © e < 14 and L; < e® €.
The 1-cells €4 @ ay : I — A and as ® €y : A — I are modules between monads
(A,a1) and (I, L)) and €4 @ as 4 as @ €} in ModB, since (€4 ® as) ® (as ® €})) =
eaPasDasBey =esDas@eyy > L since B is cartesian and e4 @ as @ €’y is an object
in Bg (I,1). Moreover, a; @ €* @ e@ay < ay® La @ ay = az @ az = ay. Suppose now
R:(I,1;) = (A, a1) is a map in ModBg, with right adjoin S : (A4,a1) = (I, L;).
Then by the second item of the Remark [5.5.3] as & S = S and R & as = R. By &-
adjunction, we have SOR < L(44,) = az and L(;1,) < R®S. We want to show that
R=€es®ay. First,eq = Li®Des =€ Deg = L4 < R, since B is cartesian and L 4
is the initial object in Bg (1, A). So R=R®as > L1 4 ® as = €4 ® as. On the other
hand, ea®as > eaBSPR. But e4®S > L1, 50 €aPas > eaBSER> 1 &R =R.

|

Proposition 5.5.14. If B is a locally ordered closed cartesian linear bicategory, the
tensor product O : B x B — B induces a tensor product Oy : ModB x ModB —
ModB consists of two pseufofunctors Di =Xy : ModBg x ModBg, — ModBg and
Di = By : ModBg x ModBg — ModBg where they share the same product on
0-cells and each forms a symmetric monoidal structure.

Proof:  For pseudofunctor (g see Proposition 2.2.13 in [1] and pseudofunctor O
follows similarly with respect to composition . |

Proposition 5.5.15. Let B be a locally ordered closed cartesian linear bicategory,
then Map(ModBg) and Map(ModBg)) have finite products and coproducts respec-
tively and they share the same (co)product on 0-cells.

Proof: By the restriction of the components of the tensor product [y in Propo-
sition on Map(ModBg) and Map(ModB), we need to show the pseudoad-
juction between pseudofunctors A® Dﬁ and the pseudoadjuction between pseudo-
functors Di 4 A®. For the first pseudoadjuction with respect to ® see [1, Lemma
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2.2.14]. For the second pseudoadjuction, we must show (ix B jy) ® V4 < ayBby and
asBby <V, & (igHBjy) wherei: A — AOB, j: B — AOB, iy == a2 i P (ax Hby)
and jg = by @ j & (az B by). For the former, we see in the following diagram that
(’i# EE]#) @D V# S as H bgi

AOB 222 anp « Y290 anB)0A0B) @) Ao gy ADB)
> V/habz)aa(agaab:) (a28b2)B(aBbs)
aBby \

AOB «—YAoe (ADB)O(ADB)

Timj

ADB

AagEﬂbQ
AOB

For the opposite inequality we have

Vi = (aaBby) B (a2 Bbs) ®Vanp ® (aa B by) > (as B by) B (aa B by) & ("B %) @ (ax B bs)
= ((ax Bby) ®i" B az) B ((a B b)) ® j* @ by)
= (i3 By Jg)",

So, Vi > (14 By ju)* @ (axBby) which gives us (ix By jyu) & Vy > (agBby). For the

second identity, by the following diagram we get xo > iy & (Vx)x. But we also have

VX > = (x2Ex2)@VX@x2 > (I'QEEZL’Q)@Z*@IQ =
(Vx)g = (ig)" = (ig)" ©x2 = (i) ® (Vx)g > 22

So, (i) ® (Vx)u = 25 and similarly ju & Vx = .

Vx

XOX 282 xOx

xolro

HD¢
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Theorem 5.5.16. If B is a locally ordered closed cartesian linear bicategory, then
ModB is a locally ordered cartesian linear bicategory.

Proof: By Theorem [5.2.4] Lemma |5.5.12 Proposition [5.5.15| and [I, Theorem
2.2.15], it remains to show that for any 1-cells F': (X, x1) — (A,a1) and G : (Y, y1) —

(B, b;) in ModB, we have the following formulas:
FRyG=FXRG=(pp @ FRpy) A @GR qy),

FHyG=FBG=(®Faiy V(oG i)

For the first formula with respect to ®, see [I, Theorem 2.215|. For the second formula,
since B is a locally ordered cartesian closed linear bicategory, we have FFH G =
(O FO)V(FeGEdy)). SoFEHG>i"®F®iand FEHG > j*® G ® j. Then
we get

= (22 Byp) @ (I" O (22© F D ag) i) © (ay Bby)
=i, ®F Biy

Similarly, FHG > jj, & G @ jg. So

FBG> (i @ F®iy)V (i ®GDjy)
On the other hand, notice that
asBby=("®Das @)V (" Db @ j) = aBby > " Pas®i =i P (axBbs) > as @i
and similarly
2oBys = ("B ®)V(J Dy B J) = xoBys > " Dro®i = (x2Bys) D™ > " Dy
So, we have

iy OF @iy = (2B ) @i"C1) DF® (020D (2B a2) > " C1o @1 ®F D ay®ag i
— "G F@i

Similarly, j, ® G @ jg > j*® G & j. So,

FBGL (@ F®iyg) V(i3 oG j),
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Which implies that

(L@ F@iyg)V(a@G0jy) = (2By) @ (TOFO)V ("G ))) ® (axBby)
Z(.Q?QEE‘?JQ)@(FBE’G)@(CLQEEI)Q)
=FHG



Chapter 6

Cartesian Linear Bicategories

6.1 Precartesian Linear Bicategories

Similarly to Carboni, Walters and Wood approach in [I3]|, we begin by briefly
introducing precartesian linear bicategories using Theorem before defining carte-
sian linear bicategories. As we observed in chapter [5] for locally ordered linear bi-
categories, the definition of cartesian linear bicategories provides cartesian structures
on the bicategories By and Bg. To define cartesian linear bicategories in general,
we utilize a precartesian structure on a linear bicategory B, which establishes two
precartesian structures on both Bg and Bg.

Definition 6.1.1. A linear bicategory B is said to be precartesian if

1. The full sub-bicategories Map(Bg) and Map(Bg) have finite bicategorical
products and coproducts respectively, and they share the same (co)products
on 0-cells.

2. Hom-categories Bg(X,Y) and Bg (X,Y) have finite products and coproducts
respectively, which are denoted by A and V respectively.

Example 6.1.2. Any cartesian linear bicategory is precartesian.

Now for any linear bicategory B, we can establish two Grothendieck constructions
(G,®) and (G, @) for the following pseudofunctors, introduced in [60, Section 1.10].

(Map(Bs))™ x Map(Bs) % B? x B, 5252, car (6.1.1)
(Map(B%))” x Map(B%) 2% (B2) x B B20), car (6.1.2)
where i is the inclusion functor, and Bg(—, —) and Bg(—, —) are the hom-pseudofunctors

and CAT is the 2-category of categories.

88
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Lemma 6.1.3. For maps f 4 f*: X =Y and g 4 g*: A — B in Map(Bg), the
functor Bg(f, g*) is the right adjoint of Bg(f*, g).

Proof:  Formaps f: X — Y and g: A — B in Map(Bg), the functor Bg(f*,¢) :
Bo(X,A) — Bg(Y,B) is given by Bg(f*, 9)(k) = f*® k ® g, for any l-cell k €
Bg(X,A) and Bg(f*, g9)(a) = 15+ ® a ® 1,, for any 2-cell @ € Bg(X,A). Now
consider the functor Bg(f, g*) : Be(Y, B) — Bg(X, A) where Bg(f,¢")(l) = f@l®g*
VI € Bg(Y,B) and Bg(f,9")(f) = 15 ® B ® 14+, VB € Bg(Y, B). Then the above
information provides us Vk € Bg(X, A):

F=Tx®k®@Ta= ([Rf)REk®(g®g)
2fR(ffekegg"
=B (f.9")(f"®k®yg)
=By (f,9") o Bs(f", 9)(k)

And VI € Bg (Y, B)

Be(f*,9) o Be(f,g") () = ff@(fe@lwg)®g
2(ffeflele(gdeg)
=Ty ®IKTp
=1

So the above equations provide us the unit and counit natural transformations 7 :
1B®(X,A) = B®<f7 g*)OB®(f*, g) and € : B®(f*7 g)OB®(f7 g*) = 1B®(y73) respectively.
Now we will show they satisfy the triangle identities of the adjunction Bg(f*, g) -
Bs(f,g*). For all k € Bg(X, A) we have:

Bo (1", g)(h) <E2L00D 5, (f*g)(8®<f¢fﬁ(8®(f*4ﬂ(kn>
= Ba(f",9)(Ba(f.6)(f @ k2 g))
= Bo(f,9)(f @ f<®k®m@m>
(¢r
)

= Bo(9)((fe ke geg)

Bs
= Bs(f*, 9) (TX ®k® TA)

= By (", 9)(k)
And similarly we get the other triangle identity. i

Now, we recall the construction of the bicategory (G, ®) based on the two-sided
Grothendieck construction for the pseudofunctor form [13], 60] as following:
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e A 0O-cell of (G,®) is a triple of (X, R: X — A, A), where R € Bg(X, A).

e A l-cellin (G,®) is a triple of (f,«,9) : (X, R, A) — (Y, S, B) where f: X —
Y,g: A— B e Map(Bg)anda: R®g = f®S5 is a 2-cell in Bg. We call this
form of 1-cells primary form.

Remark 6.1.4. Equivalently we can define 1-cells of Grothendieck construction
of (G,®) by triple of (f,5,9) : (X, R, A) — (Y, S, B) such that 2-cell § : R =
feS®g* € B(X,A)(R, f®S®g*) is the mate of 2-cell « : RQ g = f®S with
respect to the adjunction g 4g g*. We call this form of 1-cells secondary form.

e For given primary forms of 1-cells (f,«,g),(f’,¢/,q¢) € (G,®), define a 2-cell

in (G,®) as (¢,¢) : (f,a,9) = (f',a/,¢') where ¢ : f = f and ¢ : g = ¢ are
2-cells in Map(Bg) such that the following diagram commutes.

fos —2 o peg

n n 613)

/
R®g:>1R®¢ R®g

Remark 6.1.5. Equivalentely, for given secondary form of 1-cells (f, 8, 9), (', 5, 4') €
(G, ), define 2-cell in (G, @) as (6,1) : (£, 8,9) = (f', 3, g') where 6 : = f

and 1 : g = ¢ are 2-cells in Map(Bg) by commutativity of the following
diagram

f®S®g*
¢®1S®1g*

e
R ffesS® g (6.1.4)
\ /f@;s@w*

f/®5®g/*

where ©* : ¢"* = ¢* is the mate of ¢ : ¢ = ¢ with respect to the adjunctions
91 g" and ¢' Hg g™
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e The horizontal composition of two 1-cells (f,a,¢g) : (X, R, A) — (Y, S, B) and
(h,v.k) + (Y.8,B) = (Z,T,C) in G is given by (f,a,9) @ (h,7,k) == (f ®
h,a® 7,9 ® k) where f ® h and g ® k are horizontal compositions of 1-cells in
Map(Bg) and a ® v is given by:

a®y=R®(g®k)
~(RRg)®k
= (fesS) ek
>~ fR(S®k)
L fehel)

2(foh)eT

Remark 6.1.6. Note that in the construction of (G,®), every l-cell (f,3,g) :

(X,R,A) —- (YV,5,B) € (G,®) with f : X - Y,g: A - B € Map(Bg) pro-

vides an opposite 1-cell (f*, 3,g%) : (Y, 5,B) — (X, R, A) where f*:Y — X, ¢*

B = A€ Map(By) and B: f®S®g" = Risa 2-cell in By. Moreover, every

2-cell (¢,%) : (f,B,9) = ([.0¢) € (G,®) with ¢ : f = f"and ¢ : g = ¢’ are
!/

2-cells in Map(Bg) provides a 2-cell (f*,B,g*) = (f’*,B ,g") such that f* = f*
and ¢g* = ¢ are 2-cells in Map(Bg). Thus, the construction of (G,®) induces a
bicategory (G, ®) based on the two-sided Grothendieck construction for the pseud-

ofunctor with respect to ®.

Proposition 6.1.7. [13, Proposition 3.4] A 1-cell (f,a,g) : (X,R,A) — (Y,S,B)
in (G,®) is an equivalence if and only if f,g are equivalences in Map(Bg) and « is
invertible in Bg (X, B).

Proof: Assume (f,a,9) @ (X, R, A) — (Y,S,B) is an equivalence in G. Then
there exists a 1-cell (h, 5, k) : (Y, S, B) = (X, R, A) together with isomorphisms:

n: T (x,ra = (f,a,9)® (h,B,k) and M:(hvﬂak)®(f7a/7g)g—|—(§/,5,3)-
which gives us:
n:(Tx,1p, Ta) = (f®h,a®f,g®k) and p: (h®f f@a k®g) = (Ty,1s, Tp).

Then the above isomorphisms provide us isomorphisms Tx = f®h, h® f = Ty
TAa=Zg®kand k®g = Tp in Map(Bg). So, f,g are equivalences in Map(Bg).
Moreover,
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a®@f=RR(gek)=(fO®h)@REXR®Ts=Tx®RER= R= 13

And similarly f ® a = 1g. Thus « in invertible in Bg (X, B).

