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Chapter 1

Introduction

1.1 Problem

The Categorical Approach to Quantum Information [Abramsky and Coecke, 2004] heavily relies on so-called
t-Frobenius algebras to represent Quantum Observables. One often wishes to work with several interacting
observables. This can be achieved by specifying rules of interaction between the corresponding Frobenius
algebras [?]. Furthermore, Frobenius algebras themselves consists of a monoid and a comonoid that interact
via the Frobenius condition. There is an abundance of examples in mathematics, physics and computer science

where simple theories are composed to give rise to more complicated ones.

To understand compositionality formally, one needs a formal system where a theory - or more precisely its
specification - is a formal mathematical object and where one can specify interaction between two theories using
tools of the this system. Universal algebra studies algebraic specifications as formal constructs. Categorical
Universal Algebra (CUA) is its modern manifestation. In Categorical Universal Algebra, the specifications of
a theory are usually expressed as either a category, a multi-category or a monad. One also has methods for
expressing the models of a theory - the concrete examples of the formal theory - and for combining theories.
For example, to specify the theory of groups, we create some structure G that captures the specifications of
the theory. GG contains information about the operations of the theory and its axioms. Concrete groups, such

as Z, for example, are objects in Set that are derived from G.

The most studied tool of CUA is the monad. A monad is a functor with additional data that captures
specifications of a theory by encoding the recipe for creating free models. The monadic approach to CUA
makes it easy to treat compositionality formally: Beck's distributive laws are an elegant method for combining
monads. But the monadic approach also has several deficiencies. The first issue is that to specify a monad
for a particular theory, one has to understand how the free models of that theory are constructed. This
information is not always available. Second, a monad is a functor on a fixed base category. This means
that all the models of the monad will be objects in that category. The implications of this are best seen
via an example. Suppose that we wish to model the specifications for the theory of groups and then to
study the models in both Set and Top. To study groups in the category of sets we need to specify a monad
G : Set — Set and to study groups in the category of topological spaces and continuous maps between them
- that is, to study topological groups - we need to specify a different monad G’ : Top — Top. But both

monads actually capture exactly the same operations and the same axioms.



The Operadic/PRO approach to CUA uses categories with structure - monoidal, symmetric monoidal or
finite-product - to encode the specifications. The operations of the theory are encoded by morphisms in
these categories and the axioms become commutative diagrams. One can also approach Categorical Univer-
sal Algebra via the theory of Operads. There multi-categories encode specifications for theories that have
operations with multiple inputs, but only a single output. This approach decouples specifications from the
models: models are structure preserving (multi) functors from the theory to a category of choice. So, once
we have constructed a category G that encodes the theory of groups, the category of groups is equivalent to
the category of all structure-preserving functors from G to Set, while the category of topological groups is
equivalent to the category of all structure-preserving functors from G to Top. Since the morphisms of G are
exactly the operations of the theory of groups, G contains morphisms that encode the inverse, multiplication
and the unit. One can see these operations directly from the description of G. This makes it easier to build

a category or a an operad for a particular specification.

The shift from monads to categories with structure has has two issues. First, unlike monads, there are
no natural methods for combining categories. Thus this flexible framework does not naturally aid in the
development of a general theory of compositionality. Second, there are many variants of categories with
structure, each existing independently of the other ones. Operations in algebraic specifications have an arity.
These arities in two specifications can have very different types. For example, some operations accept lists of
elements, other accept finite sets while others accept infinite sets. Generally there is a different variant of a
given CUA tool for each arity type. For example, plain operads capture theories that have linear arities. To
model specifications for theories with linear symmetric arities, one has to use symmetric operads. Lawvere

theories are designed to model theories with Cartesian arities.

Fortunately it was recently observed that both these problems can be solved by expressing tools of the
Operadic/PRO approach as internal monads in the bicategory of profunctors. Two approaches have been
proposed. The “Cambridge” approach, pioneered by Hyland (cf. [Hyland, 2010]), develops a framework
in which the notion of type is a precise mathematical object. Then one can construct a profunctor-based
framework where theories of a particular type are internal monads. In the second approach (cf. [Lack, 2004]),
Lack shows that PRO-based structures are internal monads in a variant of Prof. Since both PROs and
Operads are expressed as monads inside bicategories, they can be combined using internal distributive laws in

these bicategories.

In Lack’s work, one can express all theories with linear arities. That is, PROs, PROPs, PROBs and Lawvere
theories. Regrettably, his framework does not accommodate more elaborate arities. On the other hand,
Hyland’s framework gives a generous definition of type that captures all the linear examples but is not limited
to them. In this work, we mainly focus on extending Hyland’'s framework, but we often draw parallels with

Lack's approach.

Hyland’s framework draws its strength from its ability to express operads of any type T. It can do this
because the notion of type is itself a formal mathematical object. The type T is actually a 2-monad on Cat
that distributes over the presheaf monad P : Cat — Cat. Because of this distributivity, the monad 7" can be
extended to the Kleisli bicategory of P, which happens to be the bicategory of profunctors. This extension
gives rise to a new monad 7" : Prof — Prof. Theories of type T are internal monads in kI(T). The dependence
of kI(T) on the type T allows to express a theory of any type in this framework.

Hyland’'s approach, creates, for each T, a framework kI(T) in which theories of type T can be expressed.
The only issue we have with it is that these frameworks are independent of each other. Given a type S and

a type T, we express theories of type S as monads in kI(S”) and theories of type T" as monads in kI(T). In



practice, S and T are often related. For example, the monad that corresponds to linear arities is a sub-monad
of the monad that corresponds to symmetric linear arities. This indicates that there should be a relationship

between theories - expressed as internal monads - with linear arities and symmetric linear arities.

In this thesis we extend Hyland's approach to take relationships between types into account. In particular
we show that (a) a relationship between types is itself a formal mathematical object, (b) any relationship
between types gives rise to a relationship between theories of these types. In other words, we construct a
passage kI(S) — kI(T') from a relationship S — T'. This passage sends theories to theories and distributive
laws to distributive laws.

1.2 Outline

We now briefly describe each chapter in this work. Chapters 7, 8 and 9 are the main research chapters.

Chapter 2 gives a single-dimensional overview of the main results of the thesis. Its purpose is to give the
reader an easy-to-follow intuitive view of the whole work, without all the technical details that are needed in
the full 2-dimensional treatment. We introduce binary theories, which are toy theories where for each arity a
there either exists an operation of arity a, or there are no such operations. Binary theories cannot actually
specify what the operations are. While binary theories in themselves are not very useful, they do serve as
a good introduction to Operads and to the idea of capturing types by using monads. We also show how

relationships between types give rise to relationships between binary theories of these types.

Chapter 3 is an introduction to Categorical Universal Algebra. The chapter begins with a general discussion of
theories. It then introduces three flavours of operads - plain, symmetric and Cartesian - and shows how these
tools can express theories of the corresponding types. In particular, we give examples of concrete operads and
their models. We discuss equivariance for symmetric operads in some detail. This is a fairly technical issue
that complicates the definition of operads. In the abstract framework of Chapter 6, equivariance is hidden
deep inside the definition, making operads more accessible. We also discuss PROs, PROPs and Lawvere
Theories. There again we provide many examples to illustrate these concepts. We pay particular attention to
Lawvere theories, where we go beyond the definition and state several important facts about these structures.
The Cartesian structure of Lawvere theories makes them especially attractive for CUA. We finish with a

comparison of these structures.

Chapter 4 introduces 2-Category Theory. We will need 2-Category Theory to construct a framework in
which the tools of Chapter 3 can be efficiently expressed, combined and studied. We start with the familiar
definitions of a 2-category and a bicategory and then provide impotent examples of each. Here we first define
the bicategory Prof which is the basis for most of the constructions in this thesis. Once we understood
2-categories, we need to understand how thy can be compared and related. This is done via 2-functors. After
the main technical definition we list important examples that we will carry through the rest of the work.
2-natural transformations and modifications are also defined. As we have done before, we give important
examples of both constructs. The chapter concludes with a brief discussion of adjointness for 2-categories
and monoidal 2-categories.

Chapter 5 deals with the theory of 2-monads and 2-distributive laws. In Chapter 4 we gave examples of
several 2-functors. In this chapter we show that these 2-functors actually are part of 2-monads on Cat.
Specifically, we study the monoidal category monad, the symmetric monoidal category monad, the Cartesian
category monad and the presheaf monad on Cat. We discuss Kleisli bicategories and show that the Klesili



bicategory of P is equivalent to Prof. The second part of the chapter focuses on 2-distributive laws. We
begin with the simpler case when we distribute a functor over a monad. We note that Beck’'s Theorem for
distributive laws lifts from single to 2-dimensional monad theory. To make the abstract theory more accessible,
we present the 2-distributive law of the monoidal category functor over the presheaf monad. Monads can
also be distribute over monads. We briefly skim over the general theory, and jump straight into an analysis of
our main examples. We show that the monoidal category monad, the symmetric monoidal category monad
and the Cartesian category monad all distribute over the presheaf monad. We give explicit formulas for the
distributive laws and then compute the formulas for the actions of the extensions on profunctors.

Chapter 6 combines ideas developed in Chapters 3, 4 and 5. It shows how the 2-categorical tools of Chapters
5 and 6 give rise to a framework which allows for an elegant expression of the CUA tools of Chapter 3.
The tools of Chapter 3 are either categories with structure or multi-categories with structure. Keeping this
in mind, we begin by recalling that categories are internal monads in the bicategory of Spans. We then
extend this result to show that profunctors can be used to add new categorical structure to an existing
category. This observation is essential for understanding why PROs and PROPs can be viewed as monads
in Prof(Mon). The compositional structure of multicategories is complicated. The fact that each morphism
has several inputs leads to a tree-like composition structure that cannot be easily described in Prof. This is
where the theory of Kleisli bicategories of Chapter 5 comes in. Internal monads inside Kleisli bicategories are
exactly multicategories. This fact allows us to express operads, symmetric operads and Cartesian operads as
monads in certain bicategories. We provide detailed proofs. While the results were known, the author has
not seen them or their proofs anywhere else in literature. Finally, we give examples of concrete Operadic- and
PRO/PROP theories. We also explore the idea of using internal distributive laws for combining theories and

provide some important examples.

Chapter 7 is the first research chapter of the thesis. It formally develops a theory of extensions. To do
this, we define two monoidal bicategories. The first one, DLP, consists of distributive laws over P, 2-natural
transformations that also distribute over P and modifications that interact with P in a coherent manner.
Monads in DLY are types of theories and monad morphisms in DLY are relationships between such types.
The second monoidal bicategory is the bicategory of extensions: Extp. Its 0-cells are functors on a bicategory
KC that can be extended to kl(P); 1-cells are 2-natural transformations that can be extended and 2-cells are
extendible modifications. We define two 2-functors (;) : DL — Extp and d : Extp — DL”. The first major
contribution of this thesis is the pair (;) and d forms a monoidal equivalence of 2-categories. We obtain two
important corollaries from this. The first one states that distributive laws of monads over P are mapped to
internal monoids in the monoidal bicategory Ext(P). The second corollary shows that monoid morphisms in
DL” map to monoid morphism in Extp. Combined these corollaries give us a way of extending not only types

S : Cat — Cat, but also relationships between types.

Chapter 8 is the second research chapter of the thesis. In this chapter we prove two theorems. The first
theorem shows that any monad morphism « : S — T between two 2-monads gives rise to a 2-functor
kl(S) — KI(T") between the associated Kleisli bicategories. 2-functors preserve internal monads and internal
distributive laws. Thus, combined with the results of Chapter 7, this theorem shows how to build relationships
between theories from a relationship between types. The second theorem explores a relationship in the other
direction. When P is the presheaf monad, one can explore the duality kl(P) = Prof to see that every

component ix of a 2-natural transformation ¢ : S — T can be mapped to two profunctors: (ix). and (ix)*.

*

Chapter 7 deals with (ix).. In some cases (ix)* is also a 2-natural transformation, even a monad morphisms

(e.g. for some inclusions of 2-monads). In that case we obtain a 2-functor kl(7') — kiI(S). The second



theorem shows that under mild coherence conditions the functors obtained from 4 form a lax 2-adjunction.
When i is the inclusion of one type into another, the results of this Chapter have a familiar interpretation:
the functor obtained from i, gives rise to a 2-functor that creates theories of type T" from theories of type S
freely. The functor obtained from i* is the forgetful functor. It sends theories of type T to theories of type S
by forgetting some of the arity structure.

Chapter 9 applies the theory developed in Chapters 7 and 8 to important CUA examples. First we examine
the monad morphism ¢ : M — S that is at each component just the inclusion of a free monoidal category into
a free symmetric monoidal category. We show in great detail that the inclusion satisfies the various coherence
conditions needed for the application of Theorem 1 of Chapter 8. This gives a 2-functor from kl(M) to kI(.S)
that shows how to build symmetric operads from plain ones freely. This 2-functor also sends distributive
laws between operads to distributive laws between the associated free symmetric operads. We generate an
explicit formula for this functor. Theorem 2 also applies to i. Thus a left-adjoint J = I : k(M) — kI(S)
also exists. We perform the same analysis on the inclusion j : S < F' of symmetric monoidal categories into
Finite-product categories. The inclusion also gives a lax-adjoint pair. The latter pair shows how to construct
Lawvere theories freely from symmetric operads. Crucially, it also shows that distributive laws between the
symmetric operads are mapped to distributive laws between the associated free Lawvere theories.

Chapter 10 is the conclusion chapter. In this Chapter we give a summary of our main results and briefly

explore several new research questions in the field.



Chapter 2

Single dimensional overview

The main results of this thesis are formulated in the language of 2-Dimensional Category Theory. But before
delving into all the technical machinery that accompanies higher dimensions, we explore single dimensional
analogues of these results. The purpose of this is to provide the reader with a simple high-level overview of
the main tools we employ and our main contributions. We note that in this simplified environment many
results appear trivial, but consequently they aid in developing an intuition for the work as a whole.

We begin by defining single dimensional analogues of operads (see Chapter 2). We call these tools binary
theories. We then develop a framework in which we can discuss binary theories of various types, emphasising

that the notions of ‘type’ is a mathematical object in itself.

We conclude this chapter with an analysis of how relationships between types lead to relationships between
theories of these types. This last part is the main contribution of the thesis and is covered in full detail in
Chapters 7, 8 and 9.

2.1 Binary Theories

A binary theory models the scenario where for each arity, there is at most one operation. We model this by
defining a theory to be a function ¢ with codomain 2 = {0,1}. We interpret ¢(z) = 1 to mean that there

exists an operation of arity z. t(x) = 0 means that there is not such operation.

There is a definition of a binary theory for many different types of arities. We begin with the simplest case:

when the arities are linear.
A linear binary theory consists of a function ¢ : N — {0,1}, such that ¢(1) = 1 and for each k €
N,nl,...,nk eN

(t(k)y=1andV1<i<k t(n;)=1) = t(n1+...+ng) =1 (2.1)

The requirement ¢(1) = 1 says that the theory always contains the identity element. The second condition
makes the theory compositional: k operations of arities n; can be “plugged into” an operation of arity k to

produce a new operation of arity > k;.



Concretely, linear binary theories are subsets of N with certain properties. The subset {1} C N is the simplest
binary theory. The subset {1+ 2k | £ > 0} C N is a linear binary theory generated by a single operation of
arity 3.

We can also study binary theories whose types are lists with polarity. This feature is modelled by adding an
indication ‘—' or ‘4’ to each arity to indicate the polarity of the list. Formally, these theories are functions
t : Z — 2 that satisfies Equation 2.1 and ¢(1) = 1.

2.2 Monads

The central mathematical object in this thesis will be the monad. A monad on a category C consists of an
endofunctor T : C — C and natural transformations m : T2 — T and v : 1¢ = T making

mT uT Tu

T3 125 72 T 2sT72 22T
T2?T T

commute.

We recall important examples of monads.

Example 2.1. The monoid monad M : Set — Set sends every object to the monoid MX = (M X, %, e).
The set M X consists of all the words on the alphabet X,

[T1, o] * Y1y Ym] = [T1s s Tn, YLy - - Y-

and e = [], is the empty word.

The multiplication on m : M2X — MX sends a list of words

[[1‘11, .. .1?1”1], ey [$k17 ce 7xknk]]

to the word formed by removing the inner brackets: [z11,...Zgpn,]. The unit v : X — MX sends each

element x to the single letter word [z] € M X.

Example 2.2. The powerset monad on Set sends every set X to its powerset PX. Multiplication is
given by
mx : PPX - PX, A—|JA

and the unit sends every x € X to the singleton {z} € PX.
Monads provide concise semantics for various mathematical and informatic constructs. For example the
monoid monad encodes all the information needed to recover the category of monoids and monoid homomor-

phisms. Each monad gives rise to two categories of algebras: its category of Eilenberg-Moore Algebras and

its Kliesli category.
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The Eilenberg-Moore category of a monad T on C, written CT', has as objects C-morphisms h : TX — X
such that

T2x e TX X 5 TX (2.2)
mxl ih \ lh
TX —— X X

These objects are called the algebras of T. A homomorphism of algebras is a C-morphism f : X — Y such
that
Tx o1y

J)

X ——Y
commutes. Composition and units are imported from C.

The Kliesli category, denoted Cp, has the same objects as C; the morphisms are given by Cr(X,Y) =
C(X,TY). The identity on X is the component uyx of the unit natural transformation. Given morphisms

p: X —=>Yand ¥:Y — Z, we compose them in Cr by taking the following composite in C

L N Y

mz

X TZ.

Example 2.3. The category Set™ of Eilenberg-Moore algebras for the monoid monad is isomorphic the
category Mon on monoids and monoid homomorphisms. (cf. Example 20.5(2) of [Adamek et al., 1990]).

Example 2.4. P-algebras are complete lattices. The algebra mapping h : PX — X equips each subset
of X with a choice of supremum in X.

Example 2.5. The Kleisli category of P is the category of sets and relations. Indeed, kI(P)(X,Y) =
Set(X, PY) ~ Rel(X,Y"). There are two important identity-on-objects functors from Set to Rel.

(=)s:Set=Rel, (f: X—=>Y)=(fi:X=2Y), z(fiy <= flx)=y

and
(=) :Set®® 5 Rel, (f: X=>Y)—=(":Y=X), y(f )z < flx)=y

We will often compare monads. Let (T, m,u) be a monad on C and (S, n,v) a monad on D. A morphism of
monads from (T, m,u) to (S,n,v) is a pair (A,a) with A : C — D a functor and a : SA — AT a natural

transformation satisfying

A—"A g4 SSA 5% sAT T ATT
X\ ia nA\L \LAm
AT SA _ AT.

Proposition 2.6. Let (A,a) : (T,m,u) — (S,n,v) be a morphism of monads. Then there is a functor
A :CT — DS sending every T-algebra h : TX — X to the S-algebra Ah := SAX —*~ ATX 2"+ AXx

11



and an algebra homomorphism f : (X, h) — (Y, k) to Af. Furthermore, the following diagram commutes:

CT $_ DS

Proof. Ah is indeed an algebra:

Ah~mAX:Ah-aX~mAX = Ah‘ATLx~aTX'SaX
= Ah'ATh'CLTx-SaX
Ah-ax - SAh - Sax = Ah - SAh.

Similarly one checks that Af is an algebra homomorphism.

The commutativity of the diagram is immediate from the definition of A as is its functoriality. O

The functor A in the proposition is called the /ift of A along the forgetful functor U.

The reader may have noticed that we have made an explicit choice in the direction of the natural transformation
a in the definition of a monad morphism. Nothing is stopping us from choosing the natural transformation to
go in the other direction: b: AT — SA. And we make this choice in the following definition. Let (T, m,u)
be a monad on C and (S,n,v) a monad on D. A opmorphism of monads from (T, m,u) to (S,n,v) is is a
pair (A,b) with A : C — D a functor and b: AT — SA a natural transformation satisfying

A A% AT ATT YL 54T 542 554
\ lb Ami inA
uA

SA AT - SA.

Proposition 2.7. Let (A,b) : (T, m,u) — (S,n,v) be a opmorphism of monads. Then there is a functor
A : Cr — Dg that coincides with A on objects. On morphisms

ALp by

ATY SAY .

A(X —2-Ty )= AX

Furthermore, the following diagram commutes:

12



Proof. We verify that A is functorial. For ¢ : X + Y and @ :Y == Z we have

Ap-Ap = nay-Sby-SAp-by - Ap
= naz-Sbz -brz- ATy - Ay

bz - Amz - A(Te - ) = A(p - ).

Preservation of identities is immediate from the triangle in the definition of a opmorphism of monads.

It remains to verify that the square in the Proposition commutes. All four functors are identity-on-objects.

On morphisms,

A-(D)f = Ax—TLsy 1Y)
= AX M Ay Ay 2 gay

Ay M SAY = (Af)..

= AX
We call A the extension of A.

Example 2.8. The pair (1¢,u) where u is the unit of the monad (7, m,u), is a morphism of monads

(1¢,1,1) = (T,m,u). The monad morphism axioms follow from the monad axioms for 7.

Example 2.9. Let M and G be the monoid and group monads on Set, respectively. Then (1ge, ), with
ix : MX — GX the inclusion, is a morphism of monads from G to M. It induces a functor

I:Grp = Set® — Set™ = Mon

that sends
(GX - X)—» (MX - GX — X),

so that I just forgets the inverses of X.

2.3 Distributive Laws

Given two monads T, S : C — C in general ST is no longer a monad. For example, there is no canonical way
to define the multiplication
STST — ST.

A natural transformation T'S — ST, would provide a candidate for multiplication
STST — SSTT — ST.

A distributive law is such a natural transformation, which satisfies the right conditions for the resulting

morphisms to become a multiplication. More precisely a distributive law between S and T is a natural

13



transformation

1: TS — ST
making
TSS -5~ ST 5> 58T (2.3)
NG ] -
TS ! ST
\ / )U'TST TS#T
TTS —>TST —> STT
commute.

A distributive law gives rise to the composite monad

(ST, nsT - nr, Spr - psTT - SIT).

There is also a notion of a distributive law between a monad (7', m, u) and a functor S. In this case, we only
require the bottom rectangle and triangle of 2.3 to commute. Another view point on such distributive laws is
afforded by the notion of monad morphisms.

Proposition 2.10. A distributive law between a monad (T, m,w) and a functor S is a natural transformation
A: TS — ST such that (S,\) : (T,m,u) — (T, m,u) is a morphism of monads.

Example 2.11. The canonical example of a distributive law is the distributivity of multiplication over
addition in a ring: - (y+2) = x-y+x - z. This simple interaction between two algebraic structures can
be reconstructed from a distributive law of the monad for Abelian groups, A, over the monoid monad

M. The assignment

(T4 zn) Y1+ F ) (21 2a)

XY .21 T Y122 Ty Y e 2

defines the component Ax of the distributive law A : M A — AM. This distributive law turns AM into

a monad whose algebras are rings.

Example 2.12. Another example, and one that will reappear throughout this thesis, is the distributivity
of the monoid monad over the powerset monad. The X component of the distributive law, Ax : MPX —
PMX is given by

[A1,... An] = {[a1, ... an] | a; € A5} (2.4)

The importance of this particular distributive law compels us to verify that it indeed satisfies the axioms.

Proposition 2.13. The assignment in (2.4) defines a distributive law.

Proof. We start by verifying that, with T replaced by M and S replaced by P, the upper rectangle of 2.3
commutes. The upper-right passage sends
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(An . AN [ Vi=1...n A€ A
{PAX([AhaAnD | Az S .AZ}
= {{la1,---,an]} | ai € Ai} | A; € A}

U {{las,.. . an] [ i € A}

A€A;
{[ah .. ,an] | VidA; € A; such that a; € Al}

1 17

and this coincides with the bottom-passage:

The bottom rectangle of 2.3 also commutes. Both passages send [[Au, .. .,Alnl},...,[Aml,...,Amnm]}

to {[CLll, ey Qlngy ey Amly e vy amnm] ‘ aij € A’L]}
The commutativity of the triangles is an easy exercise.

O

Distributive laws allow us not only to form the composite monad ST, but also to lift T" to the Eilenberg-Moore
category of S, and to extend T to the Kliesli category of S. In fact, all those concepts are equivalent.
Theorem 2.14 (Beck). Let (T, m,u) and (S,n,v) be monads on a category C. There is a one-to-one
correspondence between the following concepts:

1. A distributive law \ : T'S — ST;

2. A multiplication m : STST — ST such that (ST, m,ugur) is a monad, the natural transformations

S
ST T

SuT

S —-

are monad morphisms and the middle unitary law

N

STST ———— ST

holds;
3. Liftings T of T to CS;

4. Extensions S of S to Cr.

Proof. We sketch the proof of (1) <= (3) and refer the reader to [Beck, 1969] for the rest.
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(1) = (3): Define T( SXL>X) = STX 278X Mo TX . The image of h under T an

S-algebra since the diagram below commutes.

27X 92X grex STh orx
Asx (2) Ax
mrx 1 182 L5h rsx

T'mxi (3) iTh

STX ——TSX —— STX
Ax Th

Indeed, (1) follows from one of the axioms for a distributive law, (2) follows from the naturality of A and (3)

commutes since h is an S-algebra.

On morphisms T = T - U, with U : CT — C the forgetful functor. The naturality of A guarantees that this
assignment sends algebra morphisms to algebra morphisms. The definition of 7' immediately implies that is
it in fact a lift.

(3) = (1): Define X to be the composite

ST 5T% STS — STUF = SUTF = UFUTF YT UTF = TUF = TS .

The axioms are easy to check. O

The distributive law in (2.4) allows us to extend M to the Kliesli category of P, i.e. to Rel. Given a relation
r: X — PY, Mr is given by

M(T’)([ith o ,l‘n]) = {[ylr .. yn] | T1TY1y - - - 7xnryn}'
We can also lift P to the Set™

P(MX "~ X)= PMX X~ MpPX Mo px .

P(h) equips PX with the structure of a monoid; given A, B C X

AxB = P(h)([A B)])
= Ph-\x([4,B])
= Ph({[a,b] |a € A,be B}
= {h([a,b]) |ac A, be B}
= {axblac Abe B}.

The lift P is now a monad on Mon. lts algebras are monoids that come equipped with complete lattice

\/A*B \/A*\/B

The above arguments work equality well when M is replaced by the monad for commutative monoids. In that

structure which satisfies

case the algebras for the lift P are the so-called commutative quantales. That is, complete lattices (X, V)
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with a commutative monoid structure * such that

x*\/a: \/az*a.

acA acA

2.4 Monads in Kleisli 2-categories

The category Rel is Ord-enriched. This equips it with 2-categorical structure in which the 2-cells are given
by set-inclusion. For any monad S : Rel — Rel, the Kleisli category kI(.S) inherits the 2-categorical structure
from Rel. We can thus study monads in such Kleisli categories (see Chapter 6 for more details on internal

Category Theory).