Conversely, assume f : X — Y, g : A — B are equivalences in Map(Bg). So
there exist 1-cells h : Y — X and k : B — A together isomorphisms Tx = f ® h,
h f=2Ty TAZg®kand k® g = Tg. Invertibility of « in Bg (X, B) also provide
us isomorphisms 1z Z a® [ and f ® a = 1g. So these information provide us

n: (—I—Xa]-RaTA) = (f®h,0(®6,g®k) and M (h®f,5®a,k‘®g) = (TY)lsaTB)'
Thus (f,a,g) : (X, R, A) — (Y, S, B) is an equivalence in (G, ®). i

~

Now, By replacing ® with @ in Remark |6.1.6] we provide the bicategory (G :=
G, @) based on the two-sided Grothendieck construction to the pseudofunctor in
6.1.2] as follows:

e A O-cell of (é, @) is a triple of (X, R, A), where R € By (X, A).

e A l-cell in (é, @) is a triple of (m,v,1) : (Y, S,B) — (X, R, A) where m : Y —
X,l:B— AecMap(Bg)and v: S®Il=m® R is a 2-cell in Bg. We call
this form of 1-cells primary form.

Remark 6.1.8. Fquivalently we can define 1-cells of Grothendieck construction

of (CN},@) by triple of (m,v,1) : (Y,S,B) — (X,R,A) such that 2-cell 6 :
m* ®S®l = R € BF (X, A)(R,m*®S®l) is the mate of 2-celly : S®l = m®R
in B. We call this form of 1-cells secondary form.

e For given primary forms of 1-cells (m,~,[), (m/,~/,l') € ((N}, @), define a 2-cell

in (é,@) as (%,@7}) s (myy, 1) = (m/,4,1") where ¢ : m = m’ and ¢ : [ = " are
2-cells in Map(Bg) such that the following diagram commutes.

Sal «—=2 g4

7,H H7 (6.1.5)
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Remark 6.1.9. Equivalentely, for given secondary form of 1-cells (m, v, 1), (m/,+',l') €
(G, ®), define 2-cell in (G, ®) as (m,v,1) = (m',/,') where ¢ : m = m’ and

~

Y 1 = I' are 2-cells in Map(Bg) by commutativity of the following diagram

m*®&Sel
/ ws@h
R m*®S ol (6.1.6)
\ / ~
1, ®lsdy
m/* @ S @ l/

~

where (¢)* : m"™ = m* is the mate of ¢ : m = m/ with respect to the adjunctions
in Map(Bg)).

e The horizontal composition of two 1-cells (m,~,1) : (Y, S, B) — (X, R, A) and
(m/, v, ') : (X,R,A) — (Z,T,C) in G is given by (m,v,l) @ (m',+,l') =
(maem ,yey,lal): (Y,5B) = (Z,T,C) where m @ m' and | & I’ are
horizontal compositions of 1-cells in Map(Bg) and v @ v’ is given by:

Yy =Sa(lal)
=(Sel)al
= (moR) el
“m@ Rl
7:/Mn@(m’@T)
=(mem)eT

Proposition 6.1.10. A 1-cell (m,~,1): (Y, S,B) — (X, R, A) in ((E, @) is an equiva-
lence if and only if m, 1 are equivalences in Map(Bg)) and vy is invertible in Bg (Y, A).

Proof:  Similar to the provided proof for and replacing ® with @. |

Proposition 6.1.11. [13, Lemma 3.6, Lemma 3.8] Let B be a precartesian linear
bicategory, then bicategory (G, ®) has finite bicategorical products, where the binary

product is denoted by K.
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Remark 6.1.12. We denote R X S for the product in (G, ®) and R i S for the co-
product in (G @), to separate the product X in (G, ®) and the coproduct M in (G ®)
from the product X in Map(Bg) and the coproduct B in Map(Bg) respectively.

Definition 6.1.13. For given O-cells (X,R : X — A/A),(Y,S : Y — B,B) in

(G, ®), consider O-cell (XOY, RE S, AOB) € (G, ®) where RB S : XOY — AOB
is defined by

RES = (i%y ®R®iap) V (jxy © S & jas)

And we define coprojections ipg : R — R £ S and jps:S — R & S of (N}, in their
secondary forms, by

irs = (ixy,t,iap) and Jrs= (Jxy,kK,Ja.B)

as the following diagram

X +——— Xy . SN Y
phg == g (6.1.7)
A— AOB<+— B
JA,B

where ¢, k are the coprojections of the coproduct V in B (XOY, AOB). The primary
form of ip g and jg s are

~

irs=(ixy,t,iap) and Jrs = (xy, K, jAB)

as the following diagram
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where ¢ is the mate

Rei 2% iaireRei % ia ("o RG)V (" ®Sa))

of + and similarly for ; RS

~

Lemma 6.1.14. For any 0-cell (Z,T,C) in (G, ®), the functor

~

. G(RES,T) - G(R,T) x G(S,T)

REBS,T

e
is essentially surjective on 0-cells. Moreover, for any
(f.o,u) s (X, R,A) = (2,T.0) € G(R,T) and (g,8,0) : (Y,5,B) = (Z,T,C) € G(5.T)

and for any
(h,w) : (XOY, AOB) — (Z,C)

with tnvertible 2-cells
(MOHUI) : (f7 U) = (iX,Y,iA,B) ¥ (h,w) and (Vo, V1) : (Q,U) = (jX,ijA,B) ¥ (h,w)

provided by the bicategorical coproduct in Map(Bg)x Map(Bg), there is a unique p
making (h, p,w) a 1-cell RB S — T in G with invertible 2-cells

(/’607 ,ul) : (f7 «, U’) = iR,S s> (h7 P, 'U)) and <V07 Vl) : (97 ﬁ7 U) = jR,S s> (h7 P, w)
Proof: By using secondary forms of 1-cells in (CN-}, @), we can lift the coproduct

FOROI S (FPORON)V(TESeH)E T oSDy
in BY(XOY, AOB) to

Mo@eRe)w 2B oo RGNV ®Se ) dw il e (e Saj)ow

1+ @1, EBREB,LH)I\ ]\lh* @1j* DS

hWei*®R®u hWaji*aSau

in B (Z,C), since Bg(h*, w) is the left adjoint of Bg(h,w*) (see Lemma [6.1.3) and
left adjoints preserve the coproducts and p; and v; are invertible. Now the following
diagram
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Wae@eRe)eow 2 e eReNVI*®S®))dw i e (e Saj)dw
h*EBi*@REBlMT i Th*EBJ'*@SEBVl
& i*®RDu o P 5 d eSS
MS@RGBfl luz;@S@g
ffORDu >%< gFeShv

@ B
provides a 1-cell (h,p,w) : RBS — T in (é, @), and the commutativity of the left

square in the above diagram provides a 2-cell (uo, p1) : (f, @, u) = irs ® (h, p,w) in

(CN},@) and similarly (vo,14) : (g, 8,v) = jrs ® (h, p,w) is another 2-cell in (G, @).
Moreover p is unique since the coproduct in Bg (XOY, ALB) is unique.
i

Corollary 6.1.15. If any pairs of 1-cells (h,d,w), (h,v,w) : (XOY, R £ S, A0B) —
(Z,T,C) in (G,®) satisfy

irs @ (h,0,w) =ips ® (h,v,w) and jrs® (h,0,w) = jrs® (h,v,w).
Then § =~ and consequentely (h, 0, w) = (h,~,w).

Proof: By applying Lemma[6.1.14] and take (f, o, u) =irs @ (h,d,w), (g, 5,v) =
Jrs @ (h,y,w), and po, p1, v and v equal identities. |

~

Lemma 6.1.16. For any 0-cell (Z,T,C) in (G, ®), the following functor

:G(RES,T) = G(R,T) x G(S,T)

REBS,T

is fully faithful.

Proof: We must show
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is bljectlve Suppose (h v, w), (k: 5 Jx): (X0, R S, A0B) — (
in (G @) in their prlmary forms. Then (1;, ¢ @ (/\ f) s @ (A,
é(S, 7)) ((h v, w), (k 5 ,z)) provides the following 2-cells:

Z,T,C) are 1-cells
§)) €

) € (G(R,T) x

((b? w) Z.R,SEBU?";?G &J) = iR,S@(ka 67§) and ()N(a(:}) jR,SEBUl’%@ &]) = jR,SGB(k? 67§)

But the above 2-cells provide us 2-cells (¢ w) (ixy.iap) ® (%,17)) = (ixy,iap) ®

(k. %) and (X, 5): (xy-as) D (h, ) = (xy.jas) (k. 7) in Map(BZ) x Map(B%)
and since Map(BCO) X Map(BCO) has finite bicategorical coproducts, then there are

unique 2-cells [gb, NE h = k and [1/1 w]: w = 7 in Map(BY) such that

~ ~

w).

(ixyrian) @ (6, X, [0, 0) = (6,0) and  (ixy,jap) ® (&N, [,3]) = (X

Next, we must prove that ([(E,)N(], [171,(:1]) provides a 2-cell (%,’7,&}) = (%,5,%) in
(G, ®). That is, we must prove the equality of the following diagrams:

k h
XOV Ga) 37z Xy T Pz
B g
AOB C ADB Gay  3C
\_/[ W

The above pasting composition is equivalent to the commutativity of the following
diagram:
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Then since both of the above diagrams provide a 1-cell (fNL,E): REBS — T in
(G, ®), by using the Corollary [6.1.15/and since (¢, ) is a 2-cell in (G, @), we get the

following compositions are equal:

T <:E: R%S:ZRS_ R
Z<~ XOy +——— X
k R XY
E ¢ XY

XUy

The above pasting compositions is equivalent to the commutativity of the following
diagram:

~

~Liy p®6 >
br — Z)QyEBkJEBT

5@1TW

WlREBiNﬁ
ixy hoT

R®iap®w
?R$ /@-”@§

~

1
Z‘X7y@(RHE|S)@lA[)

~

~ b R’SGBlN

R@iA,B@&? :;CZX’y@<REBS>
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Similarly, by applying composition with jz ¢ in Corollary |6.1.15] we get (lNL,fNy, w) =
(k,0,7) in (G, ®) is a 2-cell in (G, ®). i

~

Proposition 6.1.17. Let B be a precartesian linear bicategory, then bicategory (G, ®)
has finite bicategorical coproducts.

Proof: See Lemmas [6.1.14] and [6.1.16] |

Theorem 6.1.18. (CN}, ®) has finite coproducts.

Proof: Lemmas [6.1.14] and [6.1.16| provide the binary coproducts . We cliam that
(I,(L:= Lr;:1 — I),I) provides the initial O-cell in (G, ®). We must show that

for any O-cell (X, R, A) € (G, ®), there exists a unique 1-cell (I, L;;,1) = (X, R, A).
The existence of this 1-cell is given by the existence of maps ex : [ — X and
€a : I — Ain Map(Bg) and since [ is the initial O-cell in Map(Bg). Since
Be (e, e4) 7 Ba(ex, €hy) and left adjoints preserves the coproducts, so Bg(e%,€a) :
Bg(I,1) — B (X, A) sends the initial object L in Bg (1, I) to initial object Lx 4 =
€ Dea=ex D Lir®eqsin By (X, A). Since Lxa =€x Dea=ex D Ly Dey is the
initial object in B¢ (X, A), there exists a unique 2-cell 7: Lx 4 = ex® L1 Dea = R.
But this 2-cell is the secondary form of L; ;@ es = ex ® R which provides us a 1-cell

er: L — Rin (é,@). Specifically, (ex,er,€a) : (I, Ly, I) = (X, R, A) is a 1-cell in
(G, ®). The uniqueness of 1-cell (I, L;;,I) — (X, R, A) is given by the uniqueness
of 1-cells ex : I — X and €4 : I — A and the uniqueness of 7. Thus, for any 1-cell

(m,v,0) : (Y,S,B) — (X, R, A) we get a unique 2-cell eg = €5 @ (m,,1) in (G, D),
and it is invertible. |

Remark 6.1.19. We denote the 1-cell L;; ® eqs = ex & R with (eX,eNR, €4) which
is the primary form of (ex,eg,€4). Additionally, (ex,€r,€4) is the component of a

pseudonatural transformation e : I%;1% = 1c~; which is the unit for the pseudoad-
[52]

junction % 1% : 1, — é@, where % : (NS':® — 14 is the unique pseudofunctor and
1. is the terminal bicategory.

Remark 6.1.20. If we put A = B and X = Y in the diagram [6.1.8] then we get
V& (RBS)aV=V'®((*®R&)V (DS ))dVEV'DI*GREGidVV
Ve eaSejeoVERVS. So,weget RVS =V*® (RHES)® V. Moreover,
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if R =S then we get the formula RV R = V*® (R & R) ® V. Then by composing
this isomorphism with V : RV R = R we get 2-cell Vi : V4 @ (RB R) & Vy = R
which is the secondary form of V r: RER = R. T hus we get V r as components of
the unit for the pseudoadjunction H 4 A% : G@ X G@ — G@

Pr0p051t10n 6.1.21. For a precartesmn lmear bzcategory B, the coproduct EE in bi-

category G@ provides a pseudofunctor M G@ X G@ — G@

Proof:  Proof is similar to the provided proof in in chapter [4] |

Remark 6.1.22. Each 2-cella: S = R : X — Ain B provides a 1-cell (Lx, o, La)
in (G, @) as

X X

A A
Moreover, If v : R = T : X — A is another 2-cell, the composition of 1-cells
(J_XJ «, J_A), (J-X777 J—A) is

(lXJOé?J—A> D (J-er% J—A) = (J_X,Oé @77 J—A)

<—
<—

X < X < X
Tk — Rk —=—= ks
A < LA A < T A

Now, consider the coproduct (Lx,a, L4) £ (Ly,B,Lp) in (é,@), where « :

R=R:X —Aand f:5 = S:Y — B. Since the coproduct B in (G, &) provides
a pesudofunctor, provided by the Proposition|6.1.21], then there exist invertible 2-cells
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(J—Y757 J—B) = (J—Xva/v J—A) 692.R,S
(Ly,B, L) = (Ly,B, L) ® jrs-

i ®(Lx,a,Ly)H
Jrs ® (Lx,a, L) H

Then by using the secondary forms of ig ¢ = (ix,y,t,94.8) and jr s = (jxv, K, ja.B)
we get:

(ixy,ia8) ® (Lxoy, Lang) = (Lx, La) @ (ixy,ia,B)
(Jxv,jans)® (Lxoy, Laos) = (Ly, Le) @ (ixy,iaB)

then Lemma |6.1.14] provides a unique 1-cell qNb " R'BS — RBS such that

irs ® (Lxoy, ¢, Lang) = (Lx,a, L) @irg
Jrs @ (Lxoy, ¢, Laos) = (Ly, B8, LB) ® jrs.

Next, by replacing ¢ by o H 5 and replacing ip ¢ and jr/ s» with their values in the
above equations we get:

L@ ( )
RO ( )

(TOadi) D

H: B

aBpB) =
aBpf)=U"eBd)) Bk

which provide us
aBf={0"Dadi)V(j* DBDJ).

Thus, we extended the formula R S = (*®&R®i)V(j*®S @) to 2-cells. And,
it provides us a functor

~

Bx,a),v.p) : B x BE((X,A), (Y, B)) =B (X,Y) x BY(A, B) — BE(X0Y, AOB)
by the following compositions:

B (i*,i)xBa (5*.5

B2(X, A) x B(Y, B) ,, B2(X0Y, AOB) x B2(X0OY, AOB) %

BL(X0OY, AOB).



6. CARTESIAN LINEAR BICATEGORIES 102

Theorem 6.1.23. Let B be a precartesian linear bicategory, then if we define & on
0-cells by setting X BY = XOY. Then the product B : B (X, A) x BE(Y,B) —
Bg (XQY, AOB) provides a lax functor Bg x B — B .

Proof: Let
~ ~2 ~0

(8,8 8 ) : BY x BY — BY

~0 ~
First, for O-cells X, Y € By, by Lemmal6.1.14{there is a unique 8 : LxH1Ly — J_X~

o Y
satisfying:

o | N |
~ [ — ~
J_X%Y — 1IxBly — 1x J_XEEY Ly
XHY +— XHBHY +——- X XHBY +——— X
1 ~ iIX)y 1X,Y
XBY
and
i LE i Jix,y i ix,y
XABY +—  XHY «— Y XHBY +—— Y
. |
~ 1,1 — N
J_XEAE]/Y — 1xBly — 1y J_XEBY 1y
XBHY +—— XHY +———Y XBHY +——Y
LXENEY IXY IX)Y

Next, for given 1-cells R: X - A, S:Y - B, T: A— Land U : B — M, the
pasting of the following diagram
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Jix,y

Y

="rRs=" RmMS <= FkKrs=—

|

~ ~

A— L ABB+ B

1A,B | JA,B
Tty ~ KU
T — THU —— U
L —— s ILBHM+—— M
iL,M JL,m

~2 ~ ~ ~ ~
gives a l-cell B : (ReT)B(S@U) - (REBS)® (THU) in (G,®) which is
unique by Lemma [6.1.14] Then we must show the above data satisfy the associativity
and unitary coherence conditions. For associativity we must show the two following
diagrams are equal for all 1-cells R: X — A, S:Y - B, T:A— LandU : B — M,
Vi:L—Cand W:M— D in Bg:

1 1 1 1
o < o < [ ] o < o <
N = N N
RHES o RHS RHS
~2 ;
<+ g :j <+ N
o P E e &—mmm— @
— 2 ~2
. €2 ] N — . —8
THU ©® (RETV)B(SeUsW) —  THU
G
~—
<+ > <+ 2
(—
) n [ ) [ ] <EE:2
vEw lv%w VEw
[ ]

)
A}

1 1 €L 1

The equality of the above diagrams follows by applying Corollary [6.1.15, and con-
sidering the effect of pasting i(rerev),(sevew) and jrerev),(sevew) on the left and
right diagrams in the above, respectively. For example by pasting i rerev),sevew)
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on the left side diagram we get:

1 1 7 1 i

e < o < o < ) e < e ¢ )
N N ] N
~ = = : =~
REBS D & ! REBS &
~2 ; : ! 2 :
¢ B2 o = D
=2R: 52 iy ==} R&T
TN 2 < —~ o~
“n B \?‘(REBTGBV),(SGBUEBM@ B ©n iv,w
TBU 5% BHe < e TEU G <
& @ b g
~ ~ @ #:‘ w ~ g
@ L————— o : 1 o < P °
1 = ! 1 i
&5 |
~ - ] ~
VBW VEBW = ! VBW vew| =—— |V
\:‘/ I iV,W
~ ~ ~- ~ ~
< e < e < ° ® < o < )
1 1 A 1 7

~

e L— o
T

Similarly, for the unitary coherence conditions we must show the equality of the
following diagrams:

XBY «1- XBY «++— XBY

~ N ~
LXETaYl < lJ_xENHJ_Y XaY XEY

~ f—

~2
XEYTXEyé RES — RES RES

RETasl lRENHS

v z N AéBeT—AéB
ABB+— ABB «— ABB
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XBY ++ XBY «L1 XBY
LXETaYl lRHNHS
XBY L5 XBY £ |ads
Rﬁasl = lJ_XBNSJ_y
ABB +— ABB «— ABB

To show this equality we apply again Corollary [6.1.15] and consider the effect of
pasting ¢ and j on the left and right diagrams:

. o < o < )
® < J‘O et el o A
~ & ~ : & U1y, 1y
anayl — lJ_XEEJ_Y 5 Ixoy| =@ &Y.
: — < _
[ ] T> [ ] <:2 HH{N: R — 4 - b =
~ ~ H C/) iR,S o < 1 ® < i ([ ]
RES RES N Nl
o e e . RBS|  RES Tos Y
e < o —
1 7
[ J (1/— [ ] i
e L—— o
1 ~
Xﬂﬂyl lJ-X
~ iR,S
RES R
e <——— ©
e — o 7
7

Proposition 6.1.24. [13, Proposition 3.18] If B is a precartesian linear bicategory,

~

then the 0-cell I € B, the 1-cell Tg : I — I, and the 2-cells (I)® : Tg ®@ Tg = Tg
and (I°)® : 1; = Tg construct a lax functor I® : 1y — Bg. That is, I® : 1y — By
15 4 ®-monad.

Proof:  See [13] section 3.17] and |28, Explanation 6.4.3]. i

Theorem 6.1.25. [15, Theorem 3.15] Let B be a precartesian linear bicategory, then
there are lax functors X : Bg X Bg — B and 1% : 1y — Bg.
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Proposition 6.1.26. If B is a precartesian linear bicategory, then there is a 0-cell
I € B, such that for a 1-cell Lg : I — I, the 2-cells (I)®)*: Loy = Lo @ Lg and
(I : 1g = 1; construct a colax functor I® : 14 — Ba. Essentially, I? : 14 — By
s a B-comonad.

Proof: =~ We define the colax functor 1% : 15 — Bg by the following:
e It sends the unique O-cell x € 1g to I9(x) = I € Map(Bg).

e It sends single 1-cell L, : ¥ — x € 1g to I¥(L,) : I¥(x) — I¥(x) which gives
us a l-cell L, =TI9(L,): 1 — Iin Bg. But this 1-cell is the initial object in
BE(1,1).

e It has a unique 2-cell 6 = (1T, | )*: I¥(L, ® L,) = I¥(L,) ® I*(L,) which
gives us a unique 2-cell 6 : L;; = L;;@® L. This 2-cell is unique since it is
an arrow from the initial object in Bg (1, I).

e It has a unique 2-cell € = (I%)?: I®(L,) = 1) which gives us a unique 2-cell
€: Ly = 1;. Again 2-cell € is unique since it is an arrow from the initial object

in Bg(1,1).

Then we can easily verify that the above data easily satisfy a comonad equations.
Thus, (I, L;1,6,€) provides a comonad in Bg.

Theorem 6.1.27. Let B be a precartesian linear bicategory, then there are lax func-

tors X : Bg X By — Bg and i By x B — Bg where they share the same 0-cells
denoted by XY, for every pair of 0-cells X, Y € B.

Proof: See Theorem [6.1.23 and Theorem [6.1.25 |

Theorem 6.1.28. Let B be a precartesian linear bicategory, then there are lax func-
tors I® : 1g — Bg and I® : 1 — B where they share the same 0-cells.

Proof: See Proposition [6.1.26| and Theorem [6.1.25| i
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6.2 Cartesian Linear Bicategories

Definition 6.2.1. A precartesian linear bicategory B is called cartesian if the lax

functors (&l, EINH), provided in Theorem [6.1.27|construct a linear pseudofunctor, denoted
by O: B x B — B, and the lax functors (I, I?), demonstrated in Theorem [6.1.28
construct the linear pseudofunctor I : 1 — B.

Example 6.2.2. Let B be a x-autonomous linear bicategory. If Bg, is cartesian, then
B is cartesian. It follows from the fact that if B is x-autonomous and Bg is cartesian,
then we can define a linear pseudofunctor using the tensor product Ug := X of B,
with the second component Og =B = (K((—)*))* on BY. Additionally by utilizing
the x-autonomous structure, we get a cocartesian structure on Bg.

Proposition 6.2.3. If B is a cartesian linear bicategory, then the linear pseudofunc-
tors

BxB2BL1

1. resstric to Map(Bg) gives the right adjoints:

A® A0, and 1©HI°

where A® : Map(Bg) — Map(Bg) x Map(Bg) is the diagonal pseudofunctor
and '® : Map(Bg) — 1g is the unique pseudofunctor;

2. restric to Map(Bg) gives the adjunctions:

Og HA®  and 19 419

where A® : Map(Bg) — Map(Bg) x Map(Bg) is the diagonal pseudofunctor
and !9 : Map(Bg) — 12 is the unique pseudofunctor;

3. the composites:

Be(ax,Az)
—_—

Bo(X,Y) x Bo(X,Y) 2% By (XOX,YOY) By (X.,Y)

Bttt
By &%) porny 1,

provide right adjoints to:
B®(X> Y) _Af: B®(X7 Y) X B@(X7 Y)

Bo(X,Y) 5 1,
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4. the composites:

B (Vi vy

B2(X,Y) x BL(X,Y) 25 Bo(X0OX, yOy) L BE(X,Y)

Bea(esev)
<—

B Bo(I, 1) < 14

provide left adjoints to:
BE(X,Y) 25 Bo(X,Y) x By (X,Y)

Bo(X,Y) 51,

Moreover, the pseudofunctors [J and I which satisfy the above conditions are
unique. Thus we can define a cartesian linear bicategory as a linear bicategory
B with pseudofunctors L) and I which satisfy conditions 1-4.

Proof: Proofs for the items 1 and 3 are provided in [I3]. The proofs for 2 and 4
also follow from the Remarks[6.1.19/ and [6.1.20 i

Theorem 6.2.4. A cartesian linear bicategory (B,0, I) provides two symmetric monoidal
bicategories which are linked in linear settings.

Proof: By Theorem 4.6 in [I3], we get a symmetric monoidal bicategory (B, g, I)
and similarly we get another monoidal bicategory (B, g, I') such that they are related
by a linear pseudofunctor [.

6.3 Matrices

In this section, we explore the linear bicategory of matrices of a x-autonomous lin-
early distributive category equipped with linear products and coproducts [I8]|. Before
exploring this specific linear bicategory, it is essential to briefly review the relevant
notions from linearly distributive categories.