We are particularly interested in exploring such monads inside the Kleisli 2-category kI(M) of the extension

of the monoid monad to Rel. A monad on 1 in k(M) consists of a relation r : 1 - M1 = N with
r+xr Crand (1x). Cr. (2.5)

Equivalently, such a relation is a function
r:N—{0,1}.

The second condition in Equation 2.5 implies that r(1) = 1.

The first condition is subtler. The composite r * 7 in kl(M) equals to the following composite in Rel

1—f>N-Mo yNAe N,

So r*r(n) =1 if and only if
e there exists k € N such that (k) =1 and

e there exists ny,...n, € N such that [nq,...n](Mr)k and

o by (e,
The last condition holds if, and only if, k1 + ... + k. = n. The second condition implies that s = k. Hence

rxr Cristhesameas: forall k € N, ny,...,ny € N

r(k)=1landV1<i<k r(n;)=1 = r(n)=r(ni+...+n,) =1

We thus proved
Proposition 2.15. Monads on 1 in kI(M) are exactly linear binary theories.

The only thing that makes M special here is the fact that it distributes over P. In general, whenever T is
a monad on Set that distributes over P, we define a binary theory of type T as an internal monad in the

2-category kI(T'). So the type of our theory is encapsulated in the Set-monad 7.

Example 2.16. Counsider the Abelian group monad A = (A, m,u) on Set. It too distributes over the
powerset monad. The distributive law A : AP — PA is given by

[—Y17,,,,—}/;L75/1/’_,_’Y7:l] '_>{[_y17'"7_ynay17"'7y;n] | Yi e}/uy; 6}/]/}
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Thus we can extend A to A : Rel — Rel. Using the reasoning we used for M, we can compute the action

of A on a relation r:

(21, .., —mr, 2, A=yt — Yk, Y Y] = Vi, J xyry; and osgry;

Theories of type A are monads in the 2-category kl(A). The arities of these theories are more expressive
than arities of simple linear theories. The lists that act as inputs into our operations have two kinds
of elements: negative and positive. Composition of operations now has to be mindful of the arities of

operations.

2.5 Comparing Types of Theories

Fix two monads S and T and suppose that both distribute over P via distributive laws A and p; in other
words, each one corresponds to a type. Suppose that there is a monad morphism « : S — T. Can we then

construct a relationship between kI(.S) and kI(T") that assigns monads to monads?

Simply a functor kI(S) — kI(T") will not suffice, since it does not have to send internal monads to internal
monads. What we want is a 2-functor (see Chapter 4 for a detailed definition). 2-functors A : Rel — Rel are
nothing but functors that preserve the order of hom-sets. That is

rCs = Ar C As
Its easy to see that such 2-functors preserve monads. Indeed,

rar Cr = Ar«Ar = A(r=r) C Ar.

We shall build the functor A in two steps. First, we will show that when the monad morphism « is compatible

with the distributive laws A and p, it too can be extended to
a:S—T.
Second, we show that post-composing morphism with this extension
(X +8Y)— (X - S5Y -TY)

gives rise to the desired 2-functor. All this is made precise in the following two theorems:
Theorem 2.17 (Akhvlediani). Let T, .S, P be monads on Set and let

AN:TP — PT andp:SP — PS
be distributive laws. Let o : S — T be a natural transformation such that
A-aP=Pa-p (2.6)

Then the formula
dx = (ax)s = SX 2 TX X pTX = SX + TX.
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gives rise to a natural transformation é : S —T. &is a monad morphism whenever o is.
Theorem 2.18 (Akhvlediani). Let S and T' be monads on Rel and & : S — T be a monads morphism. Then
the assignment

pr=ay @

defines a 2-functor
A KI(S) = kI(T).

We prove those theorems in chapters 7 and 8.

These two theorems can now be used to understand how the relationship between monoids and groups gives
rise to a relationship between theories of type M and theories of type A. First, observe that the inclusion of

a free monoid on X into the free group on X gives rise to a monad morphism
LM — A

Naturality of ¢ is trivial. Since in both monads the multiplication is just concatenation of lists, ¢ is also a
monad morphism. It is also easy to verify that Equation 2.6 holds for ¢. Indeed, given [Y1,...,Y,] € MPX,
the passages

T A e T A L (TS F R

and
A Pi
Y1, Yol =y, oyl [y € Vi —>{[y1, . yn] | i € Y3}

yield the same result.

Thus we can extend ¢ to 7 : M — A. This extension is again a morphisms of monads. Thus, by Theorem
2.18 we obtain a 2-functor

I:KI(M) — KI(A).

Ly

This 2-functor sends an M-theory ¢ : X - M X to an A-theory X S MX = AX . A quick look

at the formula shows that the an operation in the new theory, Iy, exists if, and only if, it exists in the old

theory .

Unfortunately things cannot get much more interesting than this for relational theories. The problem is that
we cannot say anything about the operations in the theory, all we know is that either there is an operations
of a certain arity or there is no such operation. We shall see throughout the thesis that when we take more
complex theories into account, in particular ones in which we can specify the operations explicitly, we will get

very interesting relationships between theories.

The category Rel is a dagger category. Simply put, this just means that every relations has a converse defined
by 7°(x,y) := r(y,x). Thus for every morphism between sets there are two canonical ways of making it into
a relation. The first one is to consider its graph, and the second the converse of that graph.

So far, we have focused on the graph of ¢+ : M — A. But if its converse, denoted i* : A= M, is also a

monad morphism, we shall get, by Theorem 2.18, a 2-functor from kl(A4) — kI(M).
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We directly check that +* is a natural transformation. Both passages in

AX > MX

A

AY —— MY
Ly

relate a list [ in AX to a list I’ in MY precisely when the length of both lists is the same, | does not have

any negative entries, and for all z; € I, y; € I, x;ry;.

*

t* is also a monad morphism. This too can be directly checked and follows an argument similar to the one
above.

We thus get a 2-functor
J : KI(A) — KI(M);

this functor sends an A-theory ¢ : X - AX to the M-theory X —YeAx s Mx JY([z1,. .. 2], ) =
1 provided that exist £ > 0 and y1,...,yr € X such that

V([-y1, =Yk, X1, -, Tn),x) = 1.

That is, the 2-functor J forgets the negative parts of the arities of each operation of . It almost acts as a
projection operator on each operations.

The two embeddings of Set into Rel create adjoints pairs
L T 0*
in the later 2-category. Explicitly,
Lo " C(1ax)" and (1arx)* C 0¥ - .

This relationship suggests that the 2-functors I and .J are not entirely unrelated.

Let F,G : Rel — Rel be two 2-functors. We say that F' is locally left adjoint to G provided that for every

two sets X and Y there is an adjunction
Rel(FX,Y) _T _ Rel(X,GY)
Theorem 2.19. J is locally left adjoint to I.
Proof. Since both functors are identity on objects, we just need to show that there is an adjunction
Ixy 4 Jxy :KI(A)(X,Y) = kI(M)(X,Y).
This amounts to showing that for any 7 : X - AY and s: X - MY we have

IsCr <— sC Jr.
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or, equivalently,

For —,

The converse is similar. O

Thus a monad morphism « : § — T that suitably interact with the distributive laws A and p always gives
a passage from theories of types S to theories of types T'. Further, when a* is a monad morphism, it also
gives rise to a functor in the other direction. The two functors form an adjoint pair. In particular, when
dealing with inclusions of monads, this adjoint pair can be interpreted as forgetting structure and putting free

structure on a theory.

In the rest of this work we develop an analogue of the above theory for 2-categories. In particular, we examine
2-monads on Cat and their extensions to the category of profunctors. We shall see that internal monads
in Kleisli bicategories of such extensions can describe many flavours of theories: plain operads, operads and

Lawvere theories.

We then show that 2-monad morphisms that interact nicely with the 2-distributive laws can also be extended.
These extensions allow us to build functors between the Kleisli bicategories where our theories live. We also

show that, when certain conditions hold, the resulting functors form so-called lax 2-adjunctions.
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Chapter 3

Categorical Universal Algebra

In Universal Algebra the formal specifications of a particular construct themselves become mathematical
objects which can be investigated. Universal Algebra became an important part of modern mathematical
landscape with the publication of A Treatise on Universal Algebra in 1898. Since then the field saw numerous
advances and breakthroughs. One of those was the use of Category Theory as the formal mathematical system

for describing specifications of various theories.

Peter May's theory of operads, initially introduced to tackle issues in algebraic topology, turned out to be
very useful in specifying the semantics for higher dimensional categories [Leinster, 2003]. In parallel, Mc
Lane and Adams developed PROs and PROPs which are special types of categories that contain all the data
needed to describe algebraic gadgets in monoidal and symmetric monoidal categories. The field reached full
maturity with Lawvere's discovery of finite product theories, or more colloquially, Lawvere theories. Like
PROPs and PROs these are special types of categories which model algebraic specifications for some of the

most commonly encountered algebraic structures. Their models live in finite-product categories.

In this chapter we begin with a general discussion of theories. We then give a brief introduction to operads.
Following this, we explore PROPs and PROs. We conclude with Lawvere Theories. We also highlight the

similarities and differences between all these tools.

3.1 Theories - an overview

For us a theory is a formal specification which consists of operations of certain arities, ways of combining
these operations and a methods for specifying equations between the combined operations. For example, the
specification for the theory of monoids involves operations of linear arities, e.g. operations that accept a finite
list of inputs and produce a single output. Multiplications m : X x X — X is one such operation; it accepts
tuples of elements of X and returns a single element of X. The multiplicative identity e : {*} — X is an

operations of arity 0. This multiplicative identity can be combined with the multiplication
XX x{s) 25 X x X "o X

One equation in the theory of monoids says that this expression equals to the operation identity idx : X — X.
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Note that in the above specification we do not concern ourselves with what X is. That is, X here does not
play the role of the carrier set for the monoid, but rather acts as a dummy variable that is used to specify the

domain and codomain of operations.

Concrete monoids are called models of the above theory. Each model consists of the underlying set of the
monoid and a concrete implementation for each operation in the specification such that the equations between

the operations in the specification are also satisfied for those implementations.

Category Theory provides us with tools that allow for an elegant expression of both the specification of a
theory and its category of models.The idea is to package the specifications of a theory into a category. The
objects of this category play the role of X in the above specification, that is, they act as dummy variables. The
morphisms of this category act as the operations of the theory. Equations are specified by equality between
the morphisms in the category. Finally, the idea of arity is captured by adding some structure to this category.

For example, to model arities of type list, we add monoidal structure to our category.

Given a category G which represents a particular theory, the models of this theory (in the category of sets and
functions) are structure preserving functors
G — Set.

This summarises the main ideas behind Categorical Universal Algebra. The implementation of these ideas is
not trivial. First, there are several variants of structures for capturing algebra syntax. On one hand, there
are operads. They model operations with multiple inputs and a single output. Operads themselves come in
many flavours: plain, symmetric and coloured, to name a few. There are also versions of operads based on

finite product structure.

There exist gadgets for capturing syntax of theories whose operations have multiple inputs and multiple
outputs. They also come in several variants. The simplest are PROs, which are special kind of monoidal

categories. PROPs are symmetric variant of PROs and Lawvere Theories are their finite-product counterpart.

3.2 Operads

The name operads first appeared in May's The Geometry of Iterated Loop Spaces [|. May uses operads in the
category of topological spaces as a tool for dealing with iterated loop spaces. But while May introduced the
name, Operad appears as early as 1898 in Whitehead's A Treatise on Universal Algebra. They next reappear
in Lazar's work in the 50’s. By the late 60's Operads and PROPs were widely studied in the algebraic and

topological communities, as witnessed by the 1967 seminar on PROPs organised by Mc Lane.

At these early stages much of the the focus was on symmetric and plain operads. Later developments in
Categorical Universal Algebra, most notably the discovery of Lawvere theories, let to a greater variety of

operads. Here we cover the most important variants, beginning with the simplest one: plain operads.

3.2.1 Plain operads

A non-symmetric operad or a plain operad consists of
e For each n € N, a set A(n) of operations of arity n, which we visualise as

e The identity operation id € A(1).
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Diagram 3.1: An operation of arity n

e For k,ny,...,n € N a composition operation
A(n) x A(ky) x ... x A(ky,) LN Ak + ...+ kpn)

which we visualise as

Diagram 3.2: Operad composition

e Composition is associative and the identity acts as the unit for the composition:

7Y Y
[ O I %%%%

Diagram 3.3: Associativity of operad composition

Note that there are more general definitions of operads, where the elements of the sequence A(k) are not
sets, but objects in an arbitrary monoidal category. Indeed, May's original definition [May, 1972] took A(k)
to be topological spaces. In our approach, we will be content with taking A(k) to be sets, so that, using

standard terminology, our operads are operads in the monoidal category (Set, x, {x}).
Given two plain operads A and B, a morphism of plain operads consists of

e for each n € N a function f,, : A(n) — B(n);

24



e such that fi(id) = id € B(1)

e and composition is preserved:

A(k) x A(ny) x ... x A(ng) —= A(ny + ... +np)
kafn1><~-><fnkl \sz"‘k
B(k}) X B(nl) X ... X B(nk) $~B(TL1 ++nk)

Plain operads and their morphisms form a category.
Example 3.1. The simplest plain operad E is given by
E(1) ={x} and E(n) =0, VYn # 1.

It provides specifications for the theory that does not contain any non-trivial operations.

Example 3.2. Define an operad S by S(n) = {*}, ¥n > 1 and S(0) = ). Since the singleton is terminal

in Set, composition and the unit are defined in the obvious way. S is called the operad for semi-groups.

Example 3.3. Any object = in a monoidal category C gives rise to a plain operad End(z) by setting
End(z)(n) = C(z®™, x).

Composition
End(x)(k) x End(x)(n1) x ... x End(z)(ng) — End(x)(ny + ... + ng)

is given by
(faglvvgk)'_)f(gl®®gk)

This operad is called the endomorphism operad of x.

Let C be a monoidal category and = € obC be an object. Let A be an operad. An A-algebra structure on x

is a morphism of operads
A — End(x).

Example 3.4. A semi-group structure on a set X is equivalent to a operad morphism s : .S — End(X).

Indeed, such an operad morphism picks a function
m = s(2)(x) € Set(X x X, X).
that acts as the multiplication of the semi-group since
m-(Ixm)=m-(mx1) (3.1)
Indeed, the left-hand-side is the image of
End(X)(2) x (End(X)(l) X End(X)(Q)) 5 End(X)(3),
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while the right-hand-side is the image of
End(X)(2) x (End(X)(Q) X End(X)(l)) 5 End(X)(3).
Since s is a morphism of operads, the following diagram commutes

5(2) x (S(1) x S(2)) a S(3) = S(2) x (5(2) x S(1))

End(X)(2) x (End(X)(1) x End(X)(2)) ——= End(X)(3) <— End(X)(2) x (End(X)(2) x End(X)(1))

showing that both sides of Equation 3.1 equal s3 - k().

Example 3.5. For a plain operad A and an object x of a monoidal category C, the Schur functor

Sa(zx) := H A(n) @ ™

n>1

gives the formula for an A-algebra on z. See [Markl et al., 2007] for a detailed treatment.

Taking C = (Set, x, {*}), a typical element of S4(X) is

((p?xla"wxn)

with ¢ € A(n) and z; € X. But this is just another way of formally writing down @(z1,...,z,).

The Schur functor gives the free A-algebra on x.

3.2.2 Symmetric operads

A symmetric operad consists of a plain operad A equipped, for each n € N, with right actions of symmetric
groups

Tn 2 A(n) x S, — A(n).
These actions specify the interaction of each operation with symmetry. We visualise the actions as follows

€Sn € A(n)

] |

Diagram 3.4: Action of S,, on the operations in A(n)

Composition needs to be compatible with the actions of the symmetric groups. This condition is called
equivariance and it is not entirely trivial. Let ny,...,ny be a list of natural numbers that add-up to m. Any

26



such list induces a mapping

Snyrmg Ok — SZ,’le =Sm, 0:=5ny.. .n,(0) (3.2)

where & permutes the list ny,...,n; by permuting the indices. This is best illustrated with an example:

Sn1,...,n;, allows us to define the passage

o g

Diagram 3.5: Example application of s, n, to o

k k
S = Yo P Sk X [[AM) = [[ Anogi)) x Sm (3.3)
i=1 i=1
by sending
(0, (21,... ,xk)) — ((960(1)7 ey T (k) 6)
We say that equivariance holds for A provided that the following diagram commutes for all k, nq, ..., ng,

m = Zf:o i

A(k) x S x TTE, A(ni) —5 A(n) x TTE, A(ni) % Si, (3.4)
lnxl
Ve X1 A(m) X S
Ak) % TTj=y Alng) —— A(m)

This is visualised in Diagram 3.6.

Example 3.6. Define an operad C' whose underlying plain operad is the operad S of Example 3.2. The

actions of the symmetric groups are trivial, which gives the commutativity of operations:

We call this operad the operad for commutative semi-groups.

Example 3.7. Any object x in a symmetric monoidal category C gives rise to an operad End(x) by
setting

End(z)(n) = C(z®™, z).
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Diagram 3.6: Equivariance

The composition and unit are the same as for the plain case (cf. Example 3.3). Actions of symmetric
groups
C(z®™,x) x S, — C(2®™, x)

are defined by identifying each o € S,, with the corresponding symmetry isomorphism o’ : 2" — x®"

in C and sending the pair (o, ¢) to the composite ¢ - o’.

A morphism of symmetric operads, o : A — B is a morphism of the underlying plain operads with the

additional property that the actions of the symmetric groups are preserved, that is for each n € N,

A(n) x S, —“> A(n)

anxli l&n

B(n) x S, —— B(n)

Tn

commutes.

Let = be an object in a symmetric monoidal category C and let A be an operad. An A-algebra on z is a
morphism of symmetric operads
A — End(x)

Example 3.8. Giving a set X the structure of a commutative semi-group is exactly the same as giving
a morphism of operads C' — End(X). Given such a morphism ¢ : C' — End(X), we obtain an associative

multiplication as in Example 3.4. m is commutative because the square

C(2) x S, ik C(2)

clel i@

End(X)(2) x Sy —= End(X)(2)

Y2

commutes. Indeed, the bottom arrow sends (m, o) to the composite (m - o) in Set and this composite
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equals m = ca(*).

3.2.3 Coloured operads

So far we have focused on operads where the inputs and outputs of every operations were of the same type.
There are instances when we wish to distinguish the types of inputs and outputs from each other. The simplest
examples arise in computing when functions can input different types of arguments (strings, integers, floats,

etc) and output other types.

Coloured operads provide semantics for describing such operations. A plain coloured operad or a multicategory

consists of the following ingredients
e A class X of objects (also called colours);

e for each x € X, and a list [x1,...,2,] of X objects, a set
Az, ..., 20, 2)

of operations from [z1,...,z,] to z;
e for each x € X an element id € A([z], x);

e for each list [z1,..., 2], z € X and lists [Y11,- - Y1ks)s- - - [Unl,- - - Ynk, ] @ cOMposition operation

A([x1, ..., Tp], ) X (A([yn,...,ylkl],a:l) X ... X A([ynl,...,ynkn},xn)) — A([y11, -+ Ynk, ], @)

such that composition is associative and is compatible with the unit.

Adding actions of symmetries, as was done Section 3.2.2 for plain operads, produces symmetric coloured

operads, or symmetric multicategories.

We visualise operations of coloured operads as follows.

A coloured operad with a single colour is just a regular operad.

3.2.4 Other types of operads
While symmetric operads are the most studied type, important variants do exist. In braided operads, for
example, the actions of symmetric groups S,, are replaced by the action of braid groups B,,.

We can also replace groups by homsets. So, for example, the action of the symmetric group S, can be

replaced
A(n) x P(n,n) = A(n)

where PP is the skeletal category of finite sets and bijections. In this setting, the axioms of groups actions are

equivalent to compatibility with composition and the identity. More generally, let A be a monoidal category
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whose objects are the natural numbers. Then an operad of type A -or an A-operad - is an operad A equipped,
for each n, k € N, with a function

ank  A(k) X A(n, k) — A(n)

such that for all n, k,m € N, the following diagrams commute

A(k) x A(n, k) x A(m,n) — A(k) x A(m, k) Al) 2%

N la S

A(n) x A(m,n) A(m) A(k),

In order to define equivariance, we also need a passage

n

L A(n, k) x ﬁA(ki) — ﬁA(ki) < A ki,m’) (3.5)

=1

for some m’. We can then define equivariance as we have done in diagram 3.4. Although, in practice it is

rather difficult to obtain such a passage.

Example 3.9. It turns out that when A = F°P is the opposite of the skeletal category of finite sets, there
is a sensible way to define the mapping in 3.5. Note that F°P consist of symmetries, copying operations
and delete operations. We define I on symmetries to equal 3 of 3.3. On deletion operations I is given
by

Diagram 3.7: The action of I" on deletions

and on copying operations it is given by

-

Diagram 3.8: The action of I" on copy operations

So I' copies and deleted operations of A-operations.

A Cartesian operad is an operad of type F°P. Since F°P is the free finite-product category on 1, the
actions
A(k) x FP(n, k) — A(n)

specify how the operations in A interact with finite product structure.
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Since finite product structure allows us to copy and delete inputs, Cartesian operads allows us to specify
the axioms for the theory of groups. Let G be the Cartesian operad for groups. Then the fact that every

element has an inverse is captured by the equation

Li—

(here i : 1 — 1 is the inverse operation and m : 2 — 1 is the multiplication.)

We treat Cartesian operads formally in Section 6.2.3 of Chapter 6. For now, we hope that this brief
introduction conveyed both the importance of Cartesian operads and the difficultly in with attempting

to define them naively.

3.3 PROs, PROPs and PROBs

Operads model theories with multiple inputs and a single output. This constraint means that specifications
for several important algebraic structures cannot encoded by an operad. A bialgebra is a classic example of
such a structure. Bialgebras are equipped with both a multiplication and a comultiplication, and the latter

cannot be expressed in an operad.

PROPs and their variants are a generalisation of operads which can express algebraic operations with multiple
inputs and multiple outputs. In this section we study PROs, PROPs and Lawvere theories. These correspond

to plain, symmetric and Cartesian operads.

3.3.1 PROs

A PROduct category or simply a PRO is a strict monoidal category T = (T, ®,I) with obT = N, ® = +
and I = 0. The free monoidal category on a single object is a PRO; its objects are the natural numbers and
the only morphisms are the equalities. We denote this category by N. The simplicial category, A, (see [?]) is
a classic example of a PRO. For each n € obA, write

n={0<1l<...<n-1}

and set
A(n,m) ={f:[n] = [m] | f monotone }.

A has two subcategories A,,, and A, whose morphisms are the monomorphisms in A and the epimorphisms

in A, respectively. These subcategories are themselves PROs.

Any object A is a monoidal category C induces a PRO (A4, A); the hom-sets are given by
End(A)(n,m) = C(A®™, A®™).

Composition and the tensor are inherited from C.

A morphism of PROs from T to S is a strict monoidal identity-on-objects functor H : T — S.
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The main interest in PROs stems from their ability to describe algebraic gadgets. An algebra of a PRO T in

a monoidal category C, or a T-algebra in C, is a strict monoidal functor
F:.:T—C.

Since F' is strict monoidal, its image on obT is completely determined by F'1. For a given object A € obC a
T-algebras structure on A is an T-algebra F' with F'1 = A.

Alternatively, we can define an T-algebra structure on an object A to be a morphism of PROs
T — End(A).

Given two algebras F' and G a morphism of T-algebras is a monoidal natural transformation
a:F — G.

Such « are completely determined by their component at 1: a, = a4 41 =1 ® ... ® ay.

T-algebras in C and T-algebra morphisms form a category T-Alg.

Example 3.10. N-algebras in C are just the objects of C. This is not surprising because N does
not contain any information - it has no non-trivial morphisms. N-algebra morphisms are then just the

morphisms of C and so N-Alg ~ C.

Example 3.11. A-algebras are more interesting. Since 1 € A is the terminal object, there are unique

morphisms
m:2—landu:0—1
in A, and
3 o ] g My (3.6)
ANy
2——>1 1

m

commute; thus (1,m,u) is a monoid in A. A A-algebra F : A — C preserves the above diagrams and
hence A-algebras give rise to monoids (A4 := F'1,u := Fm,n := Fu) in C. Conversely, a given monoid
(A, u,m) in C defines a A-algebra Fs. Obviously Fal := A, Fym := p and Fau := 7. In fact, these
three assignments determine F4 on all of A. Indeed, since F4 is strict monoidal, it is fully determined

0

on obA. Let m* : k — 1 denote the only such morphism (m° = u,m! = 1,m? = m). Since 1 is terminal

mP =m - (m* 1 +1).

for any k > 0. Thus, the definition of F4 extends to all morphisms of the form m* by induction. Since

any f:n — rin A can be written as
f= o e ()| R el G D1

F4 extends to all of A. Monoid morphisms f : A — B in C give rise to monoidal natural transformation
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Fy: F4 — Fp defined by
(Ff)n = f®n~

And monoidal natural transformation « : F' — G defines monoid morphisms «; : F'1 — G1 in C. Indeed,

preservation of multiplication follows from naturality

a1tay

F2—— G2

m l l m

F1 = G1.
In fact there is a functor
F(_y:Mon(C) — A-Alg

from the category of monoids in C and their homomorphisms to the category of A-algebras and their

morphisms sending monoids to A-algebras and a functor
(—)1: A-Alg — Mon(C)

sending A-algebras to monoids. These functors form an isomorphism of categories. Writing Cat(1, Mon(C))

for Mon(C) allows for a succinct expression of this fact:
MonCat(A, C) ~ Cat(1, Mon(C)).

From this perspective, A can be thought of as the free strict monoidal category containing a monoid

object.

Example 3.12. A°P-algebras in C are precisely the comonoids in C. A°P-algebra homomorphisms in C

are the comonoid homomorphisms in C. The details are dual to those in Example 3.11.

Example 3.13. Using the techniques developed in (2), one can show that A.-algebras are the semi-
groups in C and the A,,-algebras are the I-pointed objects in C. (A is an I-pointed object provided that
it is equipped with a morphism « : I — A).