6.3.1 Linearly Distributive Categories (LDCs)

Linearly distributive categories (LDCs) provide a categorical semantics for Mul-
tiplicative Linear Logic (MLL). The two tensor products in an LDC correspond to the
multiplicative conjunction and multiplicative disjunction in linear logic respectively.
Informally, a linearly distributive category is a with two monoidal structures linked
by a linear distributor. In this section we recall the Definition of LDCs.
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Definition 6.3.1. [77/ A linearly distributive category, (X,®,T,@, L) is a category
X consisting of:

e A monoidal structure (®, T, ag, ub, ul).
e A monoidal structure (@, L, ag, uf, ul).

e The tensor ® and the par (cotensor) @ are linked by the following natural trans-
formations which are called the left and the right linear distributors respectively:

AR (BaC)—= (A B)aC
V(Ao B)@C — A® (B (C)
satisfying the following coherence conditions:

e The assosicators and the unitors for the ® and the @ satisfy pentagon diagram
and unit diagram.

e Coherence conditions for unit natural transformations and linear distributors:
(a) o (uf@ ®1p) = ué@

T®(A® B)

| e

(T®A)e B A® B

ué@@lB
(b) ug = 0" (1@ ufy)
(c) 6" uly =uly @ 15

(d) 1®uf, =84 uly

(Lo A ®B—" 16 (A® B)

l

u

@
uly®1p l

A®B

e Coherences for associativity natural transformations and the distributors:

(a) ag; (14 ®d4);6' = 0% (ag ® 1p)
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(A B)® (C @ D)

AR (B® (Cae D))
l1A®6l
Bt A (B C)® D)

ly

(A B)®C)® D (AR (B (C))® D

ag®lp
(b) 0 (ag & 1) = ag; (1 ® d'); 0"
(c) 0";ae = (ag ® 1p);07; (1a ®J")
(d) (1®ag);d' =d"(1®0');aq
e Coherences between the left and the right linear distributors:
(@) 6" (1a @) =64 (0" D 1p);ag
(AeB)® (C & D)
/ \
(AeB)®C)® D) A® (B (Cae D))
(;T@le llAGB(sl

(A® (B C))@® D A® (BeC)® D)

a®
(b) ag; (1®d");0" = (6' ®1);6"

Definition 6.3.2. [17/ A symmetric LDC is an LDC in which both the tensor
products are symmetric, with symmetry maps cg and cg, such that 6% = cg; (1 ®
ca); 0% (ce @ 1); cq. For a symmetric LDC, the left linear distributor determines the
right linear distributor and vice versa.

[55, Defnition 2.8]

Definition 6.3.3. Suppose X is an LDC and A, B € X, then B is left dual (or
left linear adjoint) to A — or A is right dual (right linear adjoint) to B — written
(n,e) : B A, if there exists a unit map, n : T — B @ A and a counit map,
€: A® B — 1 such that the following diagrams commute:

BYLTeB Y Baosen A LisTPug(BoA)

| - X

B-zBOL~pBo(A0B) A< lod~(AoB)eAd

Ug
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A dual, (n,€) : A B such that A is both left and right dual of B, is called
a cyclic dual. In a symmetric LDC, every dual (n,€¢) : A+ B gives another dual
(nce, cpe) : BHA, which is obtained by twisting the wires using the symmetry map.
Thus, in a symmetric LDC, every dual is a cyclic dual.

Definition 6.3.4. [55, Defnition 2.11] An LDC in which every object has a chosen
left and right dual, respectively (nx,ex) : A* H A and (xn,*%€) : A4 *A, is a *-
autonomous category.

Remark 6.3.5. In the symmetric case a left dual gives a right dual using the sym-
metry.

Next, we revisit the definition of linear functors in LDCs. It is important to
note that this definition is similar to linear functors between linear bicategories, as
given in Definition [3.3.1] The key distinction lies in the fact that a linear functor
between LDCs is defined on objects, with ® and @ representing monoidal products.
In contrast, a linear functor between linear bicategories is defined on both 0-cells and
1-cells, where ® and é represent the compositions of two bicategories.

Definition 6.3.6. [I8, Definition 1] Let X and Y be LDCs. A linear functor F :
X — Y consists of

(i) A pair of functors F' = (Fg, Fip); where (Fg, mg, mT) : X = Y is monoidal with
respect to ® and (Fg,ng,ny) : X — Y is comonoidal with respect to &.

(ii) natural transformations:

Fg(A® B) = Fg(A) ® Fg(B)
Vg Fg(A® B) = Fy(A) ® Fy(B)
Vi Fp(A) ® Fp(B) = Fy(A® B)

Fy(A) ® Fg(B) = Fs(A® B)

such that the following coherence conditions hold:

[LF.1] (a) Fy(uk) =vE;(ny @ 1);ul
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(b) Fe(ul) =vi(1@®n,);ull
(c) Folug)™' = (ug) ™5 (mT @ 1)1
(d) Fo(ug)™t = (uf) ™ (mr @ 1);vg

[LF.2] (a) Fy(ae);vh; (1®vE) = vl (ne ©1);aq

Fo((A® B) @ 0) foleo) Fo(AS (Ba0))
Fuo(A® B) @ Fu(O) Fo(A) ® Fo(B® C)

nGBEBlﬂ \“{1@115

(Fo(A) @ Fs(B)) © Fg(C) === Fs(A) @ (Fs(B) @ F5(0))
(b) Fylag);vs; (1@ ng) = vi; (vh @ 1)5aq
(c) Folag);vs; (1@ ng) = ag; (1@ vE); (vE © 1);
(d) Fa(ag);vE; (1o vl) = vl (ng ®1);ae

[LF.3] (a) Fy(as);vg: (1@ vg) =vg; (vg @ 1)1aq

Fo(A® B) @ 0) fo(0) Fo(AS (Ba0))
Fuo(A® B) @ Fy(O) Fu(A) ® Fo(B® O)

(FalA) ® Fo(B)) ® Fo(C) = FulA) @ (Fa(B) ® Fy(C)
(b) (v ©1); vk Fo(as) = ag; (1® vk); vf

[LF.4] (a) (10 v8): 0% (W2 © 1) = me; Fo(64): vf



6. CARTESIAN LINEAR BICATEGORIES 113

R
1®V®

Fy(A)®@ Fg(Ba C)

m®ﬂ 6L

Fo(A® (B C)) (Fo(4) ® Fg(B)) @ F(C)

F®(6L)ﬂ, Vg@l

(b) (vh ®1);6% (1 ®vk) =me; Fe(6%); vk
(c) (1@vh);dh (v @1) = vk Fa(08);nk
(d) (ne ®1);0% (1@ vE) = vEFs(6");ne

[LE.5] (a) (1® v5);0% (mo ® 1) = ma; Fo(64); v

L
1®1/®

Fy(A) @ Fu(B® O) Fy(A) ® (Fe(B) © F(C))

m®ﬂ ﬂaL

Fe(A® (B C)) (Fa(4) ® Fg(B)) @ Fo (C)

F®(6L)ﬂ Hmca@l

(b) (W ®@1);6% (1@ mg) = me; Fe(d8); vk
(c) (1®@ng); % (E®1) = vl Fa(dh)ing
(d) (ne ®1);0% (1@ vE) = vk Fu(0%);ne

Definition 6.3.7. [I8, Definition 3] A linear transformation o : F' — G, between
linear functors F, G : X — Y consists of a pair of natural transformations a = (ag, ag)
such that ag : Fy — Gg is a monoidal transformation and ag : Go — Fy is a
comonoidal transformation satisfying the following coherence conditions:
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(i) ag; Vg; (ap 1) = Vg; (1®ag)

Fy(A® B) oo Ge(A @ B)

R

Fs(A) @ Fg(B) Gg(A) ® Gg(B)

M%

Fy(A) @ Gg(B)

(i) ag;vs; (1@ ag) =vh; (ag ® 1)
(it)) (1® ag);vk; (as) = (g @ 1); 05
(iv) (g ® 1); Vg; ag = (1® ag); l/g

Definition 6.3.8. [I8, Definition 17] An LDC X has linear terminal object if there
exist a linear constant functor 1 : 1 — X, with components 1 = (1,0) and a linear
transformation ! : idy = 1" : X — X with | = (19,1%). These must satisfy the usual
equation for a terminal object: Iy =id; : 1 = 1 : 1 — X where 1’ is the following
composition:

X =13 X

Lemma 6.3.9. [18, Lemma 18] If an LDC has a linear terminal object, then it has a
terminal object and an initial object in the usual sense, given by lg, 1o respectively.
For an object A € X, the unique maps

A ﬁ 1 and O & A
are given by '®(A) and !®(A) respectively.
Proposition 6.3.10. [18, Proposition 19] For an LDC, the following are equivalent:
(i) X has linear terminal object 1.

(i1) X has linear terminal object 1, an initial object 0, and these are distributive.
That is, 1 is preserved by & and 0 is preserved by ®:

035 A0 Aol1

are isomorphisms for any A € X.
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Definition 6.3.11. [I8, Definition 21/ An LDC X has linear binary products if there
exists a linear functor x : X x X — X with components Xy = X and Xy = + and
a linear transformations : Idy = Ax;Xg : X = X, with = (A, V), and 7; :

2
X = 7rix : X x X — X with m; = (p;, b;) for (i = 0,1). These these must satisfy the
universal property equations for cartesian products.

(Mo X ) =ddy i X = X X X X = X,
s =1dd:id —id: X —- X (i =0,1)

Lemma 6.3.12. [18, Lemma 22/ If an LDC X has linear products; then it has carte-
sian products and coproducts in the usual sense; given by Xg and Xg respectively. For
the products; the diagonal and the projections are given by ¢ and (m;)s respectively;
and for the coproducts the codiagonal and the injections are given by & and (m;)e;
respectively.

6.3.2 The Linear Bicategory of Matrices of a x-autonomous

LDC

Consider a linearly distributive category (X, ®, T, @, L) with linear products and

coproducts. Then we can form the linear bicategory Mat(X) as follows.

(1)
(2)

(5)

0-cells are small sets I, J, K, - --

For each pair of small sets (I, J) we define M € Mat(X)(/,J) as generalized
relation M : I — J which is a functor M : J x I — X. That is, 1-cells are

family (M(4,7)) esier of objects of X, We call these 1-cells matrices of objects
of X.

For matrices M : [ — J = (M(j,1))jesier and N : I — J = (N(J,1))jesicr,
2-cells are natural transformations o : M = N where its components are family
(a(g,4) : M(4,7) = N(J,1))jesier of morphisms of X,

For matrices M : I — J and N : J — K we define two compositions as follows:

M®N (k,i) = H M(j,1)®@N(k,j) where ® in the RHS is the monoidal product in X
jeJ

M&N (ki) = H M(j,i)®N(k,j) where @ in the RHS is the monoidal product in X
yey
Identities T and L4 are defined as follows:

T ife=17
Tx(i,7) =
x(i.7) {0 otherwise
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1 otherwise

Lo
LX@',@"):{ =t

where 0 and 1 are initial and terminal objects of linear coproduct and linear
product in X respectively. And T and L in the right hand sides are monoidal
identities in X with respect to ® and @ respectively.

Proposition 6.3.13. Show Mat(X) is a linear bicategory.
Proof:

(6) The vertical composition of 2-cells is the usual vertical composition of natural
transformations.

(7) The horizontal composition of 2-cells is defined as follows:

M N
3

1) WK
M’ N’

For any j € J, a(j,i) = M(j,i) — M'(j,i) and S(k,i) : N(k,j) — N'(k,j) we

define
a® Bk,i) = [[la(,i) @ Bk, j)]
jed
and similarly

0 B(k,i) = [[lalG,i) & Bk, )
jeJ
(8) Associator: we want to show matrices M : [ - J,N:J - Kand P: K — L
and V(l,7) € L x I we have the following equality:

M® (N®P)(,i) = (M®N)® P(,1).

M ® (N ® P)(l ]_!MJ, (J_[N(hj)@P(lak))
o j]g}}g(<M(j, i) ® (N(k,j) @ P<17/<7)))
NEE( i) @ N(k, 7)) ®P(Z,k)>
_ kHK(HJ )& N(k,j))) @ P(,k)

=(M®N)® P(l,1)
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Similarly, we get the associative law for the second composition &:

Ma (Na@ P H]M 4, 4) (kH N(k,j) & P(l,k))
NEE{(M (4,9) ® (N(k, j) & P(l, /f))>
NZIJKE< i) & N(k, ) @P(l,k))
E@ i) @ N(k,7))) @ P, k)

=(M@&N)a® P(l,7)

(9) Unitors: we want to show for matrix M : I — J and identity T;: [ — [ and
V(j,4) € J x I we have:

TreM@j,i) = (T, i) @ M3,i))

el

—(ToM(G)) [] ©MG)

i'el i
>~ M(j,i) []o
=~ M(j, i)

and similarly, we get M (j,i) ® T ; = M(j,4). For unitors of the other composi-
tion we have:
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(10) Distributors: we want to show matrices M : I — J, N : J — K and
P:K — Land V(l,i) € L x I we have the following equality:

M®@(Na&P)(l,i)=(MeN)® P(l,i).

M ® (N & P)( H]Mj, (]I[N(/f,j)@P(lak))
~ gg<M<j, i) ® (N(k.j) © P(,F)))
- kg(]a[]( i) © N(k, ) & P(L k)
ICE]_!{(]]J] i) ® N(k, g))) o P, k)

=(M®N)® P(l,17)

And similarly we get the other distributor.

Proposition 6.3.14. Let X be a symmetric x-autonomous LDC. Then the linear
bicategory Mat(X) has linear adjoints and it is *-autonomous.

Proof: It follows from the fact that every object in X has a left and right dual,
since X is symmetric x-autonomous category. i

In the following lemma, we demonstrate that the bicategory of maps in Rel is
embedded in the bicategory of maps in Matg (X).

Lemma 6.3.15. [1, Lemma 2.6.2] For X a linearly distributive category with lin-
ear finite products and coproducts, there is a locally faithful pseudofunctor Mg, :
Map(Relg) — Map(Matg (X)).

Proof: = We define
My, : Map(Relg) — Map(Matg (X))
I—1T
1, if f(i) =

(f il = J)= (Mf:Jx T —=X):=Mf(ji)= {0 otherwise
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1 P —
And M14(j,s) = { 1 i@ =] since bicategory of Map(Relgy) = Sety is a

lg, otherwise
discrete bicategory. Next we prove that M f is a ®-map. Define M f* . J — [ with
M f*(i,j) = M f(4,7). We must show V(i,i') € I x I, T;(i,i') = M f® Mf*(i,i).