3.3.2 PROPs

A PROduct and Permutation category or PROP is a symmetric monoidal category T = (T,®,I) with
obT =N, ® = + and I = 0. Thus a PROP is nothing but a symmetric PRO. The simplest PROP is one
without any structure, that is, just the free symmetric monoidal category on a single object category; we

denote it by P. Explicitly, for any n,m € N,

P(n, m) = { S(n), ifn=m;

0, else,

(S(n) is the symmetric group with n elements).
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P is certainly a PRO. A P-algebra A : P — C in a monoidal category C assigns the non-trivial permutation
1+1— 141 to some morphism A® A — A ® A that we shall call the symmetry isomorphism of A. If we
let C =T be a PRO, we obtain the following result:

Lemma 3.14. A PROP T is a PRO T with a given strict monoidal identity-on-objects functor

J:P—T.

The skeletal category of finite sets and functions, F, is also a PROP.

PROPs are important because, through their algebras, they describe algebraic gadgets in the symmetric
monoidal setting. An algebra of a PROP T in a symmetric monoidal category C, or simply a T-algebra in C,
is a strict monoidal functor

F:T—C.

Given two such algebras, a morphism of T-algebras is a monoidal natural transformation o : F' — G. We

denote the category of T-algebras and their morphisms by T-Alg.

Example 3.15. The category of P-algebras in C is just C itself.

Example 3.16. The “combinatorial” structure of F resembles that of A. The fact that 1 is terminal
gives rise to m : 2 — 1 and u : 0 — 1. The diagrams of equation (3.6) still commute. But F has more
morphisms than A — there are two morphisms from 2 — 2. We call the non-identity one s : 2 — 2, and

this morphism interacts with the multiplication via

The commutative diagrams of (3.6) along with the diagram above show that (1,m,u) is a commutative
monoid in F. Hence any F-algebra G gives rise to a commutative monoid (G1,Gm,Gu) in C. As in (2)

of Examples 3.10, there is an isomorphism
SymMonCat(F,C) ~ Cat(1, CommMon(C)), (3.7)

where SymMonCat is the 2-category of symmetric monoidal categories and CommMon(C) is the category
of all the commutative monoids in C and monoid homomorphisms between them. Equation (3.7) shows
that F plays a role very similar to A - it is the free symmetric monoidal category on 1 that contains a

commutative monoid.

Example 3.17. [F°P-algebras in C are precisely the cocommutative comonoids and their homomorphisms.

3.3.3 PROs vs. Operads

PROs, PROPs and Operads are not unrelated. Every plain operad gives rise to a PRO, but there are PROs
that are not induced by plain operads. There are analogous results for PROPs and symmetric operads.
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Let S be an operad. We build a PRO S’ by setting
S'(n,1) = S(n)

and building operations in S’(n, k) by tensoring and composing morphisms from S’(r, 1) for various r. We

can similarly construct a morphisms of PROs from a morphisms of operads. This gives a functor
I1:POp— PRO

from the category of plain operads to the category of PROs. Similarly, each symmetric operad gives rise to a
PROP. So we also have
J : Op — PROP

Since every PROP is a PRO and every operad is a plain operad, we end up with the following commutative
square:
POp —X = PRO

p——> PROP

An example of a PRO that is not given by an operad is the PRO for comonoids. The comultiplication § : 1 — 2
cannot be represented by an operad.

3.4 Lawvere Theories

Lawvere theories can be thought of as Cartesian PROPs. They model an extensive class of algebraic structures
and have many fascinating properties. As a result, they are the most studied of all structures in Categorical

Universal Algebra.

3.4.1 Definitions and examples

A Lawvere Theory is a category L with a countable set of objects { A% A, A% ...} such that A" ~ (Al)",
i.e. each A™ is the n'th power of Al

Example 3.18. The simplest Lawvere theory is the free finite product category on the one-object

category 1, F°P. category of finite sets and all morphisms between them.

Any Lawvere theory will contain F°P as a subcategory. In fact, we have
Proposition 3.19. There is a one-to-one correspondence between Lawvere theories t and identity-on-object
finite-product-preserving functors F°? — C.

A model or an algebra of a Lawvere theory L in a finite product category C is a product preserving functor
F: L — C. A morphism of models is a natural transformation between such functors. This data arranges
itself naturally into a category Mod(L,C).
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Example 3.20. Let C be a category with finite products. A finite product preserving functor X : F°? — C
gives a choice of an object x := X1 in C. And any object in x € C gives rise to such a functor. Set
X0 =T, the terminal object, X1 = x and Xn = ™. On morphisms the projections in F°P are mapped
to projections in C. A morphism of models & : X — Y in Mod(F°?,C) gives a morphism «; : © — y in
C. Any morphism f : x — y gives rise to a natural transformation f : X — Y by setting f,, := f™. Thus

we proved
Mod(FF°P,C) ~ C.

Example 3.21. Let M be the full subcategory of Mon with objects all free monoids on finite sets. Then
Me°? is the Lawvere theory for monoids: Mod(M°P,Set) ~ Mon. To see that M is indeed is a Lawvere
theory, we need to exhibit an indentity-on-objects functor F — M. But F can be viewed as a subcategory
of M, namely F ~ F(F) — M, with F the restriction of the free monoid functor F' : Set — Mon.

Let X : M°P — Set be a product preserving functor. We write n for the free monoid on n generators.
Then X gives a set x := X1. In M there is a morphism k : 1 — 2 which is determined by sending the

generator * of 1 to the sum of generators of 2 = (a, b). That is
kE(x)=a+0b

with a, b the generators of 2. We also note the existence of the constant map v : 1 — 0. One can now

check that the following diagrams in M commute in F:

1 v+1 9 1+v 1 1 9
\'ICT/ k\L \Lk+1
1 2——3
1+k

For example, in the rectangle the passages send * to (z + y) + z and « + (y + z) which are equal in 3.
Thus (1, k,v) is a comonoid in M and hence a monoid (1, m = k°P,u = v°P) in M. The functoriality of

X, along with the fact that it preserves finite products, makes (2, X (m), X (u)) a monoid in Set.

Conversely, given a monoid (z, i, n) (in Set) one defines a functor X : M°P — Set by setting Xn = z™.
There are two types of morphism in M, injections, which send generators to generators, and structure
morphisms, like m above, which exploit the fact that generators can be combined using the monoid
structure of each n. Each injection in M corresponds to a projection in the finite product structure of
MP°P. X sends these to the corresponding projections X™ — X in Set. For each n there is exactly one

morphism m,, : n — 1 in M°, where mo = m. We define
Xmo=mn, Xmo=upu, Xmy=p (Xmy_1x1;)

Associativity and unit laws of (z,p,n) guarantee that X is well defined. This completely determines
X on the rest of the morphism of M°P since these are all built from the m/ s and the finite product

structure.

Note that Set can be replaced by any category with finite products. Then the same argument shows

that Mod(M°P,C) ~ Mon(C), where Mon(C) is the category of internal monoids in the monoidal category
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(C, x,T).

A morphism of Lawvere theories or an algebraic functor is a identity-on-objects finite-product-preserving
functor F' : L — L’. For example, the inclusion F°P <« MP°P is a morphism of Lawvere theories. Lawvere

theories and morphisms between them form the category Law.

For a fixed category C with finite products, there is a functor
Mod(—,C) : Law®® — Cat

where, for an algebraic functor F' : L — L’ and and L’-model G : L' — C one sets Mod(F,C)(G) =G - F.

The inclusion F°P < [, gives rise to
U : Mod(L,C) — Mod(F°P,C) ~C.

When C = Set, U sends each model X : L — Set to its underlying set, X1. We call U the forgetful functor.

When the category C is sufficiently nice, in particular cocomplete, U has a left-adjoint F' : C — Mod(L,C).
We record this below:

Theorem 3.22. Let L be a Lawvere theory. Then the forgetful functor U : Mod(L,C) — C has a left adjoint
F :C — Mod(L,C). F is computed as the left Kan extension of the functor X : F°? — C, 1+ X along
the inclusion F°P — L.

Example 3.23. The forgetful functor Mod(M°P, Set) ~ Mod — Set has a left adjoint F' : Set — Mon.

The underlying set of the free monoid on a set X is given by the formula

FX(1) = /WEFOP X (m) x M°P(1,m)

12

[T x™ xmer(1,m)/ ~
melFop

Comparing the above formula to the equation for the Schur functor of Example 3.5, we see that the free

model of a Lawvere theory and the free algebra for an operad are based on the same underlying idea.

3.4.2 Combining Lawvere Theories

Since a Lawvere theory is a special kind of category, we can combine two of them by combining the underlying
categories. One natural method for combining theories, is by studying limits and colimits in the category Law.
It turns out that the category Law is complete and cocomplete. This allows us to define the sum of Lawvere
theories L and L’ to be their coproduct in the category Law. One thinks about L + L’ models as models
in which both the L-structure and the L’-structure are imposed on an object, but these structures do not

interact with each other. This intuition follows from the fact that in Set a finite-product-preserving functor

X : L+ L — Set
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is the same are two finite-product-preserving functors

Y:L—>Setand Y’ : L' — Set.

Lawvere theories can also be combined via their tensor product. We think of the tensor product as the theory
that contains the operations of both L and L’, and which imposes commutativity of the operations of L over
the operations of L’. This can be made precise as follows: the Lawvere theory L ® L’ has as morphisms the
disjoint union of the sets of morphisms of L and of L’. All commutative diagrams in L and L’ also commute
in L ® L’. In addition to these, for any f : m — m in L and f’ : n/ — m/ in L' all the following diagrams

commute

nxf’

nxn ——=nxm

(fxn/l lfxm/

m xn' ——s=m xm
mxf

The last condition is the commutativity of the operations of L over the operations of L’. It has a very clear

string-diagrammatic description.

\ ]
>7 /
fe - R s
I |
/ >7

The tensor product has the following useful property

Theorem 3.24. Let L and L' be Lawvere theories. The the following categories are equivalent:
1. The category of L-models in Mod(L’, Set);
2. The category of L'-models in Mod(L, Set),
3. The category Mod(L ® L', Set).

The above two methods for combining Lawvere theories are somewhat limited. To wit, these methods do not
allow us to specify any “custom” equations between the operations of the two Lawvere theories. Later in this

thesis we shall see that this situation can be remedied by using internal distributive laws.

3.4.3 Lawvere Theories vs Cartesian operads

In Section 3.2.4, we briefly examined the idea of Cartesian operad. As with PROs and PROPs, each Cartesian
operads A gives rise to a Lawvere theory A’ by setting A’(k,1) = A(k) (see Section 3.3.3). But the Cartesian

structure of Lawvere Theories can be used to show that the two concepts are equivalent.

The idea behind this is easy to understand. Suppose we are given a Lawvere Theory A’ and an operation
v € A’(2,2). Since A’ has finite products, we can post-compose v with the projections. To obtain operations

p1-v:2—1and py-v:2— 1 and we have the identiry

v=(p1-v) X (p2-v)
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Hence, setting A(k) = A’(k, 1) gives us a Cartesian operad such that the Lawvere theory associated to it -
A’ - is exactly the A" we started with.

We record this in the following Theorem:

Proposition 3.25 (Hyland). The category of Cartesian operads is equivalent to Law.

The formal proof is given in [Cheng, 2011] and relies on a results we prove later in this thesis.

3.4.4 Lawvere Theories vs monads

Our treatment of Categorical Universal Algebra emphasises the use of categories with structure rather than
monads for capturing the syntax of theories. And while we shall not use monads for Universal Algebraic
purposes in this work, we still feel that we need to point out the connections and differences between the

monadic and the Lawvere theoretic approaches.

There is a monad and a Lawvere theory for the theory of monoids: Example 2.3 shows that M-algebras
are equivalent to Mon and Example 3.21 shows that the category Mod(M°P, Set) is equivalent to Mon. In
general, not every monad has an associated Lawvere theory whose category of models is equivalent to the
category of algebras of the monad. But in the case the monad (T, m,u) is finitary, that is, if it preserves
filtered colimits, there indeed is a correspondence. We record this in a theorem.

Theorem 3.26. There is a one-to-one correspondence between finitary monads (T, m.u) on Set and Lawvere
theories L. If T and L are matched under this correspondence then

Mod(L, Set) ~ Set” .

Example 3.27. Counter-example The powerset monad P : Set — Set is an example of a monad that is

not finitary. The set of reals can be written as

R= [ 4,

ACR

where C; means “finite subset”. The above expression is a filtered colimit of the diagram PR < Set,
where we view the poset PR as a (filtered) category and the diagram sends inclusions to inclusions. But
P does not preserve this filtered colimit. Indeed, R € PR, while

Re | J PA = 3ACs Rsuch that R C 4,
AC4R

producing the desired contradiction.
Example 3.28. Counter-example One can prove that the category of algebras of the ultrafilter monad
(B on Set is isomorphic to the category of compact Hausdoff spaces and continuous mappings between

them. But CompHaus cannot be presented as Mod(L, Set) for any Lawvere theory L, since 8 does not

preserve filtered colimits.

While monads provide semantics for more structures (e.g. powerset, ultrafilter monads), the algebras of each

monad live over a fixed category - the domain and codomain of the functor of the monad. Lawvere theories,
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on the other hand, describe a more limited class of structures, but are free in the choice of the category over
which these structure will live. In other words, the so-called base category does not appear in the description

of the Lawvere theory.

Another important difference is in our ability to combine Lawvere theories and monads. The notion of
Distributive Law is much more flexible than that of sum and tensor product of Lawvere theories. But there
are no canonical distributive laws between two monads, whereas there are always at least two ways to combine

Lawvere theories.

In later chapters we shall see that Lawvere theories can be seen as internal monads in certain bicategories.
As such, Lawvere theories can be combined using internal distributive laws between these monads.

3.5 Concluding remarks

In this section we have explored various tools for capturing the syntax of algebraic theories of different types.
All the tools we describe are clearly similar, yet all of them have to be treated as separate constructs, since,
at least formally, they are different mathematical objects. We hope that the reader is as convinced as us
that there is a need for a more general theory to capture all the flavours of the tools employed in Categorical
Universal Algebra. Perhaps this is a sign that the Categorical Universal Algebra has reached a critical point

in its development. The point where a new theory becomes broad enough to require tools for self-analysis.

One of the aims of this work is to develop such tools for operad-based Categorical Universal Algebra. We shall
see that operads of all kinds are in fact special cases of a very general construction. In fact, we shall show
that even the notion of ‘type’ or ‘kind' of operad is a formal mathematical object. To make all this precise,

we need to use the language of 2-categories and 2-monads which is covered in detail in the next chapters.
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Chapter 4

A 2-Categorical Primer

We wish to build a framework where we can express the algebraic gadgets of the previous chapter. In Chapter
1 we saw that binary theories can be modelled by a function ¢ : N — 2. To model operads, we need to replace
2 by Set. This is equivalent to categorifying the results of the first chapter. Hence instead of working with
categories and functors, we wish to work with 2-categories, 2-functors, 2-natural transformations etc.

This chapter introduces the basic constructs of 2-Category Theory. We already saw higher categories in
action in Chapter 2 in the Ord-enriched category Rel. Another familiar example arises when we package the
important ingredients of single-dimensional category theory together. The end result is the 2-category Cat

which consists of categories, functors and natural transformations.

The original definition of a strict 2-category first appeared in [Ehresmann, 1965]. Cat is presented as an
example of a 2-category in [Gray, 1974]. [Bénabou, 1967] introduces bicategories, which are a more general type
of 2-categories where associativity and the unit law for composition is defined up to a coherent isomorphism.
Bicategories arise more often in practice than strict 2-categories. For example, every weak monoidal category
is a single-object bicategory. The bicategory Prof of profunctors is the categorification of the category of sets

and relations. It is important for describing various algebraic structures. It too is a weak 2-category.

We will begin this chapter with the definitions of strong and weak 2-categories, along with several important
examples of each. We will then define 2-functors and provide examples which will be used later in the thesis.
We also define 2-natural transformations and modifications. We end the chapter with a discussion of monoidal
2-categories, thus combining all the basic ingredients of 2-category theory into a single - higher-dimensional -
structure. We also briefly discuss the graphical calculus for monoidal 2-categories which we shall use in proofs

in later chapters.

4.1 Basic 2-categorical ingredients

4.1.1 2-categories

A strict 2-category can be thought of as a category in which the hom-sets are no longer simply sets, but

are themselves categories. More succinctly, a strict 2-category is a CAT-enriched category. Let K be a strict
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2-category. We call the objects of K 0-cells. For any two 0-cells X and Y of K, we call the objects of the
category K(X,Y) I-cells and the morphisms of this category 2-cells.

Let X,Y, Z be O-cells in KC. There is a functor
O=0xyYy,Z7: ’C(Y, Z) X IC(X,Y) — ]C(X, Z)

which we call the horizontal composition in K. In a strict 2-category this composition is strictly associative.
Often, one wishes to avoid this strictness. When one is working with four objects X, Y, Z, W there are two
passages from KC(Z, W) x K(Y,Z) x K(X,Y) — K(X,W). Namely

ox,z,w * (Lhom(z,w) X °X,v,2)
and

ox,yw - (°v.z,w X1lhom(x,v))-

In the strict case these two functors are the same. But since these are functors, equality is only one way of
comparing them. One can also ask if there is a natural isomorphism between these functors. And the latter
type of comparison gives rise to the idea of a weak 2-category or a bicategory.

More precisely, a 2-category K (also a weak 2-category or a bicategory) consists of the following ingredients:
1. A class of 0O-cells, denoted X,Y, Z,.... The elements of this class are also called the objects of K;

2. for each pair of objects X,Y € K a category K(X,Y) = hom(X,Y’), whose objects are called the
I-cells of KC (also the morphisms) of IC. The morphisms of IC(X,Y") are called the 2-cells of K;

3. for each object X € K a functor ix : 1 — K(X, X) called the identity 1-cell on X;

4. for any triple X,Y,Z € K a functor
0O=0xYy,z: ’C(K Z) X ’C(X,Y) — }C(X7 Z)

called horizontal composition.

5. For each X,Y € K natural isomorphisms

Ixy :oxxy (lkexy) Xix) = lex,y)

and

rxy ox.xy - (leox,yy Xix) = lex,y);
6. for each XY, Z, W € K natural isomorphisms
axy,zw :ox,zw - (lxzw) X oxy,z) = oxv,z - (ov,zw X lgx,y))

such that the well known pentagon and triangle diagrams commute. See [Bénabou, 1967] for the
original definition and [Lack, 2007] for a modern treatment.

Example 4.1. A single object 2-category K is a monoidal category K := K(*,%). The 1-cells in K

become the objects of K and the two cells the morphisms. Horizontal composition gives the monoidal
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tensor.
Example 4.2. Cat is a strict 2-category.

Example 4.3. Let C be any category with pullbacks. We define the bicategory Span(C) of spans
in C by taking the object of C to be the 0-cells, a 1-cell from X to Y is a span, i.e., it is a triple
(B,f:E— X, g: E—Y) with E € obC and f, g C-morphisms. We usually depict spans as follows

XVEVY

A 2-cell from (E, f,g) to (E', f',¢') is a C-morphism « : E — E’ making the following two triangles
commute
E (4.1)
RN
X @ Y

N

E/
We write E for the 1-cell (E, f,g) when this does not create confusion.

1-cells compose by pullback: given £ : X — Y and E' : Y — Z the composite E' - E : X — 7 is given
by the following diagram

X Y Z
NSNS
E E
NS
E - E

where the square in the middle is a pullback. The identity 1-cell on X is just (X,1x,1x): X — X. 2-cells

are composed in the obvious way. We shall use ® to denote composition of 1-cells, i.e. E'QF := FE'-E.

Example 4.4. A thin 2-category is another name for an Ord-enriched category. Here each hom-set has
a preorder on it. Thus there is at most one 2-cell between any two 1-cells, justifying the name ’thin’.

For example, Rel is a thin 2-category. The two cells are given by
r—s < rCs.

Ord is also a thin category; the order on hom-sets is defined pointwise: f < g <= Vaz € X, f(z) < g(z).

Example 4.5. The bicategory Prof is an important example of weak a 2-category. The objects of Prof

are categories. Morphisms X — Y are given by functors

Y°P x X — Set.
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and 2-cells are natural transformations between such morphisms. I.e.
Prof (X,Y) = Cat(Y°P x X, Set).

We typically write X - Y for a profunctor from X to Y.

Given two profunctors ¢ : X Y and ¢ : Y - Z, the composite ¢ - ¢ : X =+ Z is given by the coend

formulal

v = [ " Uy x 1)
~ [T vGzy) x ey, 2)/ ~ (4.2)

yey

where the relation ~ is defined by saying that the pair (f,g) € ¥(z,y) X ¢(y, x) is equivalent to (f’,¢') €
P(z,y) X o(y',x) if, and only if, there exists an h: y — ¢’ in Y such that

U(z,h)(f) = f" and p(h,¢') = g.

The author finds it helpful to think of a profunctor f : X —— Y as a method of assigning morphisms to
pairs (z € X,y € Y). Then the equivalence relation in 4.2 provides a way of composing such morphisms
over the morphisms of Y. We shall come back to this view of profunctors in Chapter 6 when we study
various monads in Prof. One can also think of profunctors are generalised relations. Every set X is a

2-enriched category. A relation is a function
XPxX=XxX—=>2

Hence profunctors and functors are related in the way relations and functions are.

The unit for horizontal composition is 1x : X - X is
X(—,—): X x X — Set.

For ¢ : X == Y one easily computes

' eX
2 1m<yax) = / (P(y,l'/) X X(CL'/,CE)

by the Yoneda Lemma.

Since composite profunctors are defined via a coend, the expression -y is unique only up to isomorphism.

This makes Prof our first example of a non-strict 2-category.

1Coends are universal di-natural transformations. See Chapter IX in [Mac Lane, 1998] for a detailed treatment.
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4.1.2 Pasting diagrams

We shall often use pasting diagrams to describe composites of 2-cells in a 2-category. Let K be a 2-category
and let

be a 2-cell in IC. One can whisker a on the left and on the right to form 2-cells

i /
hoai= X —">X a ¥ andaoh = X {ay sy
\g% \g%

We can now compose two cells such as the ones above both horizontally and vertically to form pasting

diagrams. For example, the diagram

X ! Y (4.3)
h
7 . w
stands for the vertical composition of
f
m g t h
X Z Y W and X Z Y w (4.4)
g t
~
Note that in writing
Xtz tsylow

we have made an explicit choice for the bracketing of this composite. Thus to compose the 2-cells of 4.4 we
need to introduce an associativity isomorphism ho (tog) = (hot)og. But, as is often done in practice,

we shall ignore the structure of the underlying 2-category K in our pasting diagrams.

Pasting diagrams can be written in many forms. For example, the diagram of 4.3 can be written as
hofﬂ-hotog&gos

equivalently, this data cane written graphically as

W w w
. 8
Y
Y Z
Z
9] 9]
X X X

Note that the graphical depiction also captures the O-cells as strings feeding in and out of the 1-cells. The
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latter representation of pasting diagrams allows us to think of 2-cells as rewrites of diagrams. We shall come

back to this view often throughout this work.

4.1.3 2-functors

Let L and M be 2-categories. A 2-functor
F:K—>M

consists of the following data
1. a mapping F from the 0-cells of K to the 0-cells of M;

2. for any two objects X,Y € K a functor
Fxy :K(X,Y) = M(FX,FY):;
3. for each 0-cell X € K an invertible 2-cell in M

FGid)x : 1px — Fx x(1x);

4. for any pair of composable 1-cells X N Y —2~ Z € K an invertible 2-cell in M

F(g,f): Fyz(g) Fxy(f) = Fx,z(g- )

such that F'(f,g) is natural in both f and g;

5. such that for any three 1-cells f: X - Y,g: Y > Zand h: Z - W in K

F(1y)~? Fg-F(ly)™"
Fly-Ff4>1Fy~Ff Fg'Fly—>Fg~1FY
F(ly,f)l llFX,FY F(g,ly)l lTFY,FZ
F(ly - f) Forn Ff F(g-1y) Fova Fg
and
F(h)- (F(g)- F(f)) = (F(h)-F(g)) - F(f)
1~F(g,f)l F(h,g)-1
F(h)-F(g-f) F(h-g)-F(f)
F(’u.«}-f)l lF(h'g)J)
F(h-(g- 1)) o F((h-g)-f)

One can relax the definition of a 2-functor by removing the requirement that the morphisms F'(g, f) and
F(id)x are isomorphisms. In this case we call F' a lax functor. If the directions of these morphisms are

reversed, I' becomes an op-lax functor.
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Lets examine what it means for F(g, f) to be natural in both f and g. The two passages

K(Y,Z) x K(X,Y) ° K(X,Z2)

FxFl iF

M(FY,FZ) x M(FX,FY) ° M(FX,FZ)

are both functors. The bottom-left passage sends a pair (g, f) to Fy,z(g)- Fix,v (f) and the top-right passage
sends it to F'x z(g- f). So, naturality amounts to saying that for any pair of 2-cellsa: f — f'and 8: g — ¢’
in IC, the following diagram commutes

F(g.f)
Fy,z(9) - Fxy(f) Fx,z(9- f)

FY,Z(ﬁ)OFX,Y(Ol)i Fx, z(Boa)
Fy,z(9') - Fx,y(f') Y Fx z(g"- f')
F(g".f")

Thus naturality in condition (4) of the definition ensures that composition and functoriality take the 2-

dimensional structures of K and M into account.

Example 4.6. Our first example is the categorification of the underlying functor of the monoid monad.
We define a 2-functor M : Cat — Cat as follows.

1. On 0O-cells, i.e. on categories, M (C) is the free monoidal category on C. That is,
obM(C)={A1®...®@ A, | A; € obC}.
When m = n,
MC)(A1®...0 Ap,B1®...@ By) ={fi®...® fu| fi € C(A;, Bi)},

and is () otherwise.

2. For any two categories C and D we define
Mc¢ p : Cat(C,D) — Cat(M(C), M(D)),
by, for any F': C — D, setting
MF)(A1®...0 A,) =F(A)®...Q@ F(4,),
and similarly on morphisms. For a natural transformation « : F' — G we (are forced to) set

(Ma)a,@..04, =04, @...Qay,.

n
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3. For any category C the 2-cell

M)XK ®...®Xn) = 1e(X)®...0 1e(X,)
X, ®..®X,
= 1]\/1(C)X1®~-~®Xn-

Thus the isomorphism in condition (3) is actually an equality.

4. Let F: C — D and G : D — & be functors.

Mp e(G) - Mep(F)(X1®...0 Xn) Mp e(G)(FX,®...® FX,)

- GFX,®...9GFX,
= Mc,g(G-F)(Xl ®...®X”)

and similarly on morphisms. So, again, the natural isomorphism of condition (4) is a strict equality.

Functors such as M in which the isomorphisms of conditions (3) and condition (4) are equalities, are called
strict 2-functors.

Example 4.7. Similarly, the symmetric monoidal category functor S : Cat — Cat sends every category

C to the free symmetric monoidal category on C.

Example 4.8. Another important example is the finite product functor F : Cat — Cat. F sends a
category C to the free finite product category on C.

Example 4.9. There is a 2-functor
(=)« : Cat — Prof

which is identity on objects and send every functor F': C — D to the profunctor
F,:=D(—,F(—)) : D°° x C — Set.

There is a 2-functor
(=)* : Cat®® — Prof

that is identity on objects and sends every functor F': C — D in Cat to the profunctor

F*:=D(F(—),—) :C® x D — Set.

Example 4.10. The presheaf functor
P : Cat — CAT

sends every category C to its colimit cocompletion PC = C := Set®”. Let F : C — D be a functor and
G : C°P — Set a presheaf. Define the preshaef PF(G) : D°P — Set as the left Kan extension of G along
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FeP: PF(G) := Lanpon (G).

coo " pop

Ve
k e
=
X L PF(g)

Set

We express the action of PF(G) on an object X of D via the standard coend formula
YeC
PF@(X) = [ 6(v) x DIX.FY).

Let a : F — H be a natural transformation. We define Pa : PF' — PH at every presheaf G € PC by
exploiting the universal property of left Kan extensions. Consider the following composite

L PH(G) - HoP Lo PH(G) - F°P;
it allows us to derive, via the universal property, a unique natural transformation

Pag : PF(G) — PH(G).

Having defined the action of P on 0-, 1- and 2-cells of Cat we proceed by verifying if functoriality. Fix
categories C and D. Then
Pe p : Cat(C,D) — CAT(C,D)

defines a functor. Indeed, given
lp: F— F

for any G : C°P — Set we have

G—t > PF(G) F» —Ls PF(G) - Fop

X /‘(g)_l‘;p

PF(G) - F°P

showing
(P1r)g = (1pF)g

by the unicity of the above factorisation.

Similarly, given two natural transformations
a B
F——H—G,

we have

P(a)g - P(B)g = Pla- B)g
We finish by exhibiting the invertible 2-cells

P(ide) : 1pey = P(lc)
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and
P(H,F):P(H)-P(F) = P(H-F),

for F:C—-D,H:D—E.

The first isomorphism follows from the Yoneda Lemma: for every G and every X
Yecer
g(X) =/ GY) x C(X,Y).
The second one follows is given by the following identities
ZeD
PUPIIO)X) = [ PFIGIZ) x E(X, H(2))

~ /ZED (/YGC G(Y) x D(Z,F(Y))) x E(X,H(Z))

12

YeC ZeD
/" mmx/' D(Z,F(Y)) x E(X, H(Z))

YeC
~ / G(Y) x E(X, H(F(Y)))
= P(H-F)(G)(X).

4.1.4 2-natural transformations

Let F' and G be two 2-functors L — M. A 2-natural transformation (also pseudo-natural transformation)

consists of the following data

1. for each O-cell X of K a 1-cell
ax : FX - GX

in M.

2. for each 1-cell f: X — Y in IC an invertible 2-cell

rx oqy
Tt

GX —GY
Gf

such that the following coherence conditions are satisfied:
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l.forany f: X >Y andg:Y = ZinK

FY Yy (4.5)

N N
FX o FZ Fx e py
%‘f %y
ax GY ay = ax U ag.s az
27O
J
GX ——— = GZ GX ——=GZ
G(g-f) G(g-f)
2. for every 0-cell X of K
FX—2X .@Gx FX—2 .ax (4.6)
1FX<: lFlX J ar Glxl Z>1GX_ lpxl :X: llcx
3. for any two cell
f
X |y
~
g
in
Ff
/PN .
ole )2 \L(XY = Oéxl (2 lay
GX —=GY ax Yo gy

Example 4.11. There is a strict 2-natural transformation, j, from the symmetric monoidal category

functor, S, to the finite-product category functor, F. At each category X,
jx :SX =< FX
is the functor that sends formal tensors to formal products:

Jx(@1®...Qz,) =21 X ... X Ty

Example 4.12. The Yoneda embedding, y : 1cat — P is a 2-natural transformation. At each category

yx : X = PX, sends z € X to hom(—,z).
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The pseudo-naturality

PX ——= PY
Pf

can be derived from the Density formula for presheaves:

x'eX
(P ux(@)(y) = / yx (&, 2') x homy (y, f(z'))

1R

reX
/ homy (y, f(x')) X homx (z', z)
homy (y, f(x))
(o - f(2)(v)

R

4.1.5 Modifications

Let a,, 8 : F — G be two 2-natural transformations between 2-functors F' and G. A modification v : o — (3
consists of a collection of 2-cells
{7x :ax = Bx | X € obK}

such that for every l-cell f: X - Y in K

ax
. /N
FX 2. gXx FX ——~GX
X
FfJ/ U le = Ffl U le
FY 2. Qv FY — > QGY
UWY 5Y
By

Example 4.13. There are two strict 2-natural transformations
u, Kk lcar = F
given by
uyx : X — FX which sends z — = and kx : X — FX which sends x — x x x.

Note that for every category X, the components ux and kx are functors. We can define a modification

A :u — k. For every category X, the natural transformation
Z&X tUx — KX

is defined taking (Ax), : * — = X x to be the diagonal in FX. The naturality of Ax in z follows

52



from the universal property of the product z X x in FX. It remains to show that A is a modification.
Since our 2-natural transformations are strict, the condition reduces to showing that for every functor
f:X—=Y

uy ux

X—Lsv ya FY = X vax FX s Fy

and both sides of the equation equal (Ay)f(z)-

4.2 Relationships between 2-categories

In this section we define 2-adjunctions and 2-equivalences. These concepts capture important relationships

between two categories and shall be used to this end in upcoming chapters.

4.2.1 Biequivalence
We say that two 2-categories K and K’ are biequivalent or 2-equivalent provided that there exist 2-functors
F:K—KadG:K' =K

and 2-natural transformations i : G- F — 1x and j : F'- G — 1x/ which are themselves equivalences in
the 2-categories End(XC) and End(K’). This means, for example for i, that there exists another 2-natural
transformation ¢’ : 1xx — G - F and an invertible modifications

Eri-i' > 1, and & i i — 1g.p.

See [Schreiber, 2011] for more details. We shall give examples of biequivalent 2-categories later in the thesis.

4.2.2 2-Adjunctions

There are several types of adjunctions between 2-categories. We begin with /lax 2-adjunctions. Let K and M
be 2-categories, let F : K — M and G : M — K be 2-functors. Wa say that F is left lax 2-adjoint to G
provided that for all 0-cells X € I and Y € M there exist adjunctions

fxv
M(FX,Y)_ 1~ K(X,GY) (4.8)
9x,y
2-natural is X and Y. The last condition means that the functors fx y and gx,y are components of 2-natural

transformations f_y, fx —, 9-v. 9x,—-

We can strengthen condition 4.8 and ask for that for the functors fx y and gxy to form an equivalence.
The resulting relationship between F' and G is called a pseudo-adjunciton. Of course, fxy and gx y still
have to be natural in X and Y.
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An example of a important pseudo-adjunction is given in Example 5.5. Lax 2-adjunctions play a central role
in Theorem ?? and in its applications in Chapter 7?

4.3 Monoidal 2-categories

2-categories, 2-functors, 2-natural transformations and modifications form a so-called tricategory (See Section
6.3 in [Gurski, 2007]). A monoidal bicategory is a single object tricategory. That is, it is a 2-category K
equipped with a 2-functor

R:ELXK =K

and a O-cell I € K acting as a unit for ®. The complete definition is complex and can be found in [Gordon
et al., 1995]. We use monoidal bicategories mainly to organise data in our constructions and for these purposes

we do not need the full details of the formal definition.

We shall rely on the fact that given any 2-categories KC and M, the bicategory BiCat(C, M) is (triequivalent
to) a semi-strict monoidal 2-category [Gurski, 2007]. Recall from [Street, 2003] that such bicategories admit a
graphical calculus. In that paper, Street depics 2-cells in a monoidal bicategory K as surfaces in 3-dimensional
Euclidian space. We cut his surfaces into 2-dimensional slices and depict 2-cells as rewrites between these

slices. We give details below.

Let KL be a monoidal 2-category K. Since K is in particular a 2-category, we can use pasting diagrams to

represent data in /. In particular, we still depict any 2-cell as

[}

TN\
S T
~—_7

B
or, equivalently, as
T T
Y
—
S S

in our graphical calculus.

Tensor products are depicted by placing diagrams for components of the tensor side-by-side. For example,
the pasting diagram

Sl ® S// ﬂ%jﬂ ® T//
—
B'®p"”
translates to
T/ T// T/ T//
Y
][o] ——— [#][7]
S/ S// S/ S/I
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Horizontal composites of 1-cells are represented by stacking to boxes corresponding to these cells on top of

each other. For example, the pasting diagram
S —tsT Low

S~

d

W W
gl
f\

2]
s’ S s’ S

Now that we are familiar with the basic constructs, we establish some simple rules for manipulating this

is represented by

graphical representation.
Proposition 4.14. Suppose we are give two 2-cells in BiCat(KC, M):

T //‘\I ,
A

then

Proof. In any monoidal bicategory both passages are equal to
1Y a®B—=ad ®p
O

Modifications can be viewed as processes that transform or rewrite one diagram into another. The above
proposition says that when it comes to independent rewrites, the order of executing does not make any
difference.

Proposition 4.15. Suppose we are given a 1-cell

S—2>T
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and a 2-cell

B
S’ /W T
~—~7
6/
K. Then
T T
Nat. 1®9
S g/
!
1@ Nat
S g’
Proof. This follows directly from the naturality condition on the pseudo-naturality of a. O

The above Proposition says that first reordering the boxes and then applying the rewrite is the same process

as first rewriting and then reordering the boxes.

The above two propositions will prove instrumental in verifying complex coherence conditions in the next

chapters.
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Chapter 5

2-monad theory

In this Chapter we continue exploring the 2-categorical machinery we need to study the algebraic gadgets
of Chapter 3. Recall from Chapter 2 that we used monads on Set and distributive laws between them to
formulate a framework where we defined binary theories of various types. To do this for more interesting
theories, we need to categorify that setting. This requires to shift from Set-monads to 2-monads on Cat and

2-distributive laws between them.

We begin the chapter with a definition of a 2-monad. A 2-monad consist of a 2-functor T" along with 2-natural
transformations m : T2 — T and u : 1 — T such that the monad axioms hold up to coherent isomorphisms.
In our treatment, we attempt to create an intuitive feeling for the meaning of these coherence conditions.
To do this, we formulate coherence using the graphical language developed in the previous chapter. We also
analyse various strict and weak 2-monads on Cat. In particular we categorify both the monoid monad M and

the powerset monad P of Chapter 2.

M can be categorifyed in many ways. The easiest is via the free monoidal category construction. In this
construction the we do not add any new morphisms to the image M X. A more enticing option is to add
symmetry morphisms to the mix. This gives rise to the symmetric monoidal category monad. Finally, we
can freely add finite product structure creating the finite-product category monad. We shall see in the next
chapter that these three monads will help us to define plain, symmetric and Cartesian operads.

In Chapter 2 we saw that binary theories are internal monads in Kleisli categories. For 2-monads we need the
notion of a Kleisli bicategory. We present the definition given of [Cheng et al., 2004] and list some properties

of this construction.

Having understood 2-monads, we move to 2-distributive laws. Again, our focus is on the examples. We show
that the monoidal, symmetric monoidal and Cartesian category monads distribute over the presheaf monad
and explicitly derive the formulas for these distributive laws. Using a 2-categorical version of Beck's Theorem,
we obtain extensions of all our examples to Prof. We conclude the chapter with an analysis of the actions of

these extensions on a given profunctor.

2-monads are a fairly modern development. Kelly's work on enriched category theory [Kelly, 1982] can be
specialised to give Cat-enriched monad theory. This gives the theory of strict 2-monads and strict algebras.
In [Blackwell et al., 1989], the authors develop the theory of weak 2-monads which we use here. The

Kleisli bicategory construction we use was developed in [Cheng et al., 2004]. 2-distributive laws were defined
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in [Marmolejo, 1999]. Beck’s Theorem for 2-monads and 2-distributive laws is proved in [Cheng et al., 2004].

5.1 2-monads

Let K be a 2-category. A 2-monad on K is a 6-tuple (S, m,u, 7, \,p) where S : K — K is a 2-functor,
m:S5% = Sandu: 1l — S are 2-natural transformations and 7, A and p are invertible modifications

R

Sml YT \Lm

52" 59

and
S Su g2 uS IS
I A
1ls m ls
S
subjects to the following coherence axioms
S2%m
54 4> 53 54 53
SmS NST Sm Sm
2 Jmm
msS S
53 % — 52
TS Sm ‘U’T
s° §3 — > g2
mS \M/T m m
T
mS msS \ \
52 _ g 52 m S
52 152
SuS
sp
53 % S2 — S2 L S
1g2 s
Sm ‘U’T m
§2 5

We say that a 2-monad is strict when the modifications 7, A and p are equalities.

Since all the data for a 2-monad S : K — K lives in the monoidal bicategory End(K) we can represent this
data using graphical calculus 4.3. We write m : S2 = S and v : 1x — S as
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the graphical representation gives rise to an intuitive understanding the coherence conditions:
m QT(Q
ﬂiﬁQ# m\
@ K\
! |

R

We give several examples of 2-monads that we shall encounter later in the thesis.

and

Example 5.1. Let M be the 2-functor of Example 4.6. M is part of a 2-monad (M, m,u,=,=,=); we

3

shall use M to highlight some of the hidden technical issues in the definition of a 2-monad.

The multiplication is given by the 1-cell m¢ : MMC — MC in Cat. That is, for every C, m¢ is a functor.
Let

(211 ®...Q %1, ) Q... Q@ (Tp1 ® ... ® Thn,,)

be an object of M MC. The functor m¢ sends it to
110 ... 0%1p, ®...0Tk1 @ ... R Tkn,

in MC. That is, m¢ just concatenates the inner brackets. Its action on morphisms of M MC is exactly
the same. Functoriality of m¢ amount to saying that the concatenation operation is compatible with

composition of morphisms - a condition that can be easily checked.

For any functor F' : C — D the following diagram commutes strictly

MMC -~ MC

MMFi \L]VIF

MMD ——> MD

This makes m a strict 2-natural transformation.

The unit of the monad is given by the collection ue : C — MC. It sends X *f>Y € C to
(X) D (Y) € MC. One can easily check that it too is a strict 2-natural transformation.

All the modifications in the definition of M are equalities. For example, it is clear that

=c: me - Mme — me - myce
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is an equality because the order of removal of inner brackets of a list | € M?3C does not affect the final

outcome. An isomorphic argument shows that the other two modifications are also equalities.

M = (M,n,u,=,=,=) is called the monoidal category monad.

Example 5.2. The symmetric monoidal category monad, S : Cat — Cat sends each category to the free
symmetric monoidal category on it (cf. Example 4.7). The multiplication m : S? — S again removed

the inner bracket between objects, but some care needs to be taken with regards to the morphisms.

For any category C, the category SC contains two types of morphisms. The first type is just a list
of morphisms of C. The second type consists of symmetries introduced by the free construction. Let
Fh®be..®l, 2 |elie...®l, € SSC be a morphism. If f = f1 ® foa®...® f,, with each f; a
morphism of SC, set m¢(f) to be a list of morphisms obtained by removing all the inner brackets of f.
f might also be a symmetry freely introduced in the construction of SSC from SC. Then the action of
me 0s a two step process: first the mapping of Equation 3.2 is applied to the symmetry f, and then the
result is embedded into SC(mc (Lh®h®...0lL),m(iIelhe...® l;)) Diagram 3.4 shows exactly how

this process works.

The unit is defined as for the monoidal category monad (Example 5.1). All the modifications are

equalities, making S a strict monad.

Example 5.3. The finite product category monad, F : Cat — Cat, sends each category X to the free
category with finite products on X (cf. Example 4.8). As in the previous example, FFC contains two
types of morphisms: formal products of F'C morphisms and new structural morphisms introduced by
applying F' to FC. m¢ removed the inner bracket (if they exist) of formal products of FC-morphisms.
Le.

Ax(fxg)x6™ Ax fxgxod.

We illustrate m¢’s actions on finite-product structure of F'F'C with an example. Let [ = (x1 X x2 X x3)

be a single-element list in F'/F'C. Then there there exists a morphism
A:l—=1lxleFFC

then m¢’s of A action can be visualised as follows:
A
l T2

X

X1 3
l = T2
Zs3

! .

€2
z3
The unit sends x to the single-elements list (z) € FC.

This monad is also strict.

Example 5.4. Recall the presheaf functor P of Example 4.10. Following Section 7 in [Curien, 2008], we

restrict the codomain of P to Cat obtaining a new functor to which we shall refer again as the presheaf
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functor. This new P can made into a monad. The unit of P is given by the Yoneda embedding

uc:C—PC, X m—C(— X).

Its multiplication, m : P? — P, is given by the following left Kan extension

pc——°¢ . ppC

N

which can be translated to an explicit formula for any F : (PC)°? — Set

FepPC
mc(]:) = / FXPPC(f,uPc(F))
FePC
:/ F x F(F).

P is not a strict 2-monad. For example, the isomorphism A¢ is derived from the density formula for

presheafs:

feprPcC
me(PC(—,G)(X) = / PC(f,6) x f(X) ~G(X).

Example 5.5. It was shown in Corollary 3.3 of [Cheng et al., 2004] that any 2-monad P induces a
psudo-adjunction

(=) 4G KI(P) = K
One can show that the right adjoint, G, is given by
e On O-cells GX = PX.

e on 1-cells and 2-cells by

® Py
—
G(X e v)= PX | PPy ™. py .
~—_7 S~
¥ P
The unit of this adjunction is given by
X > PX=GX,= X——=PX €K
and the counit is
GXZPX—HX:].pxiPX—HXI.
The adjunction laws translate to the following equations
X U px . x o~ x M x (5.1)

1We abuse notation and write 1px both for the functor PX — PX and for the profunctor PX — X
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and

mx

px o pex PUrd) pay PX ~ PX "% px (5.2)

with additional coherence conditions which we ignore at this point.

5.2 2-monad morphisms

Let S = (S,m,u,7,\, p) and (T, m,u, 7, N, p’) be two 2-monads on a bicategory K. A 2-monad morphism
is a triple («, ap, y) where o : S — T is a pseudo-natural transformation and «,, and «,, are invertible
modifications

g2 S _gp  oT . g2 lx—% =8
ml Yam lm’ /‘Uau ‘/a
S S T

[0

such that the following coherence conditions hold:

2 2 2 2
S3 S“a S2T SaT ST2 aT T3 53 S« S2T SaT ST2 aT T3
Ty iSm ISam Sml o~ le mSl o~ \LmT YamT mT\L Yn
§2 ur §2 Sa ST L 72 = 52 S5 7g of T2 4 T?
\Nlm Joam lm ml Jam ml/
S . T S a r
52 2% g oL, 72 52 2o g7 oL, 72

S S T S T T

id o o id
and
52 S gp of, 72 g2 e gp oT, 2
uS - fra.T N
X |m Jam m uS = T uT | YA

S S T S T T

id « o id

Example 5.6. Consider the monoidal category monad M : Cat — Cat and the symmetric monoidal
category monad S : Cat — Cat of the previous section. There is a monad morphism

i:M— S

given by setting, for every category C, the functor i¢ to be the inclusion MC — SC.
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We verify the existence of the required modifications. The diagram

M2 Mi MS S S2

mi lm,

M , S

K3

strictly commutes since the process of removing inner brackets commutes with set inclusion.

The commutativity of

legt —— M

N

S

is also clear.

Example 5.7. The inclusions of symmetric monoidal categories into finite product categories gives rise

to a monad morphism. The argument is identical to the one given in Example 5.6.

5.3 2-algebras

As with single-dimensional monads, 2-monads also have algebras. An algebra for a 2-monad is defined similarly
to an algebra for a monad, expect that the equalities in Equations 2.2 are replaced by invertible modifications
that are subject to coherence conditions. A similar story repeats for morphisms of algebras. This data forms
a bicategory. We refer the reader to Section 2.4 of [Tanaka, 2005] for a detailed definition.

We shall often talk about monads whose bicategory of algebras consists particular categories with structure.
For example, the bicategory of algebras for the monoid monad of Example 5.1 consist of all monoidal categories
and monoidal functors. Similarly, the 2-categpory of all symmetric categories and symmetric monoidal functors
is the category of algebras for the monad S of Example 5.2.

5.4 Kileisli bicategories

Let P : K — K be a 2-monad on a bicategory K. The Kleisli bicategory of P, written kIP is defined as
follows. Its objects are just the objects of K:

ob(kl(P)) = obKk
For any two X,Y € ob(kl(P)) we put
kI(P)(X,Y) =K(X, PY),
with composition

ox.v.z: K(X,PY) x K(Y,PZ) = K(X, PZ)
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given by
(X —2>PY)o(Y —Y>pPz)= x —*~py % ppz 2. Pz

It is clear that this composition is a functor. The unit is given by the unit of the monad P.
Given any ¢ : X — Y in kI(P), the isomorphism ¢ o 1x ~ ¢ is given by

Py my

X 5 pX P2y PY
X v
PY lpy
the isomorphism 1y o ¢ ~ ¢ is given by
Puy
X 2. py ~X p2y
4 imv
lpy PY
and with (: Z — PW, o (¢pop) =~ ((o1)) o is given by
X 2o py LY pay 2 mw
sz

Example 5.8. We investigate the Kleisli bicategory of the Presheaf monad (Example 5.4). The objects

of kl(P) are categories. The morphisms are functors
X — PY =Set”’
which, since Cat is Cartesian closed, are equivalent to functors
Y°P x X — Set;

explicitly, the equivalence is given by

64



Let X —2>Y Y~ 7 be morphisms in kl(P). Their composition is

Ve(@)(z) = myz- Py-¢(x)(2)
= mz(PY(e(x))) ()

(/ " P2 i) « @))) (2

1

1R

my
GePZ yeyY
/ / PZ(G,(y)) x 9(x)(y) x G(2)

R

yey GePZ
/ (@) (y) X / G(2) x PZ(G. (1))

12

yey
/ o(@)(y) X () (2).

The composition we computed above is exactly the composition of ¢y with ¢ when we view them as
profunctors via the above identification. From this we conclude that the categories kl(P) and Prof (see

Example 4.5) are biequivalent.

5.5 2-distributive laws

Given two 2-monads, S and T, we can compose their underlying 2-functors. A 2-distributive law allows
us to create a monad structure on the composite 2-functor ST. 2-distributive laws are substantially more
complicated than their 1-dimensional cousins. Because of this, we shall study them in stages. We begin with
a discussion a distributive law of a 2-functor over a monad. The full definition of a 2-distributive law is given

only after we understood this simpler scenario in some detail.

5.5.1 Distributing functors over monads

Let (P,m,u) be a monad on a 2-category K and let S be a 2-functor on K. A 2-distributive law (also
pseudodistributive law) of S over P is a triple (0, d,, d,,) where

6:SP— PS
is a 2-natural transformation and
sp2 L. pgp . p2g S
sml Vom \LmS Sul Ni
SP 5 PS SP — PS

are invertible modification subject to the following three coherence conditions
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sps % pgp2 POP_prgp P*_ pig sps 9P% pgp2 POE_pagp P pig

SP PS
/ iS’mP V6m P mSP\L nat. lnLPS SP"L\L nat. J{PSm Yém P"LS\L \n‘\

SP?  sr SP? oLl psp-2°. p2g - gsp2_°P_ pgp Pe P2S yrs  P2S
%‘\ iSm Yom lms Sml Y6m mS\L %
SP - PS SP - PS
sp2 °F_pgp P, p2g sp? 2. psp 20, p2g
V6, P
%ﬂlSm Yom lmS SuPT T op nat. uPSTUM
SP— >8P PS SP PS— > PS
id 5 5 id
and
sp? P, psp P, p2g sp? P, psp o, p2g
SPu NPy mS
%A\LSm Uom J{mS S’PuT nat.Mé‘Tl}\
SP— >8P PS SP PS— > PS
id 5 5 id

Example 5.9. The free monoidal category functor of Example 4.6 distributes over the presheaf monad

of Example 5.4. For any category X the functors
AxMPX—)PMX, fl®®fn’—>f1(—)><><fn(—)
defines a 2-distributive law.

Distributive laws allow us to extend the endofunctor S to the Kleisli category of P. More precisely, we call

the 2-functor S as extension of a 2-functor S when

commutes.

The relationship between extensions and distributive laws is captured by the following theorem
Theorem 5.10. Given a 2-monad P a 2-functor S on a 2-category K the following a equivalent:

1. a 2-distributive law (A, A\, Ay) : SP — PS
2. an extension S of S to kI(P).
The proof can be found in [Cheng et al., 2004]; we provide a sketch of the proof in Theorem 7.4.

The extension S can be easily described. Since its an extension, it equals S on O-cells. A 1-cell p: X - Y
in kI(P) is the same as a 1-cell ¢ : X — PY in K. Set

~ S(p 5y

S(p) = SX

SPY PSY
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which is a 1-cell from SX to SY in kI(P).

Example 5.11. The distributive law of Example 5.9 gives rise to a 2-functor M : Prof — Prof that

equals M on categories and is defined by

~ ‘P(yhxl) ><><<p(yn,xn),1fn:m,
MP) (Y1 @ .. . @Y, 1 Q... QXy) =

0, else,
for any profunctor ¢ : X -+ Y.

One can also define a distributive law of a monad P over a functor S. This definition is identical to ours,

with the roles of P and S reversed. That is, it is given by a 2-natural transformation
A:PS— SP.

and two modifications that satisfy three coherence conditions. Full details can be found in Chapter 5 of
[Tanaka, 2005].

5.5.2 Distributing monads over monads

Let (S,m,u) and (P, u,n) be monad on a 2-category K. A 2-distributive law of S over P is a a 5-tuple
()\7 >‘m7 )\uu )\P" )\7]) Where
A:SP— PS

is a 2-natural transformation and A, A, Ay, and A, are invertible modifications

AP P

Sp? PSP pP2s S
| l | B

Su IAu uS Sn | YAy

SP PS SP—— PS

A A

s2p_5* gpg 5. pg? P

mPl A lpm uP\L DN
SP 3 PS SP—/\>PS

subject to ten coherence condition given in Chapter 7 of [Tanaka, 2005].