I

o If i =i, then T,(i,7') = 1 and Mf® Mf*(i,i) = [1,c, Mf(j,i) © Mf(i, j)
Mf(f(i),i) @ Mf*(i, f(i) 21®1=1.

o If i # i/, then T;(i,¢') = 0 and M f@ M f*(i,i') = [1,c, Mf(j.))® Mf*(i', )
[0® Mf(f(i), )] LI[M f*(#', f(i')) ® 0] = 0.

I

1 £
Then we define: n(i,i') = Lo Z_ . For the count e: M f* @ M f — I, let
lg, otherwise

(7,7) € J x J.

e Then if j = j/, I,(j,7) = 1. If there exists an ¢ € I such that f(i) = j, then
Mf*® Mf(j,7) = 1, but, if there is no such i, M f*®@ M f(j,7) = 0.

o Ifj# 7, Mfr®@Mf(j,j") = Liey M0, ) @ Mf(5',0) =0 Vil

So we define

17, if j=7 = f(i) for some i€l
€(j.f)=31:0 1 if j=j = f(i) and Vi, f(i) # -
Ing otherwise

For the triangle identities we have :

() @ Mf = n'9) ® Lag(G.7) = Larp(,1) @ 1t = Largiin

el

Mf®e(j,i) =[] e d) @ Lars(7',0) = e(, ) © Lars (G, 7) © 11 = Laggir

j'er
11®117 lff@):]
~ {1y @lg i3 e, #iwith f(i') =
l®1g,  otherwise
N {11, if (i) = j

1lg, otherwise

= 1msia)-



6. CARTESIAN LINEAR BICATEGORIES 120

So (Mf®e)®(n®@Mf) =1y and similarly (e @ M f*) @ (M f*®@n) = Lps-.
We now show that Mg : Map(Relgy) — Map(Matg (X)) is fully faithful on 2-cells:

1 i £ —
for a function f : I — J and the matrix M f(j,7) =< if £(7) . jifv:Mf%Mf,
0, otherwise

Lo i A = i
then fy(j,i):{ 1 ) =] = M1y. i

lg, otherwise

Lemma 6.3.16. For X a linearly distributive category with linear finite products and
coproducts, there is a locally faithful pseudofunctor Mg : Map(Rely) — Map(Matg (X)).

Proof: Since Rel and Mat(X) are closed linear bicategories, and essentially -
autonomous, then we can define Mg, := (Mg((_)*))* which will be a locally faithful
pseudofunctor. |

Proposition 6.3.17. [, Proposition 2.6.3] For X a linearly distributive category
with linear finite products and coproducts, the hom-category Matg (X)(I, J) has finite
products.

Proof: We must show Matg(X)(7, J) has products and terminal object. De-
fine Ty, : I — J with Ty ,(j,4) = 1 for any (j,7) € J x I. Then for any matrix
M : I — J and for any (j,i7) € J x I there is a unique arrow «(j,i): M(j,i) — 1
where are components of a unique 2-cell o : M = T; ;. Next, for any pair of matrices
(M:I— JN:I—J)wedefine MXIN :I— Jas MR N(j,i) := M(j,i) x N(j,1)
V(4,4) € J x I where the product X in the right hand side is the linear product in X.
Moreover, we define the projections 7 : M XN = M and p: M X N = N by the
projections m(j,4) : M(j,))XIN(j,i) — M(j,4) and p(j,4) : M(j,i)®N(j,i) — N(j,1)
V(j,i) € J x I in X. |

Proposition 6.3.18. For X an LDC with linear finite products and coproducts, the
hom-category Matg) (X)(1, J) has finite products.

Proof:  we must show that Matg (X)(J, /) has binary coproducts and the initial
object. Define L, : J — I with L;(j,7) = 0 for any (j,7) € JxI. Then for any ma-
trix M : I — J and for any (j,i) € J x I there is a unique arrow 5(j,7): 0 — M (j, 1)
where are components of a unique 2-cell 8 : L;;; = M. Next, for any pair of matrices
(M:I— JN:I—J)wedefine MBN :I— Jas MBN(j,i) := M(j,i)+ N(j,1)
V(4,4) € IxI where the coproduct + in the right hand side is the linear coproduct in X.
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Moreover, we define the coprojections ¢ : M = MHEN and x: N = MHEN by the co-
projections ¢(7,4) : M(j,4) — M(j,9)BN(j,4) and x(j,7) : N(j,7) = M(j,))BN(j,1)
V(j,7) € J x I in X. i

In summary, We found that every hom-category in Matg(X) and Mat (X) has
finite products and coproducts, respectively. But, we don’t know if Map(Matg (X))
and Map(Matg (X)) have finite bicategorical products and finite bicategorical co-
products, respectively, and for this to be true we may need more conditions than X be-
ing cartesian. For example if the pseudofunctors Mg and Mg in[6.3.15]is moreover lo-
cally essential surjective, then this would imply that Map(Relg) = Map(Matg (X))
and Map(Rely) = Map(Mat (X)) and so Map(Matg (X)) and (Matg (X)) would
have finite bicategorical products and finite bicategorical coproducts, respectively.



Chapter 7

Knowledge Representation in The
Linear Bicategory of Relations

Knowledge representation (KR) is a branch of artificial intelligence that focuses
on creating computer models to represent information about the world and solve com-
plex problems. A key aspect of KR is the use of ontologies, which provide a structured
framework for defining entities, concepts, and relationships within a specific domain.
This structured organization enables computers to process, share, and reason about
complex information effectively. Various languages are used in KR, including SQL for
databases, RDF and OWL for building ontologies, and Semantic Nets (as discussed
in [I1]). Another notable language is the ontology log, or olog, introduced by Spivak
and Kent in 2011. An olog uses category theory to model real-world situations in
a structured way, further aiding in the organization and understanding of intricate
information.

A basic olog is a category where objects and arrows are labeled with real-world
English-language expressions to show their meanings. Objects represent types of
things, arrows show functional relationships (also known as aspects, attributes, or
observables), and commutative diagrams represent facts. Ologs offer a formal, pre-
cise, and user-friendly way to create and modify knowledge structures, providing
more flexibility than traditional database schemas. They help in forming conceptual
worldviews and can be extended or linked through functors to create larger networks,
enabling both local and global information integration [54].

A key challenge in designing knowledge representation formalisms is balancing
expressivity and tractability [38]. Expressivity is about how well a language can
represent detailed and complex information, while tractability is about how efficiently
that information can be processed and used. For example, first-order logic (FOL) is
highly expressive because it can represent a wide range of mathematical and logical
concepts, including relations, functions, and quantifiers. making it a benchmark for
evaluating the expressiveness of different knowledge representation languages.

122
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In this chapter, we first introduce an expressive olog called the linear relational
olog, a knowledge representation framework based on linear bicategory of relations
(see Definition . This work is inspired by the work of Evan Patterson for knowl-
edge representation in bicategories of relations [46]. Then, we will demonstrate a
correspondence between this olog and first-order logic. That is, first-order logic be-
comes an internal language of linear bicategory of relations. A similar study is also
presented in [10], but it differs from our approach to knowledge representation.

7.1 Linear Relational Olog

In this section, after reviewing how constructing relational ologs based on bicat-
egories of relations in by Patterson [46], we will extend this structure to linear
bicategories of relations. Recall that a bicategory of relations is a cartesian bicategory
that satisfies the Frobenius equations in [2.1.14] Patterson in [46] provides a general
recipe for constructing a categorical knowledge base. The procedure is as follows:

1. Select a doctrine: Choose a doctrine [44] corresponding to the concepts or pro-
cesses being represented. A doctrine is a collection of categories or higher-order
categories equipped with additional structures [46]. For example, in relational

olog, the selected doctrine is bicategories of relations [2.1.14]

2. Establish a finitary specification language: Develop a finitary specification
language for the chosen doctrine. That is, if the selected doctrine has as its
internal language some well-known logical system, that system could serve as a
specification language. For example, in relational olog, Patterson proved that
the internal language corresponding to the bicategory of relations is regular
logic as a fragment of first-order logic (see [46], Section 8, Appendix A]).

3. Define an ontology: Use the internal language to define an ontology. Mathe-
matically, this ontology is a finitely generated category within the chosen doc-
trine. In relational ologs, the given olog is:

Definition 7.1.1. [/6] A relational ontology log (or relational olog) is a finitely
presented bicategory of relations [2.1.14l In more detail, a relational olog is a
bicategory of relations B presented by:

e A finite set of basic types or 0-cells generators.

e A finite set of basic relations or 1-cells generators of form R : X — Y,
where X, Y are object expressions.

e A finite set of subsumption axioms or 2-cells generators of form R = S,
where R, S are well-formed morphism expressions with the same domain
and codomain.
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We first recall the definition of a linear bicategory of relations, as outlined in
in Chapter [5] A linear bicategory of relations is a closed cartesian linear bicategory
that satisfies the Frobenius equations [5.3.1]

Definition 7.1.2. A locally ordered closed cartesian linear bicategory is called a
linear bicategory of relations (LinBiRel), if every 0-cell is discrete. In other words,
this definition provides us two bicategories of relations (B, ®, T) and (B“, &, L) where
they are linked by linear setting.

Based on the top recipe, we select the doctrine of the linear bicategories of
relations[5.3.2] Then, we will see that our definition of a linear bicategory of relations
includes two bicategories of relations, (B,®, T) and (B“,®, L). These structures
correspond to two complementary parts of FOL: (B, ®, T) represents the existential
conjunctive fragment, while (B, @, L) represents the universal disjunctive fragment.
So, as we will prove in the next section, the internal language corresponding to a
linear bicategory of relations will be first-order logic. Finally, we define the linear
relational ontology log as follows.

Definition 7.1.3. A linear relational ontology log (or linear relational olog) is a
finitely presented linear bicategory of relations. In more detail, a linear relational
olog is a linear bicategory of relations B presented by

e a finite set of basic types or 0-cells generators;

e a finite set of basic relations or 1-cells generators of form R : X — Y, where
X,Y are object expressions;

e a finite set of subsumption axioms or 2-cells generators of form R = S, where
R, S are well-formed morphism expressions with the same domain and codomain.

7.1.1 Example

As Patterson introduced the framework of relational ologs based on the bicate-
gories of relations in [46], he mentioned that there are certain inherent limitations in
expressing specific constraints within the current relational ologs. For example, we
were to take our ontology more rigorously. In that case, we might want to eliminate
the concept of “frenemies” by stating that the “friend of” and “enemy of” relations
are mutually exclusive. This was not feasible because we could not represent the
empty relation. Additionally, we could not express unions, which prevents us from
declaring that the “parent of” relation is a combination of the “mother of” and “father
of” relations.

To overcome these limitations, he introduced a more expressive relational olog
called distributive relational ologs, which is based on the union bicategory of relations
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[46, Section 9.2]. In this framework, the empty relation, union relation, and negation
are expressible, corresponding to the coherent logic as a fragment of first-order logic.

By utilizing a linear relational olog, we aim to demonstrate an alternative method
to express negation and union.

In this section, we aim to present the features of linear ologs in a manner that is
accessible and driven by examples. In a borrowed example, we demonstrate that the
abstract structure of a linear bicategory of relations provides an expressive language
for representing knowledge. The examples we will present are based on the example
of “Friend of a friend” from [46].

The “Friend of a friend” (FOAF) ontology is a conceptual framework used to
describe relationships between people and organizations.

e Basic Types and Relations: The ontology consists of the following basic
types:
— Person
— Organization
— Number

— String
Here are the essential relations defined in the ontology:

— knows: A relation between two persons (Person — Person)

— member of: A relation between a person and an organization (Person —
Organization)

— friend of: A more specific relation indicating a friendship between two
persons (Person — Person)

— works at: A relation indicating employment between a person and an
organization (Person — Organization)

e Composition of Relations: The FOAF ontology introduces a composite re-
lation, “friend of a friend,” which is formed by chaining two “friend of” relations:

— friend of friend of: This relation signifies that if Alice is a friend of Bob,
and Bob is a friend of Carol, then Alice is a friend of a friend of Carol.