It took some time to precisely identify the coherence condition for 2-distributive laws of monads over monads.
The first attempt was made in [Marmolejo, 1999] where nine coherence conditions we presented. In [Tanaka,
2005] Tanaka added an addition coherence condition to the list. But three years later, [Marmolejo and Wood,
2008] showed that Tanaka's condition is in fact derivable from that original nine. Interestingly, the same work
showed that one of the nine conditions is derivable from the other eight. Thus the minimal definition for a
2-distributive involved eight coherence conditions; those can be found in the original paper [Marmolejo and
Wood, 2008] or in the survey [Gambino, 2009].

Example 5.12. The 2-distributive law of Example 5.9 is actually a 2-distributive law of the 2-monad
M (cf. 5.1) over the 2-monad P (cf. Example 5.4).
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The formula

1.0 fn= fi(—) x ..o x fu(—)

follows from abstract considerations. Let (X,®,I) be a monoidal category. Then there is a monoidal
tensor product on PX given by the Day convolution which, given profunctors F,G : X°P — Set, is
defined by

z,yeX
F*G:/ FrxGyx X(—,z®y).

Is is well know that this tensor product along with unit J = nx(I), makes (PX,*,J) a monoidal closed

category.

Since M X is the free monoidal category on X, it possesses the the following universal property: for any
strict monoidal category Y, and a functor H : X — Y, there is a unique strict monoidal functor H that
makes

X5 MXx

|
23
RV

Y

commute. In particular, consider the situation

PX 22X M PX
|

I Ax
Pux %

PMX

We can now compute the formula for Ax. For the sake of clarity, we consider the action of Ax on only
two presheaves f and g. We write [z] for the list 21 ® ... ® z,, and similarly write [y] and [z] for lists of
objects of X.

Ax (f ® g)([]) Ax (upx (f) ® upx(9))([z])

(Pux(f) * Pux(9))([z])

[y),[z]eM X
/ Pux (f)([y]) x Pux(9)([z]) x MX([z], [y] ® [2])

1R

12

R

/MM (/GGX fla) x MX([y],a) x /bEX g(b) x MX([Z],b)) X MX((al @ =)

R

abeX [v],[z]
[ s@xawx ([ X ()l o ) x MX(w) @) x MX((2).0)

1R

/a’ F(a) x g(b) x MX([z],a®b)

f(z1) x g(x2), if 2 = 21 ® o;

0, else,

The last isomorphism holds because M X ([y],a) x M X ([z],b) ~ MX([y] ® [z],a ® b) and the coend is
taken over [y] ® [2]

Example 5.13. The Symmetric Monoidal Category monad S of Example 5.2 and the Finite Product

Category monad F' of Example 5.3 also distribute over Presheaf monad P. The 2-distributive laws are
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almost identical to the one in the previous example. We record then here for completeness. We define
p:SP — PS by

’ ’
"""""

5 z,€X
px(f1®...® fo)(@1®... Q) :/ [E) X o X fu(@) x SX (21 @ ... Qap, 2] @...Q ).

and £ : FP — PF by

m'l ..... z, €X
X([®...0f) (@1 ®... @) :/ [E) X X fu(@ )X FX (21 ® ... @z, 0] @...Q1)).

The proof that the formulas we gave above are indeed 2-distributive laws can be found in [Curien, 2008].
That paper elegantly considers all there monads M, S and F' at the same time and so provides a single proof

that works for all three constructions.

Let (S, m,u) and P be monads on K. An extension S = (S,m, @) of S to kI(P) is a monad the 2-functor,
the 2-natural transformations and the modifications are all extensions of the original data. (See Chapter ??

for precise definitions).

The following important Theorem relates liftings and extensions of monads with 2-distributive laws.

Theorem 5.14. Let S and P be 2-monads on a 2-category IKC. Then the following are equivalent:

1. a 2-distributive law A : SP — PS;

2. an extension S of S to the Kleisli bicategory of P;

3. a lifting of P to the bicategory of P-algebras.
See [Cheng et al., 2004] for a proof. A detailed discussion of (1) <= (3) can be found in [Tanaka, 2005].
Example 5.15. Examples 5.12 and 5.13 describe three distributive laws of monads over the presheaf

monad P. Hence by Theorem 5.14 the Monoidal Categories Monad, the Symmetric Monoidal Categories
monad and the Finite Product Categories monad can all be extended to kl(P), i.e. to Prof..

Consequently, we obtain three 2-functors M, S and F on the bicategory Prof. Let T' € {M, S, F} be one
of our 2-monads and dr € A, p, € be a corresponding 2-distributive law. The actions of the extension T

on a profunctor ¢ : X — PY is given by

TX > 7Py °* PTY

This allows us to derive explicit formulas for the tree extensions. Let ¢ : X -+ Y be a profunctor then

Mo(1 ® ... QYn, 21 ® ... @ xy) = ©(y1,21) X « .. X ©(Yn, Tn)

y/1y~»- Yy ,E€Y
Se(h®. . .QYn, 11Q. . .QLy,) =/ oY1, 1) X X@(Yn, Tn) X SX (11®. . .BYn, ¥ 1®...QY,,)
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B y'l,.‘.7y/n€Y
Fo(®...Qyy, 11®. . .Qx,) = / oY1, 1) X XY, ) X PX (11 ®. . .Qyp, ¥ 1®...QY',,)

In the next Chapter we shall see that we monads in the Kleisli bicategories of M, S and F are operads,

symmetric operads and Lawvere theories, respectively.
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Chapter 6

Internal Category Theory

The aim of this chapter is to show how the 2-categorical tools we developed in Chapters 4 and 5 can be used
to define a setting that makes it easy to formulate and combine various gadgets from categorical universal
algebra. The monad again plays a central role. But instead of studying monads on a 2-category KC, we now
study monads inside K. Monads in different /C correspond to various familiar constructions.

In the first example we show that a category is a monad in the bicategory of Spans (cf. [Rosebrugh and Wood,
2002]). Next we study monads in Prof. There internal monads add a new categorical structure to a category
X in a way that interacts nicely with the existing structure of X. We follow [Lack, 2004] and show that this
view allows us to define PROs, PROPs and Lawvere theories as monads in a bicategory Prof (Mon) of internal

profunctors in Mon.

Operadic theories are more difficult to define because their tree-like composition does not naturality fit into a
simple categorical framework. [Hyland, 2010] showed that operatic composition can be recovered by working
in certain Kleisli bicategories. We focus on three particularly important examples. The first one studies
monads in kI(M), where M is the extension of the monoidal category monad from Cat to Prof. We show
that monads on 1 in that bicategory are precisely non-symmetric operads. Symmetric operads turn out to be
monads on 1 in the Kleisli bicategory kI(S), where S is the symmetric-monoidal category monad on Cat and
S is its extension to Prof. Finally, monads on 1 in kI(F) are Cartesian operads. Here F' is the finite product

category monad on Cat.

We also give several examples of concrete theories. In particular, we describe the theory for commutative

semi-groups in symmetric monoidal categories as a monad on 1 in kI(.5).

Distributive laws can also be internalised. Such internal distributive laws give a new method for composing
structure. This ability is one of the primary reasons for representing familiar structures as monads inside
bicategories. We explore the ability to compose categories, compose PROs, PROPs and Lawvere theories.
We finish with a discussion of a concrete distributive law between the concrete operadic theories we defined

earlier in the chapter.
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6.1 Monads in 2-categories

Let K be a 2-category. A monad in K is a 1-cell s : X — X equipped with 2-cells m : s> = sandu:1x — s
such that m and wu satisfy the now familiar condition for a monad (cf. Section 2.2).

Example 6.1. Single-dimensional monads are monads in the 2-category Cat.

Example 6.2. A monad in Span(Set) consists of a set X, an endo-1-cell

X X
‘\d 74
E
and 2-cells k : E xx E— FE and ¢ : X — F that satisfy the associativity and unit axioms.

Let X be a set. The category Mon(Span(Set))(X, X) of monads on X in Span(Set) and monad morphisms
between them is isomorphic to the subcategory Catx of Cat - viewed as a l-category - consisting of
all the categories C with obC = X and identity-on-objects functors between them. See Appendix B
in [Akhvlediani, 2009] for a proof.

Example 6.3. We can represent strict monoidal categories as internal monads in a bicategory Span(Mon)
of spans internal to the category Mon. Briefly, the category Span(Mon) is the same as Span, but the
O-cells are monoids and 1-cells are pairs of monoid homomorphisms. More detail can found in [Lack,
2004].

Example 6.4. Monads in Prof describe many interesting structures. First consider a monad
t: X - X

over a discrete category X. Since Span is equivalent to a full subcategory of Prof with O-cells discrete

categories, the monad t is equivalent to a category whose class of objects is X.

When X is not discrete, the monad t : X — X can again be thought of as a new category structure on
X, but one that interacts nicely with the existing morphisms in X. We investigate this idea further in

the discussion bellow.

Imagine that you wish to add new morphisms to an existing category X and that we wish the new
morphisms to compose with each other and with the existing morphisms on X. The first task in this
endeavour is to assign every pair x,2’ € obX a new set of morphisms ¢(z,z’) which contains X (x, ).
We denote X-morphisms with English letters f, g, h,... and t-morphisms that are not in X with Greek
letters ¢, 9,¢&, .. ..

We wish to compose existing morphisms in X with the new morphisms from ¢. For this we need maps
t(r,2") x X(a',2") = t(z,2") and X (z,2") x t(a',2") — t(z,2"). (6.1)

that respect the composition in X. Such maps are given by a functor ¢ : X°P x X — Set. Indeed, one

can verify the functor ¢(z, —) gives the left map in Equation 6.1 and t(—,z") gives the right one. Let
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fix—a, pet@,a”),and g: 2" — 2. Define

% f = t(f,2")(p) € ta,a") and g+ = H(x', g) () € ta'sa").

The functoriality of ¢ also gives rise to the identities

frg=f-gand 1y xf=f=fx1,

which indicate the compatibility of the operations - and .

We determined that ¢t : X - X is a profunctor. We further suppose that it is a monad. Then the unit
of the monad
X(z,2') — t(x, ")

ensures that all the original morphisms of X are contained in the new morphism family .

The composition of t-morphisms is given by the multiplication of the monad. So, for any pair of com-
posible morphisms ¢ : z — y and v : y — 2’ in ¢, the multiplication produces the composite ¥/p. The
equivalence relation in profunctor composition gives rise to important identities for this multiplication.

The multiplication of ¢ takes the form

/y€ t(z,y) X t(y,z") g t(x,x) (6.2)

Let p:2 —y,v:9y — 2 and f:y — f' be given. Then there are two ways to compose this data. We

can first form v * f and then compose it with . This gives

(¢ * )0

Or we can form f * ¢ and then compose that with :

YO(f * »)

But since the pairs (¢, (¢ * f)) and ((f * ¢), ) are equal in the coend of 6.2 they are mapped to the

same composite by [.

As a consequence of the unit law for the monad ¢, for every f: 2z — 2/, p: 2’ — 2" and g : 2" — 2",
eUf = ¢ * f and glp = g+ ¢.

This hypothetical scenario is actually very useful in practical situations, in so far as these exist in
Category Theory. Let X = S1 be the free symmetric monoidal category on a single object category. The
only morphisms in X are the symmetries. A monad ¢ : X - X in Prof gives a way of adding additional
morphisms to the symmetric monoidal “base”. The new morphisms will seamlessly interact with the

symmetry morphisms of X.

This approach is not perfect. The issue is that while {-morphisms compose with symmetries, they are
oblivious to the monoidal structure of X. For example, viewed as a functor, ¢ : X°P? x X — Set ignores
the monoidal structure of X. To remedy this, we can take internal monads in the bicategory Prof(Mon)

rather than in Prof. The former bicategory is called the bicategory of internal profunctors in Mon.
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Basically, the idea is to make sure that X is a monoidal and that t preserves its monoidal structure.

This approach was been explored in [Lack, 2004] where the reader can find further details.

The reliance of Prof(Mon) on Mon limits this setting. The problem is that there is no way to specify
interaction of t-morphisms with the structure of X, if this structure is not monoidal. In the next section

we present a framework that addresses this issue.

Example 6.5. In Example 6.4 we saw that monads in Prof and in Prof(Mon) are useful for appending
additional morphisms to categories. And so the class of all monads ¢t : X -~ X models the class of
categories that contains a subcategory X. Going back to Chapter 3, we see that PROs, PROPs, PROBs
and Lawvere Theories can all be modelled as monads on suitable categories in Prof(Mon). [Lack, 2004]
studies the implications of this for PROs and PROPs. [Akhvlediani, 2009] observes that PROBs can also
be studied in that setting. [Akhvlediani, 2010] shows that Lawvere theories can also be viewed as monads

and studies how these monads can be composed.

6.2 Monads in Kleisli bicategories

In in Example 5.15 of Chapter 5 we showed that the 2-monads M, S and F extend to the bicategory ki(P).
This means that we can construct their Kleisli bicategories. In this section we study internal monads in these
Kleisli bicategories. We shall see that these internal monads provide us with tools to model multicategories of
various types. In particular, we shall see that plain, symmetric and Cartesian operads, as well as their coloured

counterparts, can all be modelled elegantly in this setting.

6.2.1 Monads in kl(M)

We begin with the following important proposition.

Proposition 6.6 (Hyland). There is a one-to-one correspondence between monads
t:1—+1
in kI(M) and plain operads.

Sketch of proof. Lets begin with a plain operad A. We wish to construct a monad ¢ : 1 —+ 1 in kI(M).
Define a functor
t:M1°P x 1 — Set

by ¢(n,1) = A(n) for all n € N. Since 1 does not contain any non-trivial morphisms, this definition indeed

gives a functor.

The unit of the monad is given by the natural transformation

U N(]., 1) — t(]., ].) idy — idg

To understand how to define the multiplication, we first compute the composite of ¢ with itself in klI(M):

mi

2= 1 —1= 1M v R M
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which evaluates to

keM1

my - Mt -t(n,1) t(k,1) x Mt - iy (n, k)

Il
— — —

keM1 M®...Qr,eMM1
/ min,r®...0r,) x Mt(r ®@...®rp, k)

t(k,1) x

keM1 r®..Qr,EMM1 P
t(k,1) ></ M1(n,» i) x t(ry,1) x ... x H(rp, 1)
i=1

k times

keM1 rM®.@rreMM1L, S5 ri=n
/ t(k,1) x / t(ry,1) x ... x t(rg, 1)

= th, 1) x [t 1) x ..o x (e, 1)

keM1 Sk ri=n

R

The composition of A gives us a passage

k
t(k) < t(ry, 1) % ox (g, 1) = (D)

i=0
which gives us a morphism t%(n, 1) — t(n, 1) by the universal property of coproducts. The associativity of

multiplication and the unit law hold because of the corresponding axioms for A.

Conversely, given a monad ¢, we set A(n) := t(n,1). Multiplication for A is then given by

A(R) x A(ry) x ..o x A(r) = [T AR x  J]  A(r) x ... x A(r) = A(n)

keM1 Sk ri=n

The unit for A is given by the unit of ¢. Associativity and the unit law hold because the their counterparts
for t. O

If we can replace 1 by any category X, we obtain a correspondence between coloured plain operads or plain
multicategories (cf. Section 3.2.3 of Chapter 3). We record this fact

Proposition 6.7. There is a one-to-one correspondence between multicategories and monads in kl(M) on
discrete X.

Sketch of Proof. Let B be a multicategory with a class of objects X. We construct a monad ¢ : X —+ X in
kI(M) from B. First note that ¢ needs to assign a list of objects 1 ® ... ® x,,x a set of morphisms. We do
this by setting ¢ to be a functor

MXPxX —Set, t(r1®...Qx,,2) =B(z1 Q... 0 x,, ).

Functoriality is trivial since X is discrete. We explain how to define the multiplication for ¢

t
}

2= X MX M v x S X
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letl=21®...Qx, e MX andlet x € S

l'eMX
t(l',x) x mx - Mt(l,1)

U'=2"1®..Qz' ,eMX $1Q...Qsn€EMMX
/ t(l',x)x/ Mt(s1 ®...®8p,1") xmx(l,81@...®s,)

l/EJMX /sl®...®sneMJV1X

12

1

) x Mt(s1®...08p, ") x MX(I,mx (51 ®...® sp))

#0) <= 51®...Qs,, partitions [

l'eMX 51®...®s,, partitions I
:/ t(l',x) x / t(s1,2)) X ... X t(sp,0)

= H t(l',z) x H t(s1, 7)) X ... X t(sp, 2h).

l'eMX $1Q...Qsy, partitions [

For every partition s1 ®...® s, of l,every x € X and every list ' = 2’1 ®...®a’,, the multicategory B gives
a passage
t(l',x) x t(s1,2)) X ... X t(sp,2h,) — t(l,x).

and hence we also obtain a passage t2(I,x) — t(I, ).
The rest of the proof is similar to the proof of Proposition 6.6. O
Finally, we can consider the case where X is not discrete. The a monad ¢ : X = X in kI(M) again gives

a multicategory, but one equipped by right actions of X-morphisms and left actions of M X-morphisms. We
analyse this scenario in the Example below.

Example 6.8. Suppose that X is a non-discrete category and let ¢t : X - X be a monad on X in
kI(M). We think of
t(r1 ®...Q xy, )

as a set of t-morphisms from 1 ® ... ® x,, to x (see Example 6.4 for more on this interpretation). Then

the isomorphisms
r'eX N
/ 1 ®...Qxp, 2 ) x X(2',2) S tHx1 @ ... @ Ty, )

and

r'1®..Q0x neMX
/ MX(11®...0 2,71 ®...01,) xtlxh ®...01,,1) ﬁ)t(m@...@xn,x)

form left- and right-actions on the class of t-morphisms. For example, given ¢ € t(z1 ® ... ® x,,2’) and
fi:x'—xin X,

A, [) =tz1® ... @an, f)p) = f*p
Similarly, p lets us define ¢ * (f1,..., fn)-

Following the arguments given in Example 6.4 we can show that the multiplication m of the monad ¢

allows to compose ¢t morphisms via

(1 ®...0 )0y :=m(p1 ® ... Yn,p)
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[, x and - are compatible. For example

(i®...®@f)be=(fi®...0 fu)*p,
()Og=(f)xg=1f-g

While monads on non-discrete X provide the most flexible framework for defining theories, they do not
correspond to any standard notion from Categorical Universal Algebra. Consequently, we shall mainly

focus on the discrete case in the remainder of this work.

6.2.2 Monads in ki(S)

Following the plain case, we begin with a proposition.

Proposition 6.9 (Hyland). There is a one-to-one correspondence between monads t : 1 — 1 in kI(S) and

symmetric operads.

Sketch of Proof. The corresponded between monads ¢ and operads A is given in Proposition 6.6. Here we
explain how the monads gives rise to the actions of the symmetric groups and to equivariance. Let ¢ be given.
We produce the action

o t(k, 1) x S — t(k, 1),

from
t(k,1) x S = t(k,1) x S1(k, k)

k'eS1 N
< / t(k', 1) x S1(k, k') = t(k,1).

Explicitly,
Pk(@a U) = t(aa 1)(90)

The functoriality of t(—, 1) implies the axioms of a group actions.
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To understand equivariance, we need to compute t2.

t2(m,1) = - St-t(m,1)
nGSI k1®...Qk, €551
~ / / St(k1 @ ... Qkp, k) x mi(m, k1 ®...Qk,)
nESl k1®..Qk,€SS1  pk'1,... k' n€S1
~ / / / HL 1) x o x t( 1) x
SS1(k1 @ ... Qkp, K'1®@...0K ) x S1(m,m1(k1 @ ... ky))
nESl k', k' €81 pk1®..QkneSS1
~ / / / HL 1) % t(R 1) x
SSl(kl .®k‘n,]€/1®...®k/n) X Sl(m,ml(kl Rk, ))
nESl k'1,...,k"nES1
~ / / t(ki, 1) x ... x t(k},,1) x S1(m Zk
neSl ki+...+kl,=m
~ / / HR ) % . t(K 1) x S1(m,m)
Let z € t(n, 1), ((xl, cey X)), s) € my - §t(m, n) and o € S1(n,n). We claim that equivariance follows from

the fact that in t2(m, 1) the following are equal

(t(o, 1)(2), (21, ..., 20n),8)) = (x,m - St(m,o)(x1,...,2n), s)) (6.3)

Indeed it is easy to see that the left-hand-side of Equation 6.3 is corresponds to the lower-left passage of
diagram 3.4. And since action 1y - St(m,o)((x1,...,2,), s) corresponds to first permuting the operations
x; and then precomposing them with the permutation o, the RHS corresponds to the upper-right passage of
that diagram. O

As in the previous section we have

Proposition 6.10. The is a one-to-one correspondence between symmetric multicategories and monads in
kI(S) on discrete X .

The proof is analogous to the proof of Proposition 6.7.

When X is not discrete, something interesting happens. The class of morphisms introduced by ¢ interacts
nicely not only with the symmetries of SX but also with the non-identity morphisms of X. The two inter-
actions are very different. The interaction with symmetries is a derivative of the setting ki(S) and is entirely
independent of X, while the interaction with the morphisms of X follows the pattern described in Example
6.8 and depends only on X itself.

6.2.3 Monads in kl(ﬁ’)

In this section we are finally able to precisely define Cartesian Operads (cf. Example 3.9). We shall show that
all the properties we sketched in Example 3.9 can be derived from the this formal definition.
Definition 6.11. A Cartesian operad is a monad t : 1 =+ 1 in kI(F).
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Let ¢ be a Cartesian operad. Then, since M1 < F'1, t is an operad. As a profunctor ¢ is given by
t:F°P x 1 — Set

We interpret t(n,1) as the set of operations of arity n. Right actions of finite-product structure on the

operations of ¢ are given by the isomorphisms
kEF1
t(k,1) x Fl(n, k) — / t(k,1) x F1(n,k) ~t(n,1)
which explicitly send the pair
(x €t(k,1),0:n—k)— t(p,1)(x) € t(n,1)

Action axioms follow immediately from the functoriality of t(—,1).

We can compute
neF1 k1,....,kn€F1
t2(m,1):/ t(n,1) x/ t(ky, 1) X .oox t(k, 1) x F1(m, Y k)
neF1l _
:/ Hn, 1) % (y - FE)(m,n)

Note that the Cartesian analogue of equivariance follows from the fact that for operations = € t(n’,1),
z; € t(k1,1), i =1,...,n and morphisms ¢ € F1(m,> ", k;) and ¢ € Fl(n,n’),

(t(go, 1)(x), (¥, 1,21, ... 7ocn)) = ((m, my - Ft(m, o)W, 21, .. ,xn)) (6.4)

To illustrate this point, we examine the situation when ¢ = x:1 — 1 x 1 is the copying operation. Assume,
for the sake of clarity, that m = 3 = 1 x 1 x 1 and ¢ = ids. Let zy € #(3,1) = Ft([3],1)!; we wish to
understand the expression

Ft(3, k) (x0) := Ft(3, k)(id3, [z0]) € Ft([3],2)
Recall from Chapter 5 that

Ft= F1-F' ppr1 S pR2y

and that this composite works as follows

Ft(k)
—_—

1-1x1 = t(—,1) t(—,1) x t(—,1)

Ft(k)
—

N fneFl t(n, 1) 5 Fl(f,n) f’ﬂl»’ﬂzEFl t(n171) % t(’ng, 1) X F21(77n1 X n2)

where the natural transformation Ft(x) is given by

Ft(ﬁ;)klxmxkp((m,wzkl X ..o X ky, —>n)) = ((m,x),(kl X ... X kpgn%nxn))

(here Ky, is derived from k as described in Example 3.9 of Chapter 3.)

IWe write [m] for the singleton list containing m
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Thus Ft(3, k)(z0) = ((w0,20), 3) and this passage is visualised in Diagram 6.1.

— X { —
| . . |
3 — 1z

Diagram 6.1: The actions of Ft(3, )

With ¢ = &, we can now visualise the equality in Equation 6.4 in Diagram 6.2. Note that this diagram is

Zo
— 2o T = xT
K
K3 To

Diagram 6.2: The equality of equation 6.4

identical to Diagram 3.8 of Chapter 3.
Similar equations can be derived for more general ¢ € F'1.

Thus equivariance - which is the most complicated component in the definition of a Cartesian operad - can

be derived from our setting. Indeed, its complex combinatorial nature is elegantly captured by Et.

6.3 Concrete theories in ki(7")

We saw that when the 2-monad T distributes over the presheaf monad, theories of type T" can can be expressed

as monads in kI(T'). In this section we look at concrete example of such theories.

Example 6.12. We give the theory for commutative semi-groups in symmetric monoidal categories.

Thus our aim is to define a monad

t:1 -1 €ki(3).

This is equivalent to giving a functor ¢t : S1°P x 1 — Set, which we define by
t(n,1) = {n} if n > 0, and ¢(0,1) = (.
We interpret the single element in ¢(n, 1) as the single operation of arity n. So, for example, the element
2 €t(2,1)

is the multiplication of our theory.
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Next we need to define the action of ¢ on symmetries o : n — n € S1. Since, t(n,1) is a singleton, we

are forced to set t(o,1) to identity. This makes our semi-group commutative.

There is little choice for the multiplication
m:t? >t

m(n,1) sends each element of ¢*(n, 1) to the single element of ¢(1).

Example 6.13. A pointed set is a set X together with a chosen element xy € X. We can represent the
theory of pointed sets as a monad on

s:1—+1

in kI(S).

As a functor, s : S1°P x 1 — Set sends each n > 2 to the empty set and,
5(0,1) = {0} and s(1,1) = {1}.
The definition of s on symmetries is self-evident. To define the multiplication, we note that
s%(n,1) =0, if n > 2,

and if case n = 0 or n = 1, s?(n, 1) ~ s(n, 1), which gives the multiplication.

Example 6.14. Let X be a symmetric monoidal category and let zg € X be an object of X. We define

the theory of morphisms on xg to be an arrow

To:1—+1

in kI(S) given as a functor by z¢(n,1) = X (25", 7). The multiplications and unit are given by the

compositions and identity in X. This theory corresponds to the endomorphisms operad of Example 3.7.

The above example allows us to define models of theories. Recall from Chapter 3 that a model on an object
x € X of an operad A is a morphism of operads A — End(xz). The same idea can be used to define models
of monadst:1 —+ 1in kI(T). Given a T-category X and an object zg € X, a model of t on x is a monad
morphism

a:t— xg.

where x( is the monad of Example 6.14.

Example 6.15. Let ¢ be the theory of Example 6.12. Let X be a symmetric monoidal category and let

xo be any object in X. Write x( for the monad on 1 induced by zg. Then a monad morphism
a:t— xg

gives, for every n € S1,
an 1 t(n, 1) = 29(n, 1) = X (25", 20)
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the concrete implementation in X of all operations of arity n. The fact that « is a monad morphism,

means that all the axioms of the theory t hold also hold for these concrete implementations in X.