Moreover, the relation “grandparent” or “grandchild” are examples of composi-
tions “parent of parent of” and “child of child of” respectively. And dually we
get the other composition.

e Subsumption and Symmetry: Some relations are subsumed by others. For
example:
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— friend of subsumes knows: If Alice is a friend of Bob, then Alice knows
Bob.
friend of = knows

— The knows relation is declared symmetric: If Alice knows Bob, then Bob
knows Alice.
knows = knows®

e Additional Relations:
— age: Associates a person with a number representing their age (Person —
Number)
— family name and given name: Associate a person with their last and

first names respectively (Person — String)

These relations are treated as total functions, meaning they assign exactly one
value to each person.

e Enemy and Frenemy Relations: To add more complexity, the ontology
includes:

— enemy of: A relation indicating enmity between two persons (Person —
Person)

— frenemy of: A composite relation representing the intersection of “friend
of” and “enemy of”:

frenemy of := friend of A enemy of

e Family Relations: The ontology models basic family relationships:
— child of: A relation indicating that one person is the child of another
(Person — Person)

— parent of: The inverse of “child of

parent of := (child of)*

— ancestor of: A transitive relation indicating that one person is an ancestor
of another. This relation is:

* Reflexive: Every person is their own ancestor.

x Antisymmetric: If two people are both ancestors and descendants of
each other, they are the same person.

ancestor of ancestor of = (ancestor of)
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e Salary: In the FOAF ontology, the concept of a salary is modeled as a ternary
relation with the signature:

salary : Person x Organization — Number

This relation is a partial function. Its domain is characterized by the equation:

salary = works at

This implies that a person works at an organization if and only if they draw a
salary from that organization. This definition can also be interpreted inversely,
where the “works at” relation is defined by the existence of a salary.

e Organization: The ontology includes the relation works at, which links a
person to an organization. This is denoted as:

works at : Person — Organization

This relation can be further elaborated by the association with the salary re-
lation, indicating that the employment status is confirmed by the drawing of a
salary.

e Colleague: A colleague in the FOAF ontology is defined as a person you
know and with whom you share membership in an organization. The formal
definition uses the relations “knows” and “member of”:

colleague of := knows A (member of)

Given the symmetry of the “knows” relation, it can be proven that the “colleague
of” relation is also symmetric:

knows(z, y) = knows(y, x)

Thus, if Alice is a colleague of Bob, Bob is also a colleague of Alice, provided
they both are members of the same organization.

e Negation: We know that negation of any relation R : X — Y in the linear
bicategory Rel is complement ineverse Rt : Y — X := (R*)°. So, as an
expressive example of negation in linear linear relational olog consider “biological
parenting” relation between two persons which is a function. Then its negation
1s:

(parent of)* := not child of

which is not a function.
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e Union: The relation that indicates a person is “parent of” another person is
disjunction or union of the relations indicating this person is “father of” or
“mother of” another person.

The FOAF ontology is a powerful and intuitive framework for representing social
relationships and attributes in a structured manner.

7.2 First-Order Logic and The Linear Bicategory of
Relations

Patterson in [46] demonstrated that there is a correspondence between bicate-
gories of relations and specific fragments of first-order logic. Regular logic (a frag-
ment of first-order logic) can be effectively modelled using bicategories of relations.
This correspondence enables the transfer of tools and techniques between categorical
frameworks and logical systems, enriching the theoretical foundations and practical
applications of both fields [46].

From a logical perspective, our definition of a linear bicategory of relations in-
cludes two bicategory of relations, (B, ®, T) and (B“,@®, L). These structures corre-
spond to two complementary components of FOL: (B, ®, T) represents the existen-
tial conjunctive fragment (regular logic), while (B“,®, L) represents the universal
disjunctive fragment (coregular logic).

We begin by defining a formal system for first-order logic, utilizing the syntax
and proof system from [2] 29]

Definition 7.2.1. [29, Definition 1.1.1]. A (first-order) signature 3 consists of the
following data

a A set X-Sort of sorts which we write generically as A, B, Ay, By, - - -

b A set ¥-Fun of function symbols, together with a map assigning to each f €
3} — Fun its type, which consists of a finite non-empty list of sorts: we write

fiA--A,— B

to indicate that f has type (A, -+, A4,,B) (if n =0, f is called a constant of
sort B).

¢ A set ¥ —Rel of relation symbols, together with a map assigning to each > — Rel
its type, which consists of a finite list of sorts: we write:

R— A ---A,

to indicate that R has type (A; --- A,). Similar to Patterson in [46], we use the
vector notation A := (A4;---A,). To indicate that the relation symbol R has
the types A, we denote it as R: Aor R: (Ay, -+, A,).
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Definition 7.2.2. [20, Definition 1.1.2]/ Let ¥ be a signature. The collection of
terms over Y is defined recursively by the clauses below; simultaneously, we define
the sort of each term and write ¢ : A to denote that t is a term of sort A

e 1 : A, if z is a variable of sort A.

o f(ty, -+ ,ty): Bif f:A;--+-A, = B is a function symbol and ¢; : Ay, -+ &, :
A,.

Definition 7.2.3. [2d, Definition 1.1.3] Consider the following formation rules for
recursively building classes of formulae F' over X, together with, for each formula ¢,
the (finite) set F'V (¢) of free variables of ¢.

1. Relations: R(ty,--- ,t,) is in F, if R — A;--- A, is a relation symbol and
(t1 : A1,--- ,t, : A,) are terms; the free variables of this formula are all the
variables occurring in some ;.

2. Equality: (s =t) isin F' if s and t are terms of the same sort; F'V (s = t) is
the set of variables occurring in s or ¢ (or both).

3. Truth: T isin F; FV(T) = 0.

4. Binary conjunction: (¢ A1) is in F, if ¢ and ¢ are in F'; FV (¢ A ) =
FV(¢) U FV ().

5. Falsity: 1 isin F'; FV(L) =0.

6. Binary disjunction: (¢ V ¢) is in F, if ¢ and ¢ are in F; FV (¢ V ¢) =
FV(¢)U FV ().

7. Implication: (¢ = ¢) isin F, if ¢ and ¢ are in F; FV (¢ = ) = FV(¢) U
FV ().

8. Negation: —¢ isin F, if ¢ is in F'; FV (—~¢) = FV(¢)

9. Existential quantification: (3z)¢ is in F, if ¢ is in F' and z is a variable;

FV((3r)¢) = FV(¢) x.

10. Universal quantification: (Vz)¢ is in F, if ¢ is in F' and x is a variable;
FV((¥2)6) = FV(@) .

11. Infinitary disjunction:\/,_; ¢; is in F, if I is a set, ¢; is in F for each i € I

and (J,.; F'V(¢;) is finite. in which case the later set is F'V (\/,.; ).

12. Infinitary conjunction:\, ., ¢; is in F, if I is a set, ¢; is in F’ for each i € I
and (J,.; F'V(¢;) is finite. in which case the later set is F'V(A,;c; ¢i)-

il
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Definition 7.2.4 (Deduction systems (structural rules) for first-order logic).

[29] The structural rules consist of:

1. Identity:
o )

2. Substitution:

x:AlokFy T |t:A

U | ¢lt/x] b= [t/x]

. Equality:
ohr=x (z=y) Aok ly/z]

. Truth:

o T
. Falsity:

I )
. Conjunction (finite):

oY ok x
pEYAX

AP PpAYEY

. Disjunction (finite):

oEx  YEx
dVYEx

pRoVY YoV

. Existential quantifier:

Cz:A|loFW
T [ (Gz:Ag)F o

. Universal quantifier:

Cox:AlokFv
T | F (Vz: A
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10. Implication:

PAY X
o (Y= x)

11. Distributivity:
SN (WVX)E (@AY V(P AX)

12. Frobenious:
CloAn@: AY)ETz: A (pNY) [z ¢T]

Definition 7.2.5. [29, Definition 1.1.4] A context is a finite list ' =z : A = (21 :
Ay, 90 Ag, -+ -z, 0 Ay) of distinet variables (types). In the case where n = 0, we have
an empty context ().

Definition 7.2.6. [29, Definition 1.1.4] A sequent over a signature ¥ is a formal
expression of the form (¢ Fr ) (or equivalently I' | ¢ F 1), where ¢ and v are formulae
over ¥ and I' is a context suitable for both of them. The intended interpretation of
this expression is that 1 is a logical consequence of ¢ in the context I'; i.e. that any
assignment of individual values to the variables in I' which makes ¢ true will also
make 1 true.

Definition 7.2.7. [29, Definition 1.1.6] A first-order theory is defined by a set T of
sequents over Y, whose elements are called the (non-logical) axioms of T and written
as ¢ Jr 1. a formula ¢ entails ¢, written T'|¢ 1 1, if the sequent T'| ¢ F @ is
deducible from the axioms of T using the inference rules of first-order logic. In this
case we say that the sequent I'| ¢ - ¢ is an entailment or theorem of T.

We will now begin to explore the relationship between linear bicategories of
relations and first-order logic by constructing the classifying category for a first-order
theory. A classifying category for a first-order theory is a categorical framework that
captures the logical structure of the theory. It acts as a link between the syntactic
elements of first-order logic, such as formulas and proofs, and their corresponding
interpretations in category theory.

Definition 7.2.8. The classifying category of a first-order theory T, denoted CI(T),
is the linear bicategory of relations whose objects are finite lists of basic types A :
(Ay, -, Ap).

Given a context I' = z : A, we also write [['] := A. Its morphisms A — B are
equivalence classes of formulas in context,

[z: Ay B¢

where the equivalence relation ~ is defined by
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(x:Ay:Bl¢)~ (@ : Ay :B|¢) iff w:Ay:B|¢-A-r dx/a' y/y].

whose 2-cells are the theorems of T. In other words, the 2-cells in CI(T) are the
entailments of T:
[T ¢] = [T @] = T, 1@ by b,

In the context (I';T”), the semicolon acts as an extralogical marker, separating
the context into the domain [I'] and the codomain [I'] of the morphism [I';I7, ], ¢].

Lemma 7.2.9. The classifying category CU(T) of a first-order theory T is a linear
bicategory of relations.

Proof:

e Compositions of morphisms:

[z:Ay:B|o|®[y:B;z:C|¢]:=[x:Az:C|Jy:B. ¢ AN
z: Ay Bl ¢|@y:B;z:C |y :=[x:A;2:C|Vy:B. V]

e Identities:
Ta=z: A2 A|x=1]

la=[z: A2 A|x#2

e Tensor product with respect ® is defined on objects by AOB := (A, B) and on
morphisms by:

[ A | ¢]Og A" | 6] := [T, TS A A | ¢ A Y]

e Cotensor product with respect @ is defined on objects again by AOB := (A, B)
and on morphisms by:

A | @06 [T A" | @] := [0, T A, Ag V]

e Unit: The empty list

1:=0)

e Braidings:
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e Diagonals with respect to ®:
Api=lz: Az A" A (z=2")N(x=2"))
ta:=[z:A|T]
e Diagonals with respect to ®:
Va=lz: A"t A" D A (e £ 2") v (x # 2")]
eqa:=[L]x:A

Now, we must show that (Cl(T),®,0g, ) forms a locally ordered cartesian bicate-
gory, as established in [46, Appendix A|. Additionally, we must show that (CI(T)*, @, g, I)
also constitutes a cartesian locally ordered bicategory, which can be derived as the
dual of the cartesian structure on (CI(T),®,dg, I) through the use of negation. Fi-
nally, we get the distributivity of compositions like the distributivity of compositions
in Rel and similarly for products. i

Next, we construct the internal language of a linear bicategory of relations.

Definition 7.2.10. An interpretation or model of a signature in a linear bicategory
of relations B is specified by

e For every basic type [A], an object of B.

e For every function symbol f : A — B is interpreted as a morphism [f] : [A] —
[B] of Map(B).

e For every relation symbol R : (Ay, Ag,- -+, A,), a morphism [R] : [A] — I of
B, where we define [A] := [A;] O [A2] --- O [A,].

If ' ==z : Ais a context, we also write [T'] := [A].

Lemma 7.2.11. Let [.] be an interpretation of a first-order theory T in a linear
bicategory of relations B. For every theorem

F|_T¢ Of T7

there 1s a 2-cell

[Cle] = [Tl¢] in B
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Proof: The proof proceeds by induction on the derivation of a theorem in T.
According to the definition of an interpretation, every axiom of T holds in B. Thus,
it is sufficient to demonstrate that each inference rule of first-oder logic holds. Proofs
of the identity, substitution, equality, truth, existential quantifier, frobenius and con-
junction are given in [46, Appendix A]. The remaining rules are given by:

e Disjunction: If [I; IV | ¢] = [TV | ¥] and [I5T | ¢] = [I;17 | x], then
[ vl = Ve ([T [ 4] B ([T [ xD eV
e Falsity:
[T ] L] = efry © €qry

e Universal quantifier: Dual to existential quantifier.

Definition 7.2.12. The internal language of a small linear bicategory of relations B
is the first-order theory Lang(B) defined as follows. Its signature consists of:

e For every O-cell A € B, a basic type A.

e A basic function symbol f : A — B, for every pair of types (A, B) and every a
morphism [f] : [A] — [B] of Map(B),

e A relation symbol R : (Ay,--- A,) for every morphism R : A;00---0OA, — I of
5.

A sequent I'| ¢ - 9 is considered an axiom of Lang(B) if and only if [T'|¢] = [I'|¢]
holds in B, where [.] denotes the natural interpretation of the signature of Lang(B)
in B.

Remark 7.2.13. The expressiveness of the internal language remains unchanged
by adding function symbols for the maps since each map is already considered as a
relation symbol.

Theorem 7.2.14. For every small linear bicategory of relations B, there is an equiv-
alence of categories
Cl(Lang(B)) ~ B in LinBiRel
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Proof:  To establish the equivalence, it is enough to construct a structure-preserving
functor F' : Cl(Lang(B)) — B that is full, faithful, and essentially surjective on ob-
jects. Define the functor F' on objects by

F(A) = [A] = [A] D [A] O--- O [A4],

where A = (Ay, -+, A,)and each A; is a basic type of Lang(B). f ' =z : Ais a
context, we also write F'(I') := [I']. And on morphisms [I;I"|¢] : [I'] — [I”] define
F by:

P[5I ¢]) = [T 0] - F(I) — F(IY).