6.4 Distributive Laws in 2-categories

One advantage of the internal monadic view of operads and categories is that it comes with a tool for
combining these structures. We already noted that given any two monads, a distributive law specifies a
method for creating the composite of these monads. Hence (internal) distributive laws give us a single

mechanism for combining categories, PROPs, PROs, Lawvere theories and operads of various types.

Let s = (s, us,ms) and t = (t, pg,m¢) be monads in a bicategory K. An internal distributive law of s over t is
a 2-cell
Ais-t—t-s

such that

A A
tss —2> gts —2> gst

t
A

ts ————— st ts ——— st

nes St
S

tts ——— tst —— stt
tA At

Example 6.16. Let C and C’ be categories with obC = X = obC’. Then C and C’ are monads on X in
Span - we again write C and C’ for those monads. We write C ® C’ for the span C x x C’. A distributive

law between C and C’ is a 2-cell
l:CeC =CC.

This distributive law [ sends pairs of compossible morphisms to pairs of compossible morphisms. Given

a pair of compossible morphisms (f, g) € C ® C’ we write

I(f,9) = (gc' fr9cf)

and denote the domain of ge: f and the codomain of ge f by g; f. This allows to capture [ diagrammatically

A fec

B
gcfl /lgec
af ——0C

ger f

(Note that the above is not a commutative diagram, but only a depiction of ).

The defining conditions for a distributive law translate into preservation of the unit and composition of

C and C’. The above notations allows us to capture this precisely as,

fela=f, fela=1p, fila=B.,



(IB)cf =14, (AB)er f = f, (1)1 f = A,

for the interaction with the units and

he'(k-f) = hek- (hek)e f
he(k-f) = (hck)ef (6.5)
(hek)f = (k- f)

and

(h-g)erf = helge f)
(h-g)cf = hclgef)-gef, (6.6)
(h-ghf = hlgef),

for the interaction with composition. See [Akhvlediani, 2009] for full details.

Example 6.17. One can similarly define a distributive law between PROs. We saw in Example ?? that
PROs are monads in Span(Mon). Hence a distributive law between PROs is a distributive law between
the associated monads in this 2-category. Its easy to spell this out in detail: such distributive law amount
to giving a distributive law between the underlying categories, such that the function [ of Example ??
preserves the tensor product. More precisely, given PROs S and T, a distributive law between then is a
2-cell

L:S—T

in Span(Mon), such that [ is distributive law of the underlying categories S and T and for any pairs of
composible morphisms (g, f), (¢, f) € T® S

92gsff = gsf@gsf
ggrfof = grf @grf
gogfef = af®gf

Example 6.18. PROPs are monads in Prof(Mon) (cf. Example 6.5). A distributive law between
PROPs is a distributive law between the underlying PROs such that whenever there exists 7 € P making
the upper-right triangles in the following diagram commute, there exist a #’ € P making the lower-left

triangles commute
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See Theorem 6 of [Akhvlediani, 2009] for a proof.

Example 6.19. In [Akhvlediani, 2010], the author showed that Lawvere theories can be viewed as
monads over F°P in Prof(Mon). As such, those Lawvere theories can be composed to produce a new
monad on F°P. It turns out that this new monad is also a Lawvere theory. Consult the slides in the

reference for a complete proof.

Example 6.20. In Examples 6.12 and 6.13 we defined the theory for commutative semi-groups, ¢t and
the theory for pointed sets s. We now show that those theories can be combined with a distributive law

to produce the theory of commutative monads.

The distributive law is a 2-cell in kI(S)
Ait-s—s-t.

To understand A, we first compute its domain and codomain: the domain is

kes1 ki+..4+k.=n
t-s(n,1) = / t(k,1) x / s(kh) x ... x s(kl) x S1(n,n);

and codomain is given by

keP Ei4..+k,=n
s-t(n,1) = / s(k,1) x / t(ky) x ... x t(ky) x S1(n,n)

s(0) [] s(1) x t(n) x S1(n,n).

12

The action of A\, can now be seen as

- |
* — ando—{}i—)oi

The distributive law A turns the composite 1-cell s - ¢ into a monad with multiplication given by

(s-t)-(s-t)—=(t-t)-(s-s)—>s-t

Its operations are given by
s-t(n,1) = {n}, for all n € S1.

The distributive law A transforms the 0-arity operation 0 € s - ¢(0) into the unit for the multiplication

2 € s t(2), making the composite monad the theory for commutative monoids, as desired.

6.5 Preservation of Internal Structure

We briefly note that internal structures in 2-categories are preserved by 2-functors. We shall use these facts
in Chapter ?? to construct theories of one type from theories of another type.
Proposition 6.21. Let T : K — M be a 2-functor between 2-categories. Then T preserves internal monads.
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Proposition 6.22. A 2-functor T : KK — M preserves internal distributive laws.

Both these results are well known and their proofs are straightforward.
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Chapter 7

Extensions to kl(P)

In the previous chapter we saw that the tools of Categorical Universal Algebra can be viewed as monads in
various bicategories. In particular, operads of various types are monads in Kleisli bicategories of extensions
of Cat-monads. We also saw that the notions of type is captured by a Cat monads that distribute over the
presheaf monad.

The aim of the next three chapters is the understand how relationships between types lead to relationships
between theories of these types. To do this, we need to understand now only how monads distribute over the

presheaf monad P, but how 2-natural transformation and modifications distribute. We do this in this chapter.

More precisely, in this chapter we construct two monoidal bicategories, DLY and Extp. The former consists
of 2-functors, 2-natural transformations and modifications that distributive over P. The latter consists of

extensions of 2-functors, 2-natural transformations and modifications to kl(P).

We show that both DLY and Extp are monoidal bicategories. Furthermore, we show that there is a monoidal
biequivalence between them. While this result is easy to state, its proof is fairly involved. The proof was
broken down into manageable components. First we explain how the 0-, 1- and 2-cells of DL” map to
the corresponding structures in Extp. We prove in full detail that our constructions indeed end-up in Extp.
Certain coherence conditions are verified with particular care. We also explain how Extp maps back into DL?,
albeit with less detail. We prove 2-functoriality of both passages and show that they preserve the monoidal

structure.

The chapter ends with two important corollaries. The first one states that if S is a monad that distributes
over P, then its extension to kl(P) is also a monad. The second one shows that when « is a monad morphism
that distributes over P, then its extension is also a monad morphism. We shall use these two corollaries in the

next chapter to construct a 2-functor between ki(S) and kI(7T") that will send theories of type S to theories
of type T'.

The monoidal biequivalence we construct should we thought of as a categorification of Beck's Theorem [Beck,
1969]. This categorification was started in [Tanaka, 2005]. There Tanaka showed that there is a very similar
biequivalence between a 2-category dual to DL and a 2-category of lifts of 2-functors to the category of
algebras of the monad P. Thus Tanaka’s thesis categorified one half of Beck's Theorem. In this chapter we

categorify the other half.
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7.1 The monoidal 2-category of distributive laws

Let K be a 2-category and P be a 2-monad on K. We define the 2-category DL” of distributive laws over P
as follows

e O-cells are pairs (T, \) with T': K — K an 2-functor and A : TP — PT a 2-distributive law.

e l-cells are pairs

(,0%) : (T, A) = (S, p)

where oo : T'— S is a 2-natural transformation and a* is a modification

sp—"-ps

aPl Ja™ lPa

TPT>PT

satisfying the following coherence conditions:

P2 pP Pp pP Pp

PSP Sp? PSP P2S
\M 1\ \ W
Tp2 2P, prp 2 - Su v uS P2T
n n
SP Th ) uT SP P PS uT
N Pa
k\ k Yo \
TP - PT TP - PT
(7.1)
and
SP SP
Sn p V \

PS

S S
4 do~
« 4 Pa « TP Pa
7N
T T

—F— = PT

We visualise o* as a rewrite as follows

These coherence conditions have an intuitive graphical interpretation: the first one translates to
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E o ES ES

and the second translates to

¥

e 2-cells are modifications £ : @« — 3 such that

sp—" s ps sp—" - ps (7.2)
aP<U>BPU J{P,@ = aP\L UPQ<U>PB
TP4/\>PT TP4)\>PT

This condition can be seen as requiring that any rewrite in DL is compatible with rewrites of the form

Pe “ s
A8
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Proposition 7.1. The data in the definition of DLY forms a 2-category.

Proof. We define vertical and horizontal composition. For 1-cells

(8,87)

(e,0”)

(S,p) (T A) (W, 6)

we set (3, 8%) * (a,a™) := (8-, (8- @)*) where (8- «)* is given by

sp—" . ps

ol

TP —2 . pT

M

WP —s PW

Horizontal and vertical composition of 2-cells is given by standard composition of modifications. O

Furthermore, DLY has the structure of a monoidal 2-category. We describe the structure of the tensor on 0-,
1- and 2-cells.

e Given two O-cells (S, p) and (T, \), we define

where the distributive law p ® A : STP — PTS is given by the composite

pT

SA_ SPT PTS

p@\:= STP

the modifications for p ® A are given by

(3

The fact the p ® A is a 2-distributive law follows from the dual of Proposition 6.9 [Tanaka, 2005]

and

e Given 1-cells (ar, ) : (S, p) = (T, \) and (3, 8*) : (S',p') = (T,) N') in DL”, we define a ® 3 to be
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the horizontal composite of these 2-natural transformations. For definiteness, we set
/ T
a® B = ss 8 pgr 1P gy

and set (a ® 8)* to

e The tensor product of 2-cells in DLY is given by the standard tensor product of modifications.

It turns out that the above definition gives rise to a 2-functor
®:DL” x DL” — DL”.

As a consequence we have

Theorem 7.2. The 2-category DL? is a monoidal 2-category.

7.2 The monoidal 2-category of extensions

In this section we make the idea of an extension precise. We begin by fixing a 2-functor P on a 2-category K.

The 2-category Extp of all functors that can be extended from K to kl(P) consist of the following ingredients

e 0-cells are are pairs of 2-functors (S, S) with S : K — K and S : kI(P) — kI(P) such that the following

square commutes

KI(P) — > KI(P)

()*T
K

e 1-cells are pairs of 2-natural transformations

S

where a: S — T and & : S — T such that

S S
T (=)= . (=)« T
ICJ;ICHH(P) = ICHkI(P)iikI(P)
T T

That is, for every X

dX = (Oéx)*.
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e 2-cells are pairs of modifications (&,€) : (o, @) — (8, 8) with £ : @ — 3 and £ : & — 3 satisfying

(=)wa (=)

/\ ~ T B
\_/ \_/
(_)*5 B'(*)*

It is easy to check that Extp is a 2-category. It turns out that it is in fact a monoidal 2-category. We describe
the tensor product on 0-, 1- an 2-cells:

e Given two O-cells (S,5) and (T, T) we define

In other words, ﬁ =S.T.
e On 1l-cells, we have
(@,6)® (8,5) = (a®p,a®H)
with the ® on the right coming from End(XC) and End(kl(P)).
e The tensor on 2-cells is also inherited from End(K) and End(kI(P)).

From arguments dual to the ones give in Proposition 6.7 in [Tanaka, 2005], we have

Theorem 7.3. The 2-category Extp is a monoidal 2-category.

7.3 From 2-distributive laws to extensions

7.3.1 O0-cells

It is well known that an 2-distributive law p : SP — PS gives rise to an extension of S to S. Here we only
sketch how this process works. For a complete proof see [Cheng et al., 2004].
Theorem 7.4. Let (S, p) be a O-cell in DLY . Define S : kI(P) — kI(P) by

e S =5, on O-cells;

® Se
~ _— _—
S(X ¢ PY )= SX s SPY -2~ PSY,
I TS

on 1- and 2-cells;

Then (S, S) is a O-cell in Ext”
Proof. The preservation of the unit ux : X — PX = X -+ X of kI(P) by S follows from the isomorphism

PX "UX 2 USX-
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Next, let ¢ : X =Y and ¢ : Y - Z be composible 1-cells in kI(P). Consider the following diagram

SX —2% spy — ™, psy — 2 pspz % p2oz M7 poy
m v PPZ ¥ /
SpP27 sPZ

The top row is the composite S(1)-S(¢) and the bottom row is S(1)- ) and the diagram exhibits the desired

isomorphism. O

7.3.2 1-cells

Theorem 7.5. Let (a,a*): (S,p) = (T, \) be a I-cells in DLp. Define
ax = SX X>T7X L PTX .

Then (a, &) is a 1-cell in Ext”.

Proof. The proof can be divided into three parts
1. Definition of & and its pseudo-naturality.
2. Show that the pseudo-naturaity is natural.
3. Show that the necessary coherence conditions hold.

(1) For every 0-cell X in K we define a 1-cell
Bx = SX > Tx X prX.

The Bx's will form our pseudo-natural transformation a&.

We proceed to define the pseudo-naturality for 8. At each 1-cell ¢ : X — Y in kl(P) the pseudo-naturality
2-cell
BYY Ty Bx — By - So

is given by the following pasting diagram

™ . prpy P2TY

TX x y Papy fay I
usx
lpry
Yy

SX

ug > S PSX _ P | PSPY _ P P2SY

/SPY pPSy YPSY § uBSYPTY
Lpay
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Note that the top row of the diagram is the composition T<p - Bx in KC. The bottom row is Sy - ggo expressed
as a composition of O morphisms. We also note that from hereon we shall include less detail in our pasting

diagrams. In particular, we shall omit labels on certain 2-cells.

(2) Next, we need to show that for all O-cells X, Y in K, the pseudo-naturality morphism 3X**" is natural in

. To do this we need to verify that for each 2-cell

@
X |y
\12)//

the following diagram commutes:
X,V

Ty - Bx —— Py - Sp

g(V)ﬁXi \LﬁY'T(’Y)
¥

In the following diagram, the 2-cells should be understood to be the composite 2-cells formed by pasting

together the relevant 2-cells from diagram 7.7.

PTy
« u P m
SX X . TX ™ . pPTX~ s PTPY — Y o~ p2TYy " _pTY (7.4)

- Vs
PT
uUT X U/ Pax U’ Poapy
PT4

PSX ———Y . pSPY U

0 b /
SPY PSY

this diagram equal to

mrTy

PTY ——— > P2TY
Pury

POLY

P
™ . prpy — 2 prry MY pry

X . TX
P
uUTXx U/ Papy
PSX

SX

PS’PY
' Psw
v U/ uspy
SPY PSY PTY P2TY
PY Pay Pury
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by the naturality of ax py in ¢. The last 2-cell is the same as

PTy

P, m
PTPY — 2 - p21y — "™ . pTY (7.6)

ox L rpx "X prxy T
urx P@X
\U/ \U’ Papy
PT

SX

_se PSX PSPY 4 e
S(v)
S U/ UsSpPy
SPY PSY PTY P2TY
pY Pay Pury

by the naturality of u7*TFY  This concludes the proof of the naturality of 3% .

(3) Finally, we need to verify that the coherence conditions for pseudo-natural transformations hold. We begin

with the simpler of the two: we wish to prove that

sx 2o rx
S(idx)l 4B \LT(idx)

X

is the same as the 2-cell idg, . Actually, since K is a bicategory, the exact equality we wish to prove is

X, X

Bx —>idrx - Bx ——> T(idx) - Bx —> Bx - T(idx) — Bx - idrx ——> fBx

equals

idg
Bx — Bx
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The pasting diagram in K for the top 2-cell is given below
lprx
PUTX

P ~ Pl prpx X _pepx _ ™IX _pry

Papx 2ax
uUsx

PTux

_PTex | pgpx —IPX L prgx s S
PTX

P?TX

Purx

lprx

urx

TX
(7.7)

To show that the above pasting diagram indeed equal to the identity, we need to prove the commutativity of
the following diagram given in the graphical language.
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1
|
|

2]
Comp.

=,”%=@i=

S

| — | &

We simplify the problem by breaking down the outer diagram into smaller diagrams and prove commutativity

Id

[=]
T T
/ =
B

g
=8 — ot 2L

AN

for them.
1. This commutativity of this diagram follows from Proposition 4.15.
2. Follows from the coherence conditions for o and several applications of Proposition 4.15.
3. Follow from Proposition 4.15.
4. The vertical arrow is just a composite all the other rewrites.
5. This follows from Proposition 8.1 in [Marmolejo, 1997].
6. Follows from Proposition 4.14.

Finally, to complete the proof, we need to prove the second coherence condition for pseudo-natural transfor-
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mations, i.e to show the following equality in kI(P)

sx . rx sx X rx

T
SeT 4 TTyp
Fape) vy Ty = Sweot 4 APwe) 4 TY
Tt 4 W)

T()

SZ ——TZ SZ ——=TZ

Bz Bz

As before, we begin by writing the pasting diagram for each one of the above 2-cells in . We begin with
the left-hand side:
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(82)

zZ5d ZdS

A7

ZLd ZS¢e RA’NQ,@& mmm

AT

zd1Ld Nm&m& AdS

/
/
/
rd Ld AdSl

ZLgd Z Led Zii g Z Led m«mm N&EN&TNN&H& AdSd =—— XSd \?L

Nn?«& Q.Jrﬁm
zZ L XK{U
z.Lyl zd.Lod zdryd PL.d Pd Id Adog

ZId g ZLed <o Nmim < Ald < Aded << Addd <, — X1d < o

zZi rd
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pPTZ

HTZ

pPTPZ 22, p2ry

PT%Y

pP2TY

SX

Se

We wish to apply graphical reasoning to show the equality of these two diagrams.
done directly, since 1-cells like T for example do not live in BiCat(K,K). Thus our goal is to divide the
diagrams into two parts. One part living in I and the other a component at a 0-cell Z of a diagram living
in BiCat(K, K). Diagrams 7.8 and 7.9 are already divided into two parts. All the cells on the left side of the

N
~
(]
g A
N
3 $
N N
& N
3
N
&
3 E A E N
~ g 5 3
o, S A
= N b
N,‘(\’ a8 & 3 g
: % .
N R
S ~n, (% E N
E‘ Ei\ [5e] [} CQ
A A q, A, A
E z c\1E Ng Ng = Q
= ¥ N N ¥
: F Oy &
5 E A N % 0 N
& 0 & 5;
- A8 Q. A
& S
> < E > 3 §
RS A 3
a Q
>~ Sy >~ NN
i = 5 5 3
R > R > % A @
: Z |
; < g; [N E |
> A9 A > |
W S |
) S a,
A, ©n
LY
>
>< ET > & >
g B 3
< T >
N 9
A ©n
X
2
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dotted line constitute the first part. Cells on the right of the diagrams make up the second part.

We observe that the following sub-diagram of diagram 7.9

PX

PTPY Y P2TY
% fay
PSPY — 2 p2gy -

NsrPy
NnPTY
py — 2 . psy T

(7.10)
equals to
PTPY 2 ppy _MTY PTPZ
PSPY PTP2Z v PTPZ
nspPy PT Py Papy
Papy NPTPZ

nrrez

PzZ P2SpPz PTPZ —= P?TPZ
s p2z NPSPz Plapy
Papz

SP?Z — > PSPZ =, —~ P?SPZ
(7.11)

because all the 2-cells outside the dotted region are modifications. The equality follows after we apply the

modification condition six times.

Thus we showed that diagram 7.9 equals to
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(z1°2)

Z.Lr

ZLd

Z Ll

ZLed

Zxd

ZLed

N&&Aﬂim

zLdr

s ZSed 2dSed Sra
\\\\&
2Xdod <5 Zdded Simy Zddd ZdSed < ;-

Ndm
ZLd 7ZSd

21sd <55 Zided <o ZSed

6

k
Nrﬁmtm

///////MMMMM////////////

zZdS

S

7/
Nmmd&

Zdded < 7Xd N%Qm

zZd..Ld

ALy

AlLzd

AXd

ZdSd

AdLd

zr

ZedSy,

m&%

Nmoﬁwm AdS

AdSd <——XSd

dLd
\ \

ars

dILd
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Now observe that sub-diagrams left of the dotted line of both diagram 7.12 and diagram 7.8 are equal.

We proceed with the proof by using graphical reasoning to prove the equality of the sub-diagrams to the right
of the dotted line.

The following diagram contains the 2-cell of diagram 7.8 as the bottom-left passage.

e 3 - 2 B
|
|
D

And the following diagram contains the 2-cell of digram 7.12 as the bottom-left passage.
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XW& X X
w%w% m@w%w%w%@&ﬁw%
%% ﬁ@@%@@@%
mw
%uww“m%uﬁu@
L




We finish the proof by noting that all the inner rectangles in that make-up both diagrams commute and the

upper-right passages of these diagrams are equal.

O
7.3.3 2-cells
Theorem 7.6. Let & : (a,a*) — (B, 8*) be a 2-cell in DLp. Set
~ A w
E=SX ¢ TX —PTX.
~— 7
B
Then the pair (&, é) is a 2-cell in Ext®.
Proof. We only need to verify the following identity.
ax
SX  lkx TX = SX 25 TX
~ 7
N Py
SY —=TY SY  lkx TY
Y
Bx
The left-hand-side equals:
ax
SX prpy — > . pry " . pTY

SPY — > PSY Py
PY —_— - -7

We visualise the transformation of this diagram into the right-hand-side of the modification condition via four
rewrites, which are depicted on the above diagram with dotted lines. The fact that pre- and post- rewrite
diagrams are equal follows from the following observations. (1) and (4) follow from the naturality of u. (2)

is the modification condition for ¢ and (3) is a consequence of equation ??. O

7.3.4 Functoriality

We defined (—) on 0-, 1- and 2-cells of DL?. In this section we show that these assignments define a 2-functor

(=) : DLY — Extp.
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Proposition 7.7. Let (a,a*) : (S,p) = (T, \), (8,8%) : (T,\) — (W,¢) be I-cells in DL”. Then there

exists an invertible isomorphism

B-a=p-a

Proof. The result immediately follows from the monad structure of P and the following picture

=]
|
2H=]

O
Proposition 7.8. (;) preserves vertical and horizontal composition of 2-cells in DL?.
Proof. Since (—) acts on 2-cells by whiskering, this is a consequence the 2-functoriality of (—),. O
Thus we have proved
Theorem 7.9. (=) : DLY — Extp is a 2-functor.
Furthermore, (;) preserves the monoidal structure of DL
Proposition 7.10. Let (S, p) and (T, \) be O-cells in DL . Then
SeT=5xT
Proof. Those functors are clearly equal on 0O-cells. On 1- and 2-cells
S@T(p:X +PY) = S-T(p: X — PY)
- 3(1x TPy s PTY)
= sTx 2% rpy 5P gpry ATV psTy
= S®T(p: X — PY)
O

Proposition 7.11. Let (o, o) : (S,p) — (', ') and (B, 58*) : (T,\) — (T",\) be I-cells in DL”. Then

there a natural isomorphism

Yap @@= a®p

Proof. The modification 7, 3 is given by
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Naturality of v is & means that for every 2-cell £ : &« — o in DL, the following diagram commutes:

£8P
o) e U

!

JJ@ |
® B

This diagram commutes because all the rewrites that constitute 7, 3 are also natural.

—

ﬂ

A

Proposition 7.12. Let & and &' be 2-cells in DLY. Then

—_~—

ERE=EE

Proof. This follows from one application of the naturally of v in @ and one applications of its naturally in 5.
(See the proof of Proposition 7.11 for the definition of ). O

Putting all our results together, we conclude

Theorem 7.13. (=) : DL” — Extp is a monoidal 2-functor.

7.4 From extensions to 2-distributive laws

In this section we describe the passage from the 2-category Extp to DLY.

We note that the results of this subsection are not used in the rest of this thesis; we add them here for

completeness. We also note that for this reason we omitted many details from the proofs of our claims.

7.4.1 O-cells

Since the equivalence of 2-distributive laws and extensions is well known, we only sketch the proof of the
following result.
Theorem 7.14. Let (S, S) be a O-cell in Extp. Define a 2-natural transformation

Slp

p= SP——PS

Then the pair (S, p) is a 0-cell in DLp.
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Note that here 1p : P — P is viewed as a 1-cell P -+ 1 in kI(P). Then S(1p) : SP = S in kI(P) and
hence is a 1-cell SP — PS in K.

Sketch of proof. We begin by showing how to construct the pseudo-naturality of S(lp). Let f: X =Y be

a morphism in K. We want to show the existence of the following isomorphism

spx U)X pox

SPfl I lPSf

SPY PSY
S(lp Y
Lets begin with examining the right-hand-side.
~ S(1 Sf)x
PSf-8(1p)x =~ SPX—UPX_gx D gy
~ spx S0 gx U gy
~ spx S0 gy
. . . . S5(1p)x (Sf)«

where the first isomorphism holds since the last two terms of the composite SPX SX SY

in JC are isomorphic to the identity.
Finally, note that the (f. -1p)x = (f« - 1px) = Pf. In detail,

Pf my

PX % px PY ‘P p2y PY
1il
PY
)2
Pr

So, we showed that
PSf-S(1p)x ~ S(Pf).
Next we look at the left-hand-side. Lemma 7.21 gives us

rx 2oy ~ px o py 2oy

hence
S(Pf) ~ S(py-Pf,)

S(1py)-S(Pf.)
>~ S’(lpy) . S(Pf>*

12
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And the last line is isomorphic to the left-hand-side:

PS(1py)

spx — M gpy ‘s pgpy T2UPY) prgpy SEY | pgpy
S(lpy) UPSPY
PSPY lpspy
The next step is to show that S(lp) is a 2-distributive law. We begin with exhibiting the following isomorphism
sp2 U pgp PIUP)_ pag
Sml 4 lmS
SP - PS
S(1p)

We again analyse the right- and left-hand sides, beginning with the former.

Note
g & S(1 &
msx - PS(1p)x - S(lp)px =~ SP?X (Ip2x) Spx S(1px) ox
~ S( P2x lr2x PX lpx X)
~ S(mx)

where the last isomorphism follows by computing the composite in K.

Now invoke Lemma 7.21 to see that

mx

— =X ~ P’X

(mx)«
—

P2X PX 2PX x

Hence

Stmx) =~ S(lpx-(mx).)
(1px)-S((mx)«)
(1px) - (Smx)x.

[2
U U

We compute the composite on the last line in K:

USPX Ps(le

SPX pspx 22UrX) pagy  msx  poy

S(lpx) Upsx

PSX

SP2X Sm

lpsx

which gives the left-hand-side.
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Finally, we exhibit the isomorphism

7.4.2 1-cells

Theorem 7.15. Let (o, &) be a I-cell in Extp. Then there exists
a*:Pa-Slp = Tlp-aP

making (a, o) a I-cell in DL .

Proof. We produce a* via the following diagram

SP Sir PS
P ) P& Pa
PTlp T
aP

lpr

TP

where the 2-cell (1) is given by the pseudo-naturality of &.

7.4.3 2-cells

Theorem 7.16. Let (¢,€): (a,@) — (3, 5) be a 2-cell in Extp. Then & : o« — 3 is a 2-cell in DL .
Proof. We need to show

WA R A

T1lp Tlp
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We know from condition 7.2 that
E=uT % &

i.e. € acts by whiskering. Thus the fact that ¢ is a modification translates to

SP St PS = SP St PS
: Pa . -
ap Pd 25 |P3 BP Pp Pg
prp T prp prriEtpp prp—trr _ prp p2ptET pr

aP upT aP g} BP upT
uTp PT lpr urp PT mT mTi1pp
lpr
Tlp T1p
TP PT TP - PT
T1p
which is exactly the desired equality. O

7.4.4 Functoriality
In this section we show that the above constructions on 0-, 1-, and 2-cells define a 2-functor
d: Extp — DL?.

Proposition 7.17. Let a = (o, @) : (S,S) — (T,T) and 8 = (B,5) : (T, T) — (W, W) be composible
1-cells in Extp. Then there is a natural isomorphism

d(B-a)~=d(B)-d(a). (7.13)
Proof. Consider the following diagram
sp—1" . ps
aP U Pa
pop|  TP—L>PT  |P@a
BP 4 Pp
Wip

The left-hand-side of Equation 7.13 is obtained by composing the inner rectangle. The right-hand-side, by
composing the outer rectangle. Clearly, the two passages are indeed isomorphic.
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Coherence follows from the coherence of the monad P. O

d sends a 2-cell (5,5) in Extp to £&. Hence vertical and horizontal composition of 2-cells is preserved on the

nose.

Putting these results together, we get
Theorem 7.18. d: Extp — DLY is a 2-functor.

Furthermore, d preserves the monoidal structure of Extp. We begin with 0-cells.
Proposition 7.19. Let (S,S) and (T,T) be O-cells in Extp. Then

ST(lpx) ~ g(lpTx) . S(T(lpx))
We shall need several facts to complete the proof. Recall from Chapter 5 that there is an adjunction
(=)« 4G :kI(P) = K

Lemma 7.20. Forany X —+>Y inkI(P),

(wy )w

X - pPy ~ X Fov W2 px

Proof. The right-hand-side is the top line in

P * m
X ® PY ((uy)s) P3Y PY P2Y
Puy Pupay
lp2y
2
lpy Py upy
PY
and the left-hand-side is the bottom line. O

Lemma 7.21. Forany ¢ : X - Y inkl(P),
X py ey ~ x —Fsy

Proof. Consider the diagram

X i PY Xy
©
1 2
NS
Y

The isomorphism (1) comes from Lemma 7.20. Isomorphisms (2) comes from Equation 5.1 in chapter ?2?. [
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We can now take ¢ = T(lpx) in the previous Lemma to obtain the isomorphism

T(1px) T
rpx ! TX)*PTX I px ~ TPX 5y (7.14)

Finally, we prove Proposition 7.19

Proof of Proposition 7.19. Apply S to equation 7.14

ST(lpx) ~ S(lPTX>§(T(1PX)*)
= S(lprx)- (S(T(1px)))..

*
Finally, notice the isomorphism

sTpx ST0rx)_ gppg  userx | poppy PSUPTX) pagpy  mstx | popy

\ n / .
S(lPTX) PSTX

PSTX LpsTx

We move on to study the preservation of the tensor on 1-cells.
Proposition 7.22. Let (o, @) : (S,5) — (T, T) and (8,5) : (R, R) — (W, W) be I-cells in Extp. Then

d((a® B,a® B)
(a® B, (a®pB))

d((e,a) @ (8,5))

Sketch of proof. Both the right and the left hand side are modifications of the form

Both are created by tensoring and composing structural 2-cells for the monad P, the distributive laws S(lp),
T(1p), R(1p), R(1p) and 1-cell d(a, @), d(f,/) in DLY. The coherence axioms for all those structures
show that any two such passages from the same domain and codomain must be equal, leading to the desired

conclusion. O

Finally,
Proposition 7.23. d preserves the tensor on 2-cells.

Proof. This is clear, since d sends a pair (5,5) to €. O

Thus we conclude

Theorem 7.24. d is a monoidal 2-functor.
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7.5 The equivalence

In this section we show that the monoidal 2-functors d : Extp — DL? and (;) : DLY — Extp form an
equivalence of 2-categories.

Theorem 7.25. The pair d : Extp — DLY and (;) : DLY — Extp forms an equivalence of 2-categories.

Proof. We exhibit two 2-natural isomorphism

T]:lDLP—)d~( )

and

e:(=)-d— lpap
Let (S, p) € DLp. First note that S(1p) = p. Indeed,
S(1p)= SP L~ sp-—"- PS.

Thus, we can set
Np = (157|d) : (S7p) - (Sa S(]-P))
Clearly 7 is a 2-natural isomorphism.

—_~

It remains to define e. Take (S, S) in Extp, write (S, S) := d(S,5) and set
€5 — (15, uS)

Clearly, this is an isomorphism and wS is a lifting of 15. We just need to show that wS' is indeed a 2-natural

transformation from S to S. l.e. we need to show that for every ¢ : X —+ Y in ki(P)

SX . 9x

|5+

S¢ | SPY Se

Jv(éupy)

SY —+—= SY
usy

commutes. But this amounts to showing that the following are isomorphic:

S(lpy) - S~ S(p).

The latter isomorphism is easily derived from Lemma 7.21 as follows

Sp ~

U

(Ipy - ¢4)
S(1py) - (S¢)s

g(lpy) - Sep.

P
U

1
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7.6 Extensions of monads

In the previous section we showed that
(=) : Ext” — End(kI(P))
is a monoidal 2-functor. We know that any strong monoidal functor
M:X =Y

from a monoidal category X to a monoidal category Y preserves “monoidal” structures in X, such as for
example monoids. Similarly, a weak monoidal functor preserves such structure up to isomorphisms. For
example, given a monoid x ® r — = € X, we set

m' s Mz ® Mz~ M(z®z) -2

Mx
These results can be categorified. monoidal 2-functors send pseudomonoids to pseudomonoids and pseu-
domonoid morphism to pseudomonoid morphisms. The interested reader can find more details on these facts

in [McCrudden, 2000], with an accessible treatment of pseudomonoids in [Houston, 2008].

Further note that distributive laws of monads over monads are monads in DL . More details on can be found
in [Tanaka, 2005].

We translate these results into a Theorem.
Theorem 7.26. The functor (=) : DL — Extp sends distributive laws of monads over monads to monads
in Ext.

Furthermore,
Theorem 7.27. Let (M, \) and (S, p) be monoids in DLY and let (a,a*) : (M,\) — (S, p) be a monoid
morphism. Then

a:M—S

is @ monoid morphism in Ext?.
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Chapter 8

Functors between Kleisli bicategories

In this chapter we prove two theorems. The first one shows that every 2-monad morphism between two
2-monads gives rise to a 2-functor between the Kleisli bicategories of these monads. When combined with
results from Chapter 7, this theorem shows that certain 2-natural transformation between types of theories
give rise to functors between categories of theories of these types. More precisely, every monad morphism
i:S — T in DLY gives rise to a 2-functor

I:KI(S) — KI(T)

For the second theorem, we fix P to be the presheaf monad on Cat. Now suppose we are given a 1-cell

i:8 — T in DL”. At each category X, the component ix gives rise to two morphisms in Prof:

(ix)s : SX - TX and (ix)" : TX - SX

In Chapter 7 we proved that the collection {(ix). |X € Cat } is actually a 2-natural transformation. We
suppose that i* = {(ix)* | X € Cat} is also a 2-natural transformation. In fact we assume that it is a monad
morphism. This allows us to apply the first Theorem of this chapter to i* : T — S to create a 2-functor
J:KI(T) = KI(S).

The aim of the second Theorem is to study the relationship between I and J. We show that the adjunction

(ix)* - (ix)« generates a lax-adjunction between I and J.

8.1 Theorem 1

As we mentioned, the first theorem in this chapter shows that 2-monad morphisms give rise to 2-functors
between the Kleisli categories of these monads.
Theorem 8.1. Let K be a bicategory. Let S,T : K — K be pseudo-monads. Let (a,&,é&) @S — T be a

pseudo-monad morphism. Then the assignment

A KI(S) = KI(T)
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given by
AX 28y )= x —Es 9y 2 1Y

gives rise to a pseudo-functor.

Proof. A is identity on O-cells and is given on 2-cells by whiskering.

Forany X,Y, A : kI(S)(X,Y) — kI(T)(X,Y) is a functor. Indeed, given 2-cells 6 : o — ), v : ) = & we
have

A(y-0)

(v-6) *lay

(7 0) * (Lay - Lay)
(v *lay) - (0% 1ay)
Ay - AS.

Next, given 1-cells ¢ : X — Y4 : Y — Z in kI(S), we define the isomorphism
WOV Ap - A =~ A(p - 1))

as the following composite 2-cell in :

T

a Taz my

X255y 2Ty TSZ TTZ TZ
5Y S 957 > STZ
Saz
az
e Sz
The naturality of h in both ¢ and ¥ amounts to the commutativity of
he
A Ap ——= A(Y - )
AS*A'\/\L iA(é*'\/)
AY' - Apt ————= A" ¢)
he W
in kI(T).
This commutativity is equivalent to showing the equality of
® Ty
« — a m
X7 o Sy — 2 7Y oy TSz 1% 1T T2 L TZ

\_/ V
¢ \ Ty %
Sy’ SSZ % STZ
az
\ az
ms SZ
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and

%)
X 4 sy sy ™ gpgy Tz _qppy Mz qyg
4 &\,\ / /
arTz
Sap’ SSZ&STZ
Saz
az
mnz SZ

which follows from the naturality of a.

The 2-cell h is given, at each component, by

It now remains to check coherence. We begin with the simpler task of checking the commutativity of the
following two diagrams

é
iday * Ap ——— Agp Ap *xiday L>Ag0 (8.1)
hx><1l TA()\w) 1><hyl TA(PLP)
A(idx) *A@T>A(idx * ) Ap x A(idy) ?A(cp*idy)

where X and p are part of the 2-categorical structure of kI(S).

For the left-hand diagram we need to establish the equality of

TOéy my

TTY

\///

SSY STY

“”/\ 2

TY (8.2)

and
Tay my

X Ay % TTY TY

\SYZTY%
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Note that since A is a modification, diagram 8.2 quails

Tay

\ 2 7

SY STY

L~

Finally note the the diagrams are equal because the sub-diagrams that originate at SY are equal:

— N

Bt (A~
“

For the right square in 8.1 we need to show that

\5//

X 2.9y

is the same as

X Sy 2o Ty TTY TY
17y

This easily follows from coherence for o (cf. diagram 7).

It remains to show the coherence for h which amounts to showing that for

Py ez fwend)

X
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the following diagram commutes

AL x (A x Ap) = (A€ x AY) x Ap

1><hl l/hxl

AL+ (AW * ) A(E ) x Ap

‘| g

A§* (Y x ) —=—= A((E* V) x ¢)
in kI(T).
We begin by writing down the pasting diagrams in C for both passages. First the upper-right passage:

id Toz e TSW TLew prw Y

\ / \ e
SSZ TSe T2SW

Tasw / aw

Ss¢e \

X

S3W - —->T SQW—>TSTW—>T3W—>TTW
Xg2yy w\ Tarw
S2W e TSW
(8.3)
followed by the lower-left passage
X o5y oy T ey Tz 177 " -1z~ L = TSW —*% Tow_prw s rw
/ /
h asz . - OéTz ~ -
SSZ — —>=8TZ la -
\ Saz P 7 asw arw
\\ -
\ Mz _ ~
\ SZ S2W STW o
525\ S¢ 7 Tag
\ 7
\§ P < mrw mw
S3W SW
me /
srw "
(8.4)
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Since a is a modification, the above diagram equals

X e TSW Tow_prw — ™ W
TSQW = T2SW
y
aATSW
*s2w 2 STSW
7% / o
Sasw
S3W
T mw mw
S2W SW

Tmw
(8.5)
Note that the sub-diagram to the left of the dashed line in diagram 8.3 and diagram 8.5 are equal. To
complete the proof, we show that the sub-diagrams to the right of the dashed line are also equal. In the
graphical proof below, the top row corresponds to the sub-diagram of 8.5 and the bottom passage corresponds
to the sub-diagram of 8.3.

S NN
-l

The equality of the two passages in the diagram follows from coherence conditions for o and the monads S
and T. The details can be filled in by breaking the above diagram into regions corresponding to coherence

equations for the relevant structures. O

Recalling Propositions 6.21 and 6.22, we obtain the following important corollaries.

Corollary 8.2. Leti: S — T be a I-cell in DLY. Let T : kI(S) — KI(T) be the 2-functor obtained by
extending i to i, (cf. Chapter 7) and then applying Theorem 8.1. Then I sends theories of type S to theories
of type T sends internal distributive laws between theories of type S to internal distributive laws between
theories of type T.
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8.2 Theorem 2

In this section we assume that P is the presheaf monad on Cat. Let i : S — T be a monad morphism in DL
Then, by Chapter 7, we can extend i to a monad morphism i, : S — T. We can also apply (—)* to every
component ix : SX — TX of i. This gives rise to an X-indexed family of profunctors i* : SX — TX. Lets
assume that this family is also a monad morphism. Then via Theorem 8.1 ¢* and ¢, give rise to 2-functors

L
— -

kI(S) kI(T)
~
Iz
The second theorem of this chapter shows that these functors form a lax-2-adjunction.
Theorem 8.3. Let o : S — T be a monad morphism in DLY. Suppose that o* : T — S is also a monad

morphism. Further suppose that o, and o™ satisfy the following coherence conditions:

e for every v : y — x in Prof,

* S’ Y *
7y L 5y s sp Ty % 5y (8.6)
\1\ {((ay» %(am MJV( iéw
Ty —Jw—> Tx = Tx (—af)—> Sx
T
\1\ %%)*
Tx
e for every category vy,
y —+—— Sy ™ y —+— Sy (8.7)
i(ay)* = \\ %(%)*
" Ty — Sy " Ty
e for every category x,
T2 (0t ) mre T(ota)
T?Sx (I ) T3 F T?x TszH()—>T3x (8.8)
\14\ %2(%)* %T(az)* ms% %mm
T(oz)«
T3$TTS$ = TSx%TQx

TSx
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e for every category x,

0 ((a))? o
T r —+—— S“x

JV( (oz)” $

Ty ——+—— Sx

1
$ (a,.)*

Tx

Then the functors

form a lax 2-adjunction.

%z

My

QT*Z
(@) o m

\1\ %((ammz

St

%(ar)*

T2z —— Tx

Proof. Let x € kI(S) and y € kI(T). We wish to show an equivalence of categories

KI(S)(A*y, x) ~ KI(T)(y, Ayx)

Since A* and A, are both identity-on-objects, this is the same as showing the equivalence

Define functors

and

KI(S)(y, z) ~ KI(T)(y, x)

(x )«

P
Jyz(y + Sz)=y s 2L

w/

(ax)«

gy,x(yl'%TQ?): y—+=Tx ——= Sx

By the first theorem in this section, both f, . and g, . are functors.

Consider

P
y—+=Sr — y

(ax)”

Sx

:gyvm(yAp»SxH»Tx)

(04}1()*

T —+=SX

(ax )«

P
= Gy,x - fy,x( y —+= Sz ).

(8.9)

where the 2-cell in the first line comes from the internal adjunction (ax). 4 (ax)* is Prof. Similarly, there

is a 2-cell

Thus

P’ P’
fyao Gyaly—=Tr )= (y—+=Tx)

fy,a: = 9y,

To complete the proof, we need to show that f and g are both lax-natural in x and y. We show the

lax-naturality of f in y in full detail; the proofs for the other cases are similar.
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For every 4 —i= Ty in kI(T'), we need to construct the following 2-cell in Cat

K(3) (s 2) LD (S )

ﬂhll b lfyﬂm

k'(T)(% ) W kI(T)(y’, )

Taking ¢ : y - Sz in kI(S)(y, x), we see that the lower-left passage evaluates to

(D) (0, 2) - (@) = 3y —5= Ty — Lo 752 D5k 720 oo T

while the upper-right passage evaluates to

fy’,a:'k|(§)(A*Lp,l‘)(1/)): y —+> Sy S?p S2r s Sy (aT)* Tx

The desired 2-cell is constructed by composing the 2-cells in the following diagram

) * S " )
Ty (aij) Sy ?l} S2z A Sz ( i) Tx
(esa)” (ae)?
) $(1) 4(3) 4(2) T
T &
TSx } T?x

T(an)s

where (1) is the 2-naturality of a*, (2) is given by the fact that «, is a monad morphism and (3) follows
from the following calculation

%m)*

« Qasz)s f’az*
(z)? - (ase)* = TSac( | SSa:( ! ) TSz ( i ) TTx
4

1rsz

We check coherence conditions for this 2-cell. Diagram 4.6 of Chapter 4 translates to the requirement that
the 2-cell below equals the identity ( for simplicity we omit the 2-cell labels.
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\

Sy
y%—>5y 3 >52

\ (au) (0151) - B(KQST)*
/

Ty—— -4 —-—-—>=TSx - %>TS$ Tx

T lrsx
\\az)* /,rnz/

Sy —+—=Tux

Qg )

We apply our Equation 8.6 to the dotted part to get

(8.10)

We now focus of the diagram inside the dotted region. We show that it equals to the identity. Note that by
Equation 8.7, we can remove the triangle (1). Note that the resulting diagram equals to the left-hand-side of

the following equation

W W

Y l Sx Y l Sz
uyl usx$
s
Uy Sy 4(70—) S2x & tus. aZl Flase)suse = Uy USa aZ!+(asa)wuse
i‘(ay)* (@Sm)*$
Ty ————=TS Ty ————TS
Y 7 T Y 7 T

where the equality follows since 2-natural transformations compose. Replacing the dotted region with the
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above equality, we obtain the left-hand-side of

Sa;"*"S2

-

where the quality holds since the bottom two 2-cells of the left-hand-side cancel each other out.

reductions turn diagram 8.10 into

By coherence for 2-monad morphisms, the dotted region equals

2
117/ Sz \(&\S:)x
1%/) Sx ke TSx

S%x (asT)* TSz T(aiw)* T%x

i "

St —+—= Sx Tx
lsa (az)«

which is the inverse of the composite 2-cell (3)+ (2). This turns diagram 8.11 into

as required.

We shift focus to diagram ?? of Chapter 4. Suppose that ~
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"+ Ty and B : 1y’ = Ty are given.

All these

(8.11)

Then

What about the third
condition for coherence
of 2-nat. isos?



we wish to prove the following equality

Q ’
kw/? KIS, 2) (8) (a0
~ KI(S)(A* B,z - KI(S)(A*~,z ~ - KI(S)(A*(B-v,z =
(3) (9. 2) D8 () D) () KI(S)(y. 2) S KI(S)(y", )
\Lfy,m ify’,z ify”,z = fy,mi ify”,z
KIT) (g, ) 22 W) ) 22 W)y ) KI(T) () o v (T (", 2)
\_/ o
KI(T)(B-v,)
(8.12)
Fix ¢ :€ kI(S)(y, ). Then the 2-cells give by the left-hand-side sends is

(;)fzw S3q S

e 920 o S
* //;/%( /;%//<a ) AN ()2 ()
Qg2 Sax x )%
X X
y// '3' Q, ; r's r

. TSz
T
We first expand the two dashed triangles

(ay)”

(8.13)
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We can deduce the

TSx TSx (8.14)
(j})/$ T(a)- ia})/$ T
1 1
S%x ' TSz i T’z 2z —— TSz i T2

Sx j Tx
(O‘z)*
Tx

from equation 8.9. Using this identity, we see that the dashed region in diagram 8.13 equals

. T2Sz

T(aSm)* T2(O‘fn)*
// %1 \\
3 (52,)" 2 2 3
S°x f TS50 <+—T*Se <+—T°x
Smeg T(asz)” T(az)*
gmw“ TSl‘ -—’fmz
(sa)” $ T(as)®
1
Sy % TSx — T2
\\ (asz)” T(ag)*

Sx | Tx
(o)« Tx 1

(Note that the two new 2-cells on the left are inverses to each other). Since the triangle in the middle is the

identity, we can apply coherence for 2-monad morphisms to end up with

. T?Sx

T(asa)” T2 ()
// %l \\
Sm, Sz : TS%r <—+— T?Sx <+— T3z Frme
T(O‘Sz)* T(O‘I)*
msz$ m31$ ‘\JmTI
S*x S i TSz < T%x %z

JV( (ase)” T(as)* %
Sx } Tx
(az)” //
\(ang Ny 1

My
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We plug this result into diagram 8.13 to obtain

(ay)”

1=
hey)

Ty

<

(8.15)

First, observe that the 2-cells @ and a~! cancel each other out. We then apply equation 8.8 to the dashed

region to obtain

e TSt —— + - TSg
// \Tfm /
T2Sz = 7283 > TSx 1 TSx
\ o S~ A
T%x
mse - T(aw)n
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This leads to

sz S2x \]"\:
(- )52 o)

S S(a mse
Sy’ i STy ( y) S2y d 5’233 e >SQ? +' =Tz
N
(o))" O‘Sm)* |
((XSy) TS{,U |
(erg2,)" 7 /
T(az)” /
I T(c 71
Yy —+= Ty i T2y ( Iy) TSy %S¢ TS?x T(aw)* /
\ _ /
T2 T(CKSL) - g ~ 4
TQSJ)H—>TS$* e === T% - s T
T(ar)*
T+
Ty
(8.16)
We apply the equation 8.9 to the dashed region transforming it to
T(az), TSz
[
T(az)* asz)” Ma asg)” My
TZxH(—)>TSm( & ) S2z - Sz TSx( 5 ) S2z I Sx
\1\ %(O&Sz)* \1\ %(asz)*
TSx (az)« = TSx (az)«
%T(az)* %T(az)*
! T2 —F——Tx T2 ———Tx
with equality holding by one of the triangle identities. Diagram 8.16 becomes
N S2 // \\
Sy’ —+—>ST 7((1) ) >S3x7m xﬂ—>5’x
(o))"
(O(Ty) OtSy) . _(asz)*
(ag2,)
(asa)” T(ae)s
I T a
y' —=Ty o7 ( : TSy ?d} TS?x TSz
X la / *T(O‘w)*
T2y N\ T(aSI) / 1 m
T25w777ﬁ777>TS:c~% T2y —>Tx
Sz T(QI)*
Ty

(8.17)



Since the 2-cell a is a modification, we transform the above diagram into

(ery)”

Ty —

Tx

We cancel @ and a~! and transform the diagram to get

S ay
I }B STy (x >

(ay)” Mg
(ay)”
(a )"

(o)«

Ty % " s Sz
\\/\_y (asx/)/ (%)i
> . 2
T TSx ’f(al T*x

)

which equals the right-hand-side of equation 8.12.
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Chapter 9

Examples

This is the final research chapter of this thesis. It connects the general theory developed in Chapters 7 and 8
with the ideas of Categorical Universal Algebra we have explored in Chapters 2 and 6. In particular we show
that monad morphisms between monads S and M and F' give rise to a lax adjunction between the Kleisli
bicategories of these monads. This in turn creates adjunctions betweens theories of one type and theories of

another type.

Here we study two such relationships. First we show that the inclusion of monoidal categories into symmetric
monoidal categories gives rise to an adjunction between (coloured) plain operads and (coloured) symmetric

operads. This adjunction shows how to construct the free symmetric operad on a given plain operad.

The second example studies how the inclusion of symmetric monoidal categories into finite-product categories

gives rise to an adjunction between symmetric operads and Lawvere theories.

To show these two results we have to verify many technical conditions. We begin by formally checking every

condition and steadily decrease the level of detail as the chapter progresses.

9.1 Example 1l: i : M — S

We perform our analysis in stages. We check that i is a 1-cell in DLY and then verify that it further is a
monad morphism there. This allows us to apply Theorem ?? to i. Next, to apply Theorem ?? we first check
that i* : S — M is a monad morphism and that it satisfies the hypothesis of the Theorem. We finally apply

Theorem 77 to the pair i*, i,.

9.1.1 i: M — Sisa 1-cell in DL”

In this section we show that, in excruciating detail, that the 2-natural transformation

i M—S, ix:MX—SX
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is a 1-cell in DLY. We begin by defining the modification *

MP -2~ PM

iP\L i iPi

For any category X, the top-right in passage of the diagram is given by

1®...0fh = fi(—)x...x fu(—)

1Q...Qx, EMX
-/ Fi(@) X oo % ful@n) X SX(—,ix (21 @ ... ©.2,)).

while the bottom-left passage equates to

L1y, Zn €X
phe.of= [ (1) X o X fuln) % SX (=01 8 ... @ 30).

Since taking the coend over all 1 ® ... ® x,, € M X is the same as taking a coend over all z1,...,x, € X,

the two passages are isomorphic. The isomorphism 4% is given by

((at, .- yan)t 1 @ ... QUL P 1 Q... Q xy,) = ((a1,...,a4),1). (9.1)

It now remains to show that ¢* satisfies the coherence conditions of Equation 7.1. Since the left parallelogram

of that equation is a strict, we actually have to ensure that the following equality holds:

PX AP PX

MP2— 22 _ pyp P2M M P? PMP P2M
iP? i P ipip 4pi* P2 &
spr— " _psp_ " pag Mp A M P2S
= Ypi
Sp oy wS MP A PM s
N Pi
P i
P PS sSp PS
A P

(9.2)
We approach this task in several stages. First, we provide a detailed analysis for all five 2-cells above. Then

we shall examine how these 2-cells act on the functors that make up the boundary of the diagrams.

o P

MP2 2P pypp

iPQ\L Y P lPiP

SpP? ———~ PSP
pP
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The 2-cell is a natural transformation that evaluates to

f1®..9fnEMPX
/ Fl(fl)XXFn(fn)XSPX(f,ZP(fl(@®fn))

fie fn€PX
—>/ Fi(fi) x...x Fy(fn) x SPX(—, f1®...® fn).

o Pi*

We compute
Pi*: P(Pi-A\) — P(p-iP)

as follows: for any G € PM PX, we have

/f1®...®fn€JV[PX

P(Pi-)\)(G) = G(fi®...®0 fo) x PSX(—, Pi-AMfi®...® fn))

f1®..fn€EMPX
~>/ G(fi®...Q fo) x PSX(—,p-iP(f1®...® fn))

— P(p-iP)(G)
Thus Pi* sends

(geG(fl®-~-®fn)77EPSX(Kvpi'/\(fl(X)n-@fn))’_> (977;*'7)

.)‘N

The following Lemma will greatly help us.