The proof that F' is well-defined and possesses the necessary properties follows the
sketched proof in |46l Appendix A and their corresponding dualities. |



Chapter 8

Conclusion

In this thesis, we started a journey from bicategories to develop the notion of
cartesian linear bicategories. We have explored the structures and notions surround-
ing cartesian bicategories and linear bicategories. We began by examining the founda-
tional work on cartesian bicategories by Carboni and Walters in [14], who extended
the concept of cartesian categories to bicategories and illustrated their symmetric
monoidal structure. A pivotal aspect of our study on cartesian bicategories involved
applying these theories to ()-Rel, the bicategory of quantale-valued relations. Al-
though @Q-Rel generally does not form cartesian bicategories, under specific condi-
tions, such as when the quantale is a locale, it does. This discovery, together with
the work of Blute, Kudzman-Blais and Niefield in [9] where they proved @Q-Rel is a
linear bicategory if () is a Girard quantale led us later to present ()-Rel as a cartesian
linear bicategory when @) is a Girard locale.

Our first study on cartesian linear bicategories focused on using cyclic linear
adjoints and linear bicategorical products in our initial structure. In our proposed
structure, we realized that this structure does not characterize our primary example,
the linear bicategory Rel of sets and relations and consequently, we did not have
a characterization theorem similar to Carboni and Walters in [I4]. So, this made
us shift our study in another direction where we can characterize Rel and have a
characterization theorem similar to cartesian bicategories in [14]. This study charac-
terized by two symmetric monoidal structures linked by linear distributions of a linear
pseudofunctor. This structure, similar to the Carboni and Walters characterization
for locally ordered bicategories, allows for exploring non-locally ordered cartesian lin-
ear bicategories. Finally, we introduced the concept of knowledge representation in
linear bicategories of relations, drawing connections between categorical frameworks
and logical systems, thereby enhancing both theoretical and practical applications.

We discovered that, like cartesian bicategories, cartesian linear bicategories in-
herit the complexities of the cartesian structure of bicategories. To summarize the
definition of cartesian linear bicategories, a linear bicategory B is said to be cartesian

136
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if:

(1) Map(Bg) and Map(Bg) have finite bicategorical products and coproducts,
respectively, and they share the same (co)product on 0-cells.

(2) Hom-categories Bg(X,Y') and Bg (X,Y) have finite products and coproducts,
respectively, which are denoted by A and V, respectively.

(3) Certain derived lax functors X : Bg X Bg — Bg and I : 13 — Bg and derived
colax functors H : By x By — Bg and I : 1 — By, extending the shared 0-cell
in Map(Bg) and Map(Bg), are components of linear pseudofunctors.

At first sight, it appears that we duplicated the structure of cartesian bicategories
by adding a corresponding cartesian structure with respect to the composition &.
However, this is not entirely accurate. We want to emphasize an essential property of
this definition that might be overlooked. In the first item of the definition of cartesian
linear bicategories, we require Map(Bg) and Map(Bg) to have finite bicategorical
products and coproducts, respectively, and these two full sub-bicategories share the
same (co)products on O-cells. This reflects the definition of cartesian bicategories and
allows us to derive the lax and colax functors mentioned in item (3) of the definition
of cartesian linear bicategories. These functors also share the same values on 0-cells,
enabling us to define them as components of a linear pseudofunctor, since in linear
functors, the two components share the same value on 0-cells.

Our exploration of cartesian linear bicategories has highlighted several key chal-
lenges and areas for further research. The development of more examples, mainly
non-locally ordered ones, remains an open question. Additionally, as discussed in
Chapter @, the requirement for finite bicategorical products in Map(Bg) and finite
bicategorical coproducts in Map(Bg), in the first item of the definition of carte-
sian linear bicategories presents significant complexity. As observed in Chapter [6]
verifying these finite bicategorical products in Map(Matg (X)) and coproducts in
Map(Matg (X)) was not straightforward, and understanding (co)products in the bi-
categorical sense is far from trivial. So, finding more examples in non-locally cases
can be an issue.

One of the questions that will arise after studying cartesian linear bicategories
is whether applying a linear construction to a degenerate structure (where ® = @),
such as Frobenius algebras, will result in cartesian linear Frobenius algebras.

Another possible project involves developing the theory of linear double cate-
gories and cartesian linear double categories. First, we can focus on bicategories that
can be viewed as (pseudo) double categories with all identity arrows, then extend it
to general double categories. A crucial tool for this development is the definition of
linear pullbacks, which can be derived from the notion of linear limits discussed in
Chapter [6]
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In conclusion, the theory of linear bicategories still needs to be developed more
than that of bicategories. Over the past years, category theorists have predominantly
favoured 2-categories, bicategories and double categories, for developing category the-
ory in higher dimensions. However, linear bicategories have recently garnered atten-
tion in [9] by finding more interesting models for them. We hope that the work
presented in this thesis will serve as a valuable resource in this context.



Appendix A

Monoidal Bicategories

This appendix provides an overview of symmetric monoidal bicategories as de-
fined in [58]. We are thankful to Michael Stay for graciously granting permission
to reproduce his work, including his beautifully crafted diagrams. Furthermore, in
Chapter [3| we extend this structure to linear contexts by introducing the concept of
symmetric monoidal structures in linear bicategories.

A.1 Monoidal Bicategory

for a given morphism f, any two choices of data (g,e,i) making f an adjoint
equivalence are canonically isomorphic, so any choice is as good as any other. When
f, g form an adjoint equivalence, we write g = f*. Any equivalence can be improved
to an adjoint equivalence.

We can often take a 2-morphism and “reverse” one of its edges. Given objects
A, B,C and D, morphisms f: A—C,g:C — D,h: D — B,j: A— B such that h
is an adjoint equivalence, and a 2-morphism

we can get a new 2-morphism

139
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(H@) o f)lenogo f)h* o) :h* o j=go f,

J i

TN RN

A Ja . B - A
f\c D/Ueh\D f\A e

g

where e, : h®* o h = 1 is the 2-morphism from the equivalence. We denote such
variations of a 2-morphism by adding numeric subscripts; the number simply records
the order in which we introduce them, not any information about the particular
variation.

Definition A.1.1. A monoidal bicategory M is a bicategory in which we can “mul-
tiply” objects. It consists of the following:

e A bicategory M.

e A tensor product functor ® : M x M — M. This functor involves an invertible
“tensorator” 2-morphism (f ® g) o (f'® ¢') = (f o f') ® (g o ¢’) which we
elide in most of the coherence equations below. The coherence theorem for
monoidal bicategories implies that any 2-morphism involving the tensorator is
the same no matter how it is inserted [22], Remark 3.1.6, so like the associator
for composition of 1-morphisms, we leave it out.

The Stasheff polytopes [50, 57| are a series of geometric figures whose vertices
enumerate the ways to parenthesize the tensor product of n objects, so the
number of vertices is given by the Catalan numbers; for each polytope, we have
a corresponding (n — 2)-morphism of the same shape with directed edges and
faces:

1. The tensor product of one object A is the one object A itself.
2. The tensor product of two objects A and B is the one object A ® B.

3. There are two ways to parenthesize the product of three objects, so we
have an associator adjoint equivalence pseudonatural in A, B, C

a:(AB)C —A® (Ba ()

for moving parentheses from the left pair, where (A ® B) ® C' is denotes
the functor
®o(®x1): M*>— M,

and similarly for A ® (B ® C).
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4. There are five ways to parenthesize the product of four objects, so we have
a pentagonator invertible modification 7 relating the two different ways of
moving parentheses from being clustered at the left to being clustered at
the right. (Mnemonic: Pink Pentagonator.)

(AB)(CD)
~ )
((AB)C)D
aD Tt A(B(CD))
(ABO)D y
2 8
A((BC)D)

5. There are fourteen ways to parenthesize the product of five objects, so
we have an associahedron equation of modifications with fourteen vertices
relating the various ways of getting from the parentheses clustered at the
left to clustered at the right.

The associahedron is a cube with three of its edges bevelled, and yields
the equation (SM1):
(SM1.a) = (SM1.b)

where the pasting diagram (SM1.a) and (SM1.b) are depicted in Figures
1 and 2, respectively. This holds in the bicategory M, where we have used
juxtaposition instead of ® for brevity and the unmarked 2-morphisms are
instances of pseudonaturality invertible modification for the association.
(Mnemonic for the rectangular invertible modifications: GReen conGRu-
ences.)
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A((B(CD))E) Aa
A(B((CD)E))
“Ba)
A(B(C(DE)))
Y An
Aa
A((BC)(DE))
(A((BC)D)E .
N T
aE
a N
((A(BC))D)E
@D)EN a
(((AB)C)D)E o (AB)(C(DE))

} (A(BC))(DE)
a a(DE)\

a

((AB)C)(DE)

Figure A.1: Pasting diagram for axiom SM1.a

e Just as in any monoid there is an identity element 1, in every monoidal bicat-
egory there is a monoidal unit object I. Associated to the monoidal unit are a

series of morphisms—one of each dimension—that express how
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A((B(CD)E) _ Aa

T
a A(B((CD)E))
“‘Ba)

(A(B(CD)E
A(B(C(DE)))
(Aa)E
Ny T
aFE a
(A((BC)D)E .
= nE
((AB)(CD))E
akE \
(ABY(CD)E)
aE
(A(BC)D)E (AB)\
(@D)EN I =
((AB)C)D)E (AB)(C(DE))
\ /
((AB)C)(DE)

Figure A.2: Pasting diagram for axiom SM1.b

to “cancel” the unit in a product. Each morphism of dimension n > 0 has two
Stasheff polytopes of dimensions n — 1 as “subcells”, one for parenthesizing n+ 1
objects and the other for parenthesizing the n objects left over after cancellation.
There are n 4+ 1 ways to insert I into n objects, so there are n + 1 morphisms
of dimension n.

1. There is one monoidal unit object I.

2. There are two unitors adjoint equivalences [ ad r that are pseudonatural
in A. The Stasheff polytopes for two objects and for one object are both



A. MONOIDAL BICATEGORIES 144

points, so the unitors are line segments joining them.

[:IT®A—A and 7: A1 — A

3. There are three 2-unitor invertible modification A, u and p. The Stashef
polytope for three objects is a line segment, and the Stasheff polytope for
two objects is a point. so these modifications are triangles. (Mnemonic:
Umber Unitor.)

(IA)B
IB =1 I(AB)

AB

(ADB

8| DU A(IB)

AB Al

(AB)I

Flo=p A(BI)

AB Ar

4. There are four equations of modifications: (SM2.i),(SM2.ii), (SM2.iii), and
(SM.iv), which are depicted in Figures C.3 through C.6. The Stasheff
polytope for four objects is a pentagon. The Stasheff polytope for three
objects is a line segment, so these equations are irregular prisms with seven
vertices. For monoidal bicategories equations (SM2.iii) and (SM2.iv) are
redundant, being implied by the notion, such as monoidal triacategories.
These equations would become isomorphism, which is what happens in
Trimble’s notion of tetracategoriy.
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(Anc)b —* AncoD) (Ancb —* AnCcD)

rHCD) (rC)D rHCD)

a
7H 71Al
a
ab fir A(I(CD)) - A(CD) = aD |fu'D (AC)D ———— A(CD)
/ \\7 / /
Aa =

A(ID) (ADD A(ID)

Aalc)D — A(UIC)D) (A(IC)D — A((IC)D)

Figure A.3: Axiom SM2.i

(AB)(ID) ___% A(BUD)) (AB)(ID) —* A(B(ID))
a
((AB)DD ftr Aa | TAx A(BD) = ((AB)[)D —> (AB)D - A(BD)
\. / \ 7 /
aD =
A(rD) (Ar)D A(rD)
(A(BD)D — A((BDD) (A(BD)D — A((BI)D)

Figure A.4: Axiom SM2.ii
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((IBYC)D _* (IB)(CD) (IB)C)D -4 (IB)(CD)
I(CD) (Ic)D (IC)D
aD
,1-113
(I(BC))D ftr al tal B(CD) = I(BC)D —> (BC)D 4 B(CD)
!
a
I I
I((BC)D) 1—> I(B(CD)) I((BC)D) —> I(B(CD))
a

Figure A.5: Axiom SM2.iii

(AB)(CI) —* A(B(CD) (AB)(CD) - A(B(CD)
A(Br) (AB)r A(Br)
Aa
T Ap
Ar a
a Tt A((BCO)) — A(BC) = a Tp (AB)C A(BC)
RP
r
(AB)O)I —I> (A(BCY)I (ABYO)I —> (A(BO)HI
a

Figure A.6: Axiom SM2.iv

A.2 Braided Monoidal Bicategory

Definition A.2.1. A braided monoidal bicategory M is a monoidal bicategory in
which objects can be moved past each other. A braided monoidal bicategory consists
of the following:

e A monoidal bicategory M

e A series of morphisms for “shuffling”.

Definition A.2.2. A shuffle of a list A = (Ay,...,A,) into a list a list B =
(Bi, ..., By) inserts each element of A into B such that if 0 <i < j <n+ 1 then A;
appears to the left of A;.
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An “(n, k)-shuffle polytope” is an n-dimensional polytope whose vertices are all
the different shuffies of an n-element list into k-element list; there are ("Zk) ways to
do this. General shuffle polytopes were defined by Kapronov and Voevodsky [32]. As
with the Stasheff polytopes, we have morphisms of the same shape as (n, k)-shuffle

polytopes with directed edges and faces.

e (n=1,k=1): (") =2, so this polytope has two vertices, (A, B) and (B, A).
It has a single edge, which we call a “braiding”, which encodes how A moves
past B. It is an adjoint equivalence pseudonatural in A, B.

b: AB — BA

e (n=1k=2): (HQ) = (QJ{l) = 3, so so whenever the associator is the identity—
e.g. in a braided strictly monoidal bicategory—these polytopes are triangles,
invertible modifications whose edges are the directed (1, 1) polytope, the braid-

ing.

BCA ABC

VY

When the associator is not the identity, the triangles’ vertices get replaced with
associators, effectively truncating them, and we are left with hexagon invertible
modifications. (Mnemonic: Blue Braiding.)

A(BC) -2 (BO)A (AB)C " C(AB)
(AB)C U R B(CA) A(BC) us (CA)B

N

(BAYC — B(AC) A(CB) . (AC)B
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e (n=3,k=1)and (n=1k=23): (°") = ('1%) =4, so in a braided strictly

monoidal bicategory, these polytopes are tetrahedra whose faces are the (2,1)
polytope.

Again, when the associator is not the identity, the vertices get truncated, this
time being replaced by pentagonators; as a side-effect, four of the six edges are
also beveled.

Equation (SM3.i) governs shuffling one object A into three objects B, C, D:

(SM3.i.a) = (SM3.i.b)

where the pasting diagrams (SM3.i.a) and (SM3.i.b) are depicted in Figures 7
and 8, respectively. Equation (SM3.ii) governs shuffling three objects A, B, C
into one object D:

(SM3.ii.a) = (SM3.ii.b)

where the pasting diagrams (SM3.ii.a) and (SM3.ii.b) are depicted in Figures 9
and 10, respectively.

e (n =2,k = 2): (2;2) = 6; in a braided strictly monoidal bicategory, this
polytope is composed mostly of (2,1) triangles, but there is a pair of braidings
that commute, so one face is a square.
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4 N

When the associator is not the identity, the six vertices get truncated and six

of the edges get beveled.

Equation (SM4) governs shuffling two objects A, B into two objects C, D:

(SM4.a) = (SMA4.b)

where pasting diagrams (SM4.a) and (SM4.b) are depicted in Figures 11 and
12, respectively.

e The Breen polytope. In a braided monoidal category, the Yang-Baxter equations
hold; there are two fundamentally distinct proofs of this fact.

BCA

Bb \bA
BAC BAC . CBA
Ch
b

ABC CAB ABC CAB
B Ab\ /bB

b

In a braided strictly monoidal bicategory, the two proofs become the front and
back face of another coherence law (SM5) governing the interaction of the (2, 1)-
shuffle polytopes; when the associator is nontrivial, the vertices get truncated:

(SM5.a) = (SM5.b)
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where pasting diagrams (SM5.a) and (SM5.b) are depicted in Figures 13 and
14, respectively.

That the coherence law is necessary was something of a surprise: Kapranov and
Voevodsky did not include it in their definition of braided semistrict monoidal
2-categories; Breen [12] corrected the definition.

(A(BC)D

aD a
I
((AB)C)D ~ a - A((BC)D)
a P>O'

(AB)(CD) A(B(CD))

(bC)D b
b(CD)
((BAYC)D & o ((BOD)A
(BA)(CD) (B(CD))A
¢ R
aD a
(B(AC))D (BC)(DA)
=nl a a = 11
a a
B((AC)D) B(C(DA))
Ba Bb Ba

B(A(CD)) B((CD)A)

Figure A.7: Axiom SM3.i.a
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(A(BC)D

% \
((AB)C)D ((BC)A)D A((BC)D)

(bC)D
¢RD
((BAC)D ((BC)D)A
aD

& (B(CA))D (BC)(AD) &@5

(B(AC)D a (BC)(DA)

B((CA)D) B(C(AD))

Ba

V &‘
BAOD) \U " / pEeD

B(A(CD)) B({(CD)A)

Figure A.8: Axiom SM3.i.b
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A((BC)D)
Aa® a®
U
A(B(CD)) ; o > (A(BC))D
a (AB)(CD) ((AB)C)D
a(Bb)
(AB)b
ABDC)) 4 D(A(BC))
> aByDC) D((AB)C)
7S
Aa* a*
A((BD)C) (DA)BC)
a® a
(A(BD))C ((DA)B)C
»C a*'C

—_—
((AB)D)C (D(AB))C

Figure A.9: Axiom SM3.ii.a

A((BC)D)

% \
A(B(CD)) AD(BO) (A(BC)D

A(Bb) b
&S
A(B(DC))

A((DB)C) (AD)(BC)

e \ A
A((BD)C) = ADBYC (AD)EYC ~ (DA)(BC)
N gt \ /
(A(BD))C U s-lc ((DA)B)C
a*C

((AB)D)C (DAB)C

D(A(BC))

Figure A.10: Axiom SM3.ii.b
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A((CD)B) a (A(CD)B
[ SN
Ab
TS
A(B(CD)) (\CD)A)B
Aa
ABOD) a* (C(DA)B
a ﬂ T b
(ABY(CD) (CD)(AB)
(ABC)D C((DA)B)
a
a*D
(@Bop ﬂ R! C(D(AB»
D /
_—
(CAB)D a CAB)D)
Figure A.11: Axiom SM4.a
A((CD)B) a* (ACD)B
(C(DE)) ((AC)D)B
@
(ao)DB)
AB(CD) T R'B (comB
Aa A(C(BD)) (CAD)B aB
3 2,
aep) B o o 5 % (chB
a a
A(BC)D)  —0——— ® ——  (C(DA)B
A(BOD) (c@p)B
a (a0)BD) (€ADB) a
al = T m = T m = g4
35 Y
(A(CB)D C((AD)B)
/ (A(cB)) a @O/ @p a (AD)B)
(ABC)D (Ab)[) b (AC)B)D C(A(DB)) 6’ % C((DA)B)
o o
a*D ~
\ Tt SD (CAYBD) - frcs /;a
((AB)O)D

/ \ @By
T Cb

((CA)B)D 2 C(A(BD))
X a c«

(C(/\B))D C((AB)D)

Figure A.12: Axiom SM4.b

We therefore call the following coherence law the “Breen polytope”. In retro-
spect, we can see that this is the start of a series of polytopes whose faces are
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“permutohedra” [22]; the need for the Breen polytope and the rest of the series
became clear in Batanin’s approach to weak n-categories [4].

A.3 Sylleptic and Symmetric Monoidal Bicategories

Definition A.3.1. n a sylleptic monoidal bicategory, a full twist is not necessarily
equal to the identity, but may be only isomorphic to it; this isomorphism is called
a syllepsis. A sylleptic monoidal bicategory M is a braided monoidal bicategory
equipped with a syllepsis subject to the following axioms.

e An invertible modification (Mnemonic: Salmon Syllepsis)

RN

AB Jv BA

~_

b*

e Equation (SM6.1) holds, depicted in Figure 15, which governs the interaction of
the syllepsis with the (n = 1, k = 2) braiding;:

b b
A(BC) /\ (BO)A A(BC) /\ (BO)A
/ v \

(AB)C B(CA) = (4B B(CA)
(BA)C B(AC) (BAYC B(AC)

Figure A.13: Axiom SM6.i

e Equation (SM6.ii) holds, depicted in Figure 16, which governs the interaction
of the syllepsis with the (n = 2,k = 1) braiding:
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b b
ABC N\ C@B) (AB)C /\ C(AB)
V
. . . \_/ .
a d a bo a
A(BC) (CA)B = A(BC) (CA)B
k ) Q @
A(CB) (AC)B A(CB) (AC)B

Figure A.14: Axiom SM6.ii

Definition A.3.2. A symmetric monoidal bicategory is a sylleptic monoidal bicate-
gory subject to axiom (SM7), depicted in Figure 17, where the unlabeled green cells
are identities.

B(CA) o (BOA
_—

Bb bA
B(AC) (CB)A

a

(BA)C C(BA)
bC Cb
(AB)C C(AB)

A(BC)
Ab

_—
ACB) & (AC)B

Figure A.15: Axiom SMb5.a
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B(CA) 4* (BO)A

Bb bA
B(AC) usy! (CB)A

a a

(BA)C 7 C(BA)
bC = Cb

(AB)C C(AB)

b
a
a*

A(BC) us, (CA)B
Ab bB
P E—

A(CB) a* (AC)B

Figure A.16: Axiom SM5.b

AB BA AB BA
U U
1 1
b b = b b
v v
BA P AB BA ) AB

Figure A.17: Axiom SM7



Appendix B

Coherence Conditions for Linear
Natural Transformations

Linear natural transformations satisfy numerous coherence conditions. we pro-
vide a comprehensive list of the coherence conditions as follows from [16]:

e Lax natural transformation of w®:
F(A) @ F®(B) @ w®(Z) 2228 F9(A® B) @ w®(2)

298, ®X ® G(A® B)
=F®A)® F®(B) @ w®Z
18958, 9(A) @ w®Y @ GO(B)
L P X @ GO(A) ® @GP (B)
Lon?, WX ® GP(A® B)
:F(X) = G(2)

157
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u®
WX = Trex) ®w®X

21X X @ GP(Ty)

=w®X

u®

== WX & TG®(X)

1o, BX @ G(Tx)

 F(X) = G(X)

The equations for w® follows from the dual of the above equations.

e Naturality equations:
F®(A® B)@w®Z

YhEL (FO(4) @ FP(B)) © w®Z
2. FP(A) @ (F®(B) ® w®2) (B0.1)

10978, FO(A) @ (w®Y ® G2(B))

— FP(A® B) o w7 £425 (°X @ G°(A @ B)

195, O X @ (GP(A) © G°(B))

1916, X ® (G¥(A) & (T ® G¥(B)))

LI, X © (G2(4) & (W°Y @ w°Y) © G¥(B)))
10, PX ® (GP(A) @ w®Y) ® (w®Y ® G¥(B)))
18P0, O X @ (WX @ FO(A)) @ (W®Y © G2(B)))
LELEL (WPX ®wX) ® FP(A) & (WY © G¥(B))
LEL 1 o FP(A) @ (w®Y ® G¥(B))

Yy pO(A) @ (WOY ® GX(B)) : F(X) — G(Z)
(B.0.2)
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F®(A® B)
Y, po(4) @ FP(B)
U5l (FO(A) @ T) @ FO(B)
T8 (FE(A) @ (WY @ w?®Y)) & FE(B)
LEL (FP(A) @ w®Y) @ w®Y) & F(B)
LEANGL (2 X @ GP(A)) @ w®Y @ FO(B)
= F®(A® B)
ﬁ_%% FP(AeB)®T
L FP(A® B) @ (W*Z & w®Z)
Ly (FP(A® B)@w®Z) & w7
LASBEL (,CX @ GP(A® B)) @& w®Z
L (10X @ (GP(A) & G2(B))) & w2
2O (WX ® (GP(A)) ® G®(B) @ w®Z

1078, (WX ® (GP(A)) B w®Y & F®(B) : F(X) — G(Z)
(B.0.3)
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And by duality we get:

(G2(A) ®w®Y) ® F(B)

AL (WEX @ FO(A)) @ FE(B)

s WX & (F(A) ® F*(B))

V@
i OX @ (FP(A® B)

(G°(4) ® w®Y) ® F®(B)
125, (G9(A) ®w®Y) ® FO(B)) ® Ty
28, (G2(A) @ w®Y) ® FE(B)) ® (W*Z ® w®Z)

L1200, (G9(4) 0 w®Y) ® (F2(B) © w°7) ©w®Z
LB (GO(A) 8 wY) ® (WY © G¥(B)) & w2
mEIEL, (GP(4) @ (WPY ©u°Y)) © GO (B)) & wPZ

1Py®1P1
>

(G (A e L) G¥(B) owZ

ufelol
:>

(G®(4) & G¥(B)) ®w®Z

V?@l

(G*(Ae B)aw®Z

wCASB. o X @ FO(A® B)

L G(X) = F(Z)
(B.0.4)
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F®(A) @ w®Y @ (G®(B) ® w®2)

= F9(A) @ w®Y ®

1016078, 19 (4) @ wY ® (WPY @ FE(B))
s FO(A) @ (WY @ wPY) & FO(B))
218 FO(A) ® (L @ FO(B))

18ul?. p9(A) @ FO(B)

Ui, pe(A g B)

(G¥(B)®w®Z)
Lol p2(A) @ FO(B)
LPABL, BX ® GP(A) ® (GO(B) ® w®Z)
12, LB X ® ((GP(A) © (GP(B)) @ w®2)
1%, #X ® (G°(A® B) 8 w°Z)
1P 9B, B X @ (WPX ® F(A® B))
2y WX @w®X) ® F®(A® B)
1%, | @ F?(A® B)

’U,EB
Ll ;R4 B)

L G(X) = F(Z)
(B.0.5)
FO(A) @ wPy =L 7o (B) @ u®Y
LB X © G(B)
(B.0.6)

= FP(A) @ w®Y LA X @ GP(A)
18G8U), ¥ X © G2(B)

L F(X) = G(Y)
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G2 (A) © ®y LV 68 (B) @ WY

B WX ® F®(B)
:G@(A)(X)w@Y%w@X@F@(A) (B.0.7)
18PR), o X © FO(B)

L G(X) = F(Y)
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