Lemma 9.1. For any presheaf h € PX, we have the following isomorphism

ferPX
/ PX(f.h) % f(z) = h(z)

Proof. The proof follows easily from the Yoneda Lemma:
fePx ferPx
[ Px(mx @)= [ PX() X PX (). f) = o)

For our purposes it is important to note that any tuple (v: f — h,a) € ffePX PX(f,h) x f(x), is always
equivalent to (idy,, 7y, (a)) and so the above isomorphism sends (7, a) to v;(a) € h(z). O

Given a category X, we have

11370 & P)\X . )\px(Fl Q... ®Fn) = NMX(P)\X(Fl(_) X ... X Fn(—)))

/f1®---®fn€MPX

= pnrx ( Fi(f1) % ... X Fu(fn) x PMX(—, fi(=) X ... X fn(=)))

GEPMX f1®..®@fneMPX
_ / / FiL(F1) % - X Fu(f) x PMX(Gy f1(=) % - x fa(=)) x G(=).
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An application of the Lemma shows that the above presheaf is isomorphic to

f1®..0fn€eMPX
/ FL(F) % oo Fn(f) % fr(=) % oo % Ful(—)

On the other hand, the bottom-right passage in the diagram evaluates to

Ax - M,uX(F1 Q... ®Fn) = >\X(/~LX(F1) & ... ®/LX(Fn))
= px(F1)(=) x ... x px (Fp)(—)

fiEPX fnEPX
:/ Fl(fl) xfl(—)x...x/ Fn(fn) an(_)

Now pick a tuple z1,...,2, € X. A typical element in pupx - PAx - Apx(F1 ®...Q F) (21 ® ... Qx,) is
of the form

T=(a1,---ran),7,Yy), 1:G—= fi(=)X...x fol(=), vE€EGx1®...® xy,).

and suppose that

Yer8..01, (Y) = (21, ..., 2n), with each z; € f;(z;).

then the natural transformation (\,)x sends T to the element

(a1,21,-yan,2n) EAx - Mpux(F1®...0 Fp)(z1 @ ... Q xy)

[} pﬂ
Since the calculation of p,, is similar to that of A,, we omit some details.

psx - Pp-pP(F1®...Q F,)

GEPSX ,f1®...0fn€SPX
:/ / P(FL® ... @F)(fi®...® fn) x PSX(G,p(fi ®...® fn)) x G(—)

/f1®~.®anSPX

~

PF1®...OF)(fi®...0 fu) xp(f1®...® fu)(—)
f1®..QfneSPX 91,eegn EPX
:/ (/ Fl(gl)><~--XFn(gn)><5PX(f1®-~-®fmg1®~~®gn)>
Xp(fi®...® fu)(=)

g1, gn€PX
~ [ Fu(g) X .. % Pulga) % plg1 @ ... ® ga)(-)
g1,--,gn €PX T1,..,n€X
:/ Fl(gl)x...an(gn)x/ 91(21) X oo X gn(Tn) X SX(—, 21 ® ... @ p).

The last isomorphisms in the above calculation is derive from the fact that every presheaf is a colimit of
representables. Explicitly, the isomorphism

f1®..0fneSPX
/ SPX(f1®...@fn, g1®...0¢n)Xp(f1R...0 ) (¥1®...Qyn) = p(1®. . .®g,) (11 R. . .Qyy)
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sends the tuple (o, (a1,...,a,)) to p(0)y,®...0y,(@1,--.,a,). Diving deeper, we observe that ¢ can be
represented as
c=11Q...Q0¢t,

where each ¢; is either a natural transformation ¢; : fi — g or it permutes fi and fr41. Let (a1,...,a,) €

fily1) x ... X fu(yn). Then
p(a)y1®--.®yn (ar,...,an) = (b1,...,bn)

where by, = (t;)y, ...y, (@) if t; a natural transformation or by, = ap—; and by_1 = ay, if t; is a permutation.

The bottom-right passage for the 2-cell p,, evaluates to

p-Spux(F1@... @ Fy) = plpx (F1)(=) x ... x px (Fo)(=))

1y €X
= / wx (F1)(z1) X .o X px (Fp)(zn) X SX(—,21 @ ... R x,)
1yee0Zn €X g1EPX gn€PX
:/ / Fi(g1) x g1(x1) X ... X / Fo(gn) X gn(xn) X SX(—,21 ® ... Q@ xy).
A typical element in pugx - Pp- pP(F1 ® ... Q@ F,,)(y1 ® ... ® yp) is of the form

((al,...,an),m%i‘/)

where a; € Fi(g;), 0 € SPX(f1 ® ... ® fn,01 ® ... ® gn), ¥ is a natural transformation from G to
p(f1®...Q f,) where we write

Vor@..@yn(Y) = (21, 2n, 1) € fr(@1) X oo X fr(@n) X SX(Y1 @ ... QYn, 21 @ ... D Ty)

andy e Gy ®...QYn).

The first isomorphism sends this element to
((al, ceyan)y oy (21, ,zn,t));
the second isomorphisms sends it to

((al, e ), P(O) @ @yn (21, - .,zn),t) = ((al, cean), (wr, . ,wn),t)

and finally, the in the last step we send this b-tuple to

(a1, w1), ..., (an, wy), t)
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M
Let G : PM X°P — Set. Then the 2-cell is given by the passage
gePMX
psx Pix(@ =psx( [ Glo)x PSX(=,Pi(g))
geEPMX 1Q..Qr, e MX
:USX(/ G(Q)XPSX(—,/ g($1®...®$n)XSX(—,$1®...®.Z‘")))
HePSX geEPMX 1®...Qz, EMX
:/ (/ G(g)xPSX(H,/ g(x1®...®a:n)xSX(—,x1®...®xn)))xH(—)
geEPMX 1Q..Qr, e MX
%/ G(g)x/ g1 ®...0Tn) X SX(—,21®...Q xyp)
r1®..Q0x, EMX geEPMX
:/ / Gg)xg(1®...0x,) X SX(—,21®...Q z,)

= Pix - pux (G).

Fix y1®...Qy, € MX, H € PSX and g € PMX. The a typical element in pusx - P?ix(G) (11 ®...Q@yn)
is (z,7,y) with x € G(g9), v: H — fwl@m@l"eMX g1 ®@ ... ®zp) X SX(—, 21 ® ... ® zy,) a natural
transformation and y € H(y; ® ... ® y,). The passage sends

(xa Vs y) = ('1:? 7y1®---®yn (y))

Showing the equality

Now that we fully understand how each 2-cell in Equation 9.2, we can finally show the desired equality.

We begin with the left-hand Diagram of 9.2. The composite 2-cell evaluates to to

psx - PPix - PAx - Apx(F1®...® F,)
HePSX , rGePMX
:/ (/ Phx - Apx(F1 ®...0 E)(G)

T1®..Q0x, EMX
x PSX(H,/ CE1®...01,) x SX(—,219...® a:n))> x H(-)

HePSX GEPMX ,f1®..Qfn€MPX
:/ (/ / Fi(f1) % oo X Fu(fn) X PMX(G, f1(=) %+ % fa(=))

T1®...Qx, EMX
x PSX(H,/ G1®...01,) x SX(—,21®...® xn))) x H(-)

21Q...0x,EMX ,GEPMX ,f1®..Qfn€EMPX
_>/ / / Fi(f1) % .. x Fu(fa)x

PMX(G, fi(=) X ... X fa(-)) X Gx1 ® ... xp) X SX(—, 21 Q... @ xyp)
1®..Qrxn, e MX frePX fnEPX
*)/ (/ Fi(f) % fi(=) ... ></ Fo(f) % fn(—)) X SX(—, 21 ®...0Tn)

S [T A e [T R < O) <X n 0 om)
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Concretely, we stat by fixing H,G and f; ®...® f,,. Then a typical element of usx - P%ix - PAx - Apx (F1 ®
o QF)(y1 ®...®yy) is the n-tuple ((al, ce an),'y,I‘,y) where

° (al,...,an) EFl(fl) X ... XFT,(fT,),
e ycE Hy1 ®...Qyn);
oI': H— fz1®"'®x"’€MX G11®...Q0Ty) X SX(—,21 ®...® x,); we write

Fyo.op@=CcG@1®..02,),t: 11 Q..QU, > 21 Q... Q0 Ty).

for some 21 ® ... Q x,.

e v:G = fi(—) X ... x fn(—) with
Va1 @@, (T) = (21,5 2n) € fr(w1) X ... X fr(2n)
The 2-cell acts as follows:

((alﬁ""a‘n)’77r7y) 'ﬂ> ((a':l?"',an)?r}/?x’t)

2 (@ 21); - (ans 20) )
}L) ((a17 zl), Ceey (ana Zn)7t)'
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Next, lets examine what happen in the left Diagram of 9.2.

HUSX - P2iX . P)\X . )\px(Fl X... ®Fn)
GeEPMX ,fi®..0fneMPX
—usx ([ Fu(f2) X oo X Falf) % PMX(GLf1(=) % oo % fa(=))

T1R®..Qx, M X

X PSX(H,/ Cz1®...020) X SX(—01®...® xn))>

f1R.QfneMPX
r, MSX(/ Fy(f1) % .. % Fu(fa)

T1®..Qx, EMX
x PSX(H,/ Fil@) X oo X falzn) X SX (=21 @ . .. ®xn))>

f1®..@fn€EMPX
_ MSX(/ Fa(f1) % - X Fulfa) x PSX (=, Pix Ax(i @ ... © /)

f1®..®fnEMPX
— Msx(/ Fi(f1) X ... X Fo(fn) x PSX (=, p(f1 ®...®fn)))

I 91®...09n, €ESPX ,f1®..Qfne MPX
—>MSX(/ / Fi(fi) x ... x Fu(fn)

><SPX(gl®...®gn,f1®...®fn)xPSX(—,p(gl®...®gn)))

91®...09n€SPX  pf1,...,fn€PX
_>MSX</ / Fl(f1>XXFn(fn)

XSPX(1®...0gnf1®...Q fn) x PSX(—,p(1 ®.. ®9n))>

GePSX 91®...09n€SPX  pf1,...,fn€PX

X SPX(g1® ... 0 gnfi @ ... ® fa) X PSX(G,plg1 ® ... ®gn))) % G(-)

.....

(r:P%-PX\— P(Pi-)\) andl: P(p-iP) — Pp- PiP are the standard isomorphisms).

This time the mapping acts as follows:

(a1, an), 7. Ty) = ((a1, ..., an), 7, y)
5 ((ar, - an), (64, y)
(a1, an) e op., (7))
5 ((ar -y an) id e o, (7). )
L2 (@1, 21)5 -5 (@ny 20), )

where 73//1®..,®yn = (711@---@17,, 'Wl(ry1®»--®yn)a772(Fy1®..-®yn))- In particular,

’Y;/l®...®yn (y) = ((Zla ey Zn)a t)

Thus we have proved that the two composite 2-cells in Diagram 9.2 are indeed equal.
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It remains to show the following equality

MPX MPX
N I
MX e PMX MX ipx PMX
1(3) b(4)
ix 1(2) Pix ix SPX Pix
WW)K
SX — PSX DX — PSX

which we do in less detail than above.

The left-hand-side gives

Y1®.. QY EMX
Pix - Ax Mnx(11®...Qx,) = / X(y1,21) X oo e X X(Yn, Tn) X SX(—, 11 @ ... Q@ Yn)

1 Y1Q...Qyn EMX
—>/ MX(1®...0Yn, 21 ®...Qxy) X SX(—, 11 ® ... R Yn)

=5X(—11®...0x,)

2 .
=nsx ix (21 ® ... Qxy).

Let (f1,--+y fn,0) € X(y1,21) X o . X X (Y, ) X SX (21 ®...® 2, Y1 ®...®Yyp). Then the above passage

sends it to

(fi, - s fo) = (1®..Q fu,0)— 0o 1®...0 f,

Right-hand-side computes to

Y1®...QYneMX
Pix - Ax -Mnx(1®...Q@ ) :/ X(y1,21) X oo o X X(Yn, Tn) X SX(—, 11 @ ... @ Yn)

4.3 Y1, Yn €X
—’>/ Xy, 21) X oo e X X(Yn,2n) X SX(—, 1 Q... @ Yn)

—)SX(—,(E1®...®:L'n);

it sends (f1,...,fn,0)t00 - f1®...® fn.

Thus the two 2-cells are equals and our proof is complete.

9.1.2 iy: MX < SX is a monad morphism.

i:S — M is a monad morphism. Since both A\ and p are 2-distributive laws of monads over monads, the

triples ((M, \), m,u) and ((S, p),m,u) are monads in DL”. It turns out that (i,i*) is a monad morphism
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between these monads. To prove this, we need to show that the identity 2-cell

2
M2X X 82X

mxl lmx

MX ——SX
ix

is a 2-cell in DL, This amounts to proving that the following two 2-cells are equal

A2 A2
M2PX — X - PM2X M?PX X -~ PM2X
tPx mpx Pmx iP2 piz N
2
S2pX MPX Ax PMX = s2px — X PS?2X PMX
mpx ipx Pix mpx Pmx Pix
SPX — PSX SPX — PSX

(9.3)
Instead of proving this equality directly, we shall simplify it significantly by exploiting the following Proposition.
Proposition 9.2. Let K be a strict 2-category. Write f' for the right adjoint of the 1-cell f. Then, provided
that all the right adjoints below exist, we have

f k
s/ o
h s
if, and only if,
1a 1a
/5 \ /N
A——>A = A——>A (9.4)
q-h S
f'-h k'-s

Proof. The proof follows easily from the observation that the string diagram for Equation 9.4 is

O

We want apply the proposition to Diagram 9.3. To do that, we first note that for any functor f : X — Y,
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Pf always has a right adjoint sy given by
kf: PY = PX, @~ @ fP.
Thus to prove the equality in 9.3 it suffices to show the equality of the outer diagrams in
2% 2%
M?PX —= = PM?X M?PX —= = PM?X

mpx Pmx Km x

MPX — 2 . puX

Pix
ipX Pix Kix mpx Pmx Km
Kix
Further, note that the left-hand-side of both diagrams is equal and
Emx " Kix = Kmx " K2 -
Hence we need to exhibit the much simpler equality:
A% 2%
M?PX —= PM?X M?PX —> PM?X
mPXl 4(1) T'{mx zP)Z(l 4(3) Tﬂmx
2
MPX X pPMX = s2px X . ps2x
iPXJ/ 42 T“ix mPXl 44 T"“ix
SPX PSX SPX PSX
PX PX

We begin with an analysis of the left-hand-side. For readability, we write (f7") := f1 ® ... ® fn.

The top passage is given by

(@ .o (fF) "B () (=) x ox (f) ()

)\%X (fl(_) N fkl(_)) X ... X (f1(—) X ... X fkn(_))
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the bottom passage sends
k1 kn\ Mpx
(... o) B Mme. . Qfln®. .. 0 f®. .0 fuk,
O @ fik, ® @ fal ® .. ® fuk,

o $11;-<~7wnnk6X

= / fri(@i1) X oo X fong (Tnn, ) X SX (=211 @ ... @ Tnk,,)

) T115eeey Tnn, €X

Ig / fn(xu) X ... X fnnk(xnnk) X SX(ix(—),.I‘ll X... ®Jﬁnk")

K T1ls--Tnny eX
= / fll(xll) X ... X fnnk(fnnk) X SX(mX(_)axll ®... ®xnkn)
(9.6)

It is not difficult to see that (1) just removes the inner bracketing from the expression in 9.5 and (2) embeds
this expression into 9.6. A similar story repeats itself on the right-hand-side: (3) is an embedding and (4)

removes brackets. Hence the two passages are indeed equal.

9.1.3 Applying Theorem 1 to ¢

In the previous two sections we showed that ¢ : M < S is a monad morphism in DL?. Thus by Chapter 7 it

can be extended to a monad morphism
iy M — S,

Applying Theorem 8.1 of Chapter 8 we see that there is a 2-functor

I:KI(M) — KI(S).

Since this is a 2-functor it sends monads to monads and distributive laws to distributive laws (cf. Chapter 6).

Let ¢ : 1 = 1 be a monad in ki(M). Then

e g

I(p) =1
neN
:/ o(n, 1) x S1(—,n) (9.7)

Operations of arity n in I(p) consist of operations of arity n in ¢ precomposed with symmetries. In other

words, I freely adds symmetry to all the operations of ¢. We visualise these operations as follows:

The big question is how does can we compose these new operations? Composition given by

I(p) - I(p) = I(p- ) = I(p)
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We compute

I(p) - 1(¢)(n) = (ma - S(ir). - S - (i1)« - 9) (1)
n'eM1 nesl k1®..Qkn,eSM1 Zk-n B r
/ / / / p(n') x S1(n,n') x Sp(ky @ ... @ kp,n) x [ [ S1(k;, k:)
1

which should be interpreted as

—

Distiribute
To compose the above operation with the rules we have, we need to distribute the operations in S(¢) over
the symmetries. To understand how this is done, we need to carefully examine the isomorphism I(p)-I(p) =

I(p - ). This isomorphism is given by the 2-cell (cf. Theorem 8.1)

(1) S(,a l1 mi
I l
T T

SMl . — S1

/{* /{*

M?1 —+= MS1

\M(“\
" M1

Distributivity is achieved by the 2-cell a which is explicitly given by the following isomorphism

1

nesS1
/ Spk'1®...0k ,,n) x S1(n,n") = Sp(k'1® ...k ,,n');
Fix n € S1. A typical element of the left-hand-side above is the triple

(((zl,...,xn),T),o),

where 7 : K1 ®...Q K, - k1 ®...® k, is a symmetry isomorphism, as is o : n — n/. To get to the
right-hand-side, we send this triple to

So(k'1 @ ... @k o) (@1, 20),T) = (To(1)s -+ s To(m))s T')

with
=K@ 0k k1 ®.. Qkn— k(1) @ ... QO kp(n) -

This process is visualised in the following figure:
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The main point is that the operations of the new theory I(y) are composed exactly like the operation of
the original theory . The only difference is that in I(y) we first need to distributive the operations over
symmetries in order to be able to exploit the composition in ¢. Once we distributed, we know exactly how to
compose both the operations of ¢ and the symmetries.

9.1.4 Applying Theorem 2 to :

In this section we try to explain why Theorem 2 applies to ¢ : M < S. Doing so involves performing numerous
technical calculations with coends. Since coend manipulation methods were explored in detail in the previous
section, the proofs in this section are of a more conceptual nature. They explain why our arguments are
correct, but do not show this correctness in full detail. We hope the reader will welcome this refreshing

change.

The first assumption we make is that all our categories are discrete. This hypothesis does not specialise our
arguments because they rely on taking coends of M X and SX and so if X were not discrete, the non-trivial
morphisms of X would be quotiented out by the coend.

To show applicability of Theorem 2 we need to first show that the family (ix)* defines a 2-monad morphism.
This will involve building several 2-cells and verifying coherence for them. Doing this requires us to show
how these 2-cells act on elements of coends. To simplify our discussion, we shall use graphical notation to
both define the elements of the coends and to define how our 2-cells will act on these elements. We begin by

illustrating this with a detailed example.

Our first task is to show that the family (ix)* is a 2-natural transformation. To this end, we need, for every

profunctor ¢ : x —+ y, to construct the 2-cell

Sz —% > Sy (9.8)

(iw)’% Yep %(iy)*

Mx —— My
My

The first step in this construction is to evaluate the top-right and the bottom-left passages in the diagram.

For example, the top right passage evaluated to

~ c1Q...Q0cp, €SY R
((iy)*-S¢)(a1®. . .@ay, b1 ®. . .®by,) :/ Sy(a1®. . .Ran, c1®. ..Rc, )X Sp(c1®. . .Qcy, b1 ®. . .Qby,)
(9.9)

instead of dealing with this expression directly, we pick a typical element in the right-hand-side of 9.9:
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The 2-cell of diagram 9.8 is given by sliding the boxes from right to left in the above diagrams.

The graphical view makes it easy to verify that coherence holds. We check that for profunctors ¢ : © - y

and Yy -+ 2
Y
;/ \S\w / Jv \\
Sa @) Sz M2
Yy iy =
(iz)" (i)™ (iz)” ey az

r——t—> M My —F—> Mz

M () M ()

which follows from the following equality

The other two conditions for 2-natural transformations follows by similar arguments.

Next, we show that ¢* is a monad morphism. The 2-cell

§20 5L e MUl a2y
Sz —— Mx
(lw)

is given by sending
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a1 0 bl

an - - b

to its composite in Sz(a1 ® ... an,b1 ®...Rb,). (Note that we used short vertical arrows in the diagram
to denote the partitions of the lists a1 ® ... ® a,, and by ® ... ® b, i.e. lists of short arrows denote elements
of S2x and M?2z).

One can show that the coherence diagrams (cf. Equations ??) hold. For example, a typical element of the
the top-right passage consists of several types of permutations (permutations between objects of x, objects of
Mz etc). We know that each 2-cell that makes up the both the right- and the left-hand side either composes
permutations or regroups the permuted terms. Since permutations compose uniquely, both passages send the
input data to the same permutation and are hence equal.

The second structural 2-cell

Ug
r —+—= Sx

u\/\ %(n)*

Mx

is strict since both passages in the above diagram evaluate to
Uz (a,b) = X(a,b) = (iy)" - ug(a,b).

We conclude

Proposition 9.3. The family (i,)* forms a monad morphism i* : S — M.

Hence by Theorem ??, i* gives rise to a 2-functor
J :KI(S) — KI(M).

Let ¢ : 1 - 1 be a monad in kI(S) we compute

meS1
J(p)(n,1) = / w(m,1) x S1(n,m) ~ @(i1(n), 1).

We see that J(p) forgets the action of ¢ on the symmetries.

Our next goal is to make the forgetful-free relationship between I and J precise. To do this, we will apply
Theorem 8.3 to i. We check that the pair i,,i* satisfied conditions 8.6 and 8.7. The other two conditions
are can be proved similarly, albeit using slightly more elaborate calculations.

We represent condition 8.6 graphically. The left-hand-side sends
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composite

with the rightmost symmetry a compose in S1(z1 ® ... @ Z,,,y1 ® ... @ Yy, ). The right-hand-side sends

composite

And these two morphisms are equal in S1(z1 ® ... R Ty, Y1 Q... Q Yn).
Condition 8.7 is easier. Both diagrams just embed y(yo, y1) into {*} X y(yo0,y1).

Hence the Theorem allows to conclude the theres exists a lax 2-adjunction J - I and hence in particular an
adjunction
Jia AT KI(M)(1,1) — kI(S)(1,1)

that allows us to construct symmetric operads from plain ones and to view symmetric operads as plain ones

by forgetting the action of symmetries.

9.2 Example 2: j: S — F

In this section we show that the inclusion of symmetric monoidal categories into finite-product categories
induces a lax 2-adjunction

kI(S)(1,1) T KI(F)(1,1)

We do this in several steps. First we explain why j is a 1-cell in DL”. Then we show that j is a monad
morphism in DL?. These two results allows us to apply Theorem 8.1 to j to produce a 2-functor

K 1 kI(S) = KI(F).

Next we show that j7* : F — S is also a monad morphism. Applying Theorem 8.1 for the second time, we

obtain a 2-functor in the other direction
K’ KI(F) = KI(S).

We then verify that j* and j* satisfy the conditions of Theorem ??, giving us the desired result.

Note that most of the work was already done in the previous section for i : M < S. The arguments given
there are isomorphic to the arguments we need to give for j. Here we construct the main ingredients needed
for the formal proofs, and then refer the reader to Sections 9.1.1 — 9.1.4 for details on how to implement

them.
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To show that j is a 1-cell in DL? we need to construct the 2-cell

sp—".ps

jPl 45 J/Pj

FPT>PF

We evaluate both passages in the diagram. The top-right passage is given by

T €X
e ®an>/ filzy) x oo X fo(zn) X SX(—,21 Q... @ x,)

Y1, YpESX Lrxn€X
H/ / filz) X oo X fru(n) X SX (11 @ ... QUp, 21 ® ... Q Ty)

FX (=1 % ... x )

L1y, T €X
~ / filmy) X oo X folzn) X FX(—, 21 X ... X Tp) (9.10)
while the bottom-left passage computes to

f ®fn’_>f1 ) an( )

,w,LEX
r—)/ filzr) x oo X fo(zn) X FX(—, 21 X ... X Zp) (9.11)

Hence j much like 7* of Section 9.1.1, sends elements of 9.10 to themselves in 9.11. Because of this,
showing coherence for j is almost identical to showing coherence for i*. The only difference is that the
actions of symmetries is replaced by actions of finite-product structure, but this does not alter the nature of

the argument.

An argument identical to the one given in Section 9.1.2 shows that (j,j’) is in fact a monad morphism in
DLY. Hence Js ot S — F'is also a monad morphism and Theorem ?? can be invoked to produce a 2-functor
K : kI(S) = KI(F). In particular, K sends monads in ¢t : 1 = 1 in kI(S) to monads K (t) : 1 = 1 in kI(F).

We compute

keS1
K(t)(n, 1) = / 1k, 1) x Fl(n, k)

While the above formula is structurally very similar to Equation 9.7, there is one key difference. The above
coend is taken over all £ € S1 and hence the symmetries in ¢(k,1) and the symmetries in F'1(n,k) are
identified. This feature is essential for the formula to make sense. Hence K (t) consists off all the operations
of ¢ to which we formally adjoin finite-product structure, but in a way that identifies the symmetries of the
finite product structure with the existing symmetries of t.

Furthermore it turns out that j* : ' — S is also a monad morphism. The definition of the 2-cell

FX 52> py

(jm)’% I i»(jy)*

Sx —— Sy
Se
can be derived from
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—e N —J] o
Arguments similar to the ones gives in Section 9.1.4 can be used to show that j* : ' — S is indeed a monad

morphism. By Theorem 77 this gives rise to a 2-functor
K’ KI(F) — KI(S).

Given a monad ¢ : 1 = 1 in kI(F)), we compute
keF1
K'(t)(n,1) = / t(k,1) x F1(i(n), k) ~ t(i(n),1)

One can give a nice interpretation to the formulas for K’(¢): it is the theory that contains all the operations
of ¢, but forgets some actions of finite-product structure on these operations. Crucially, the actions of the

symmetries are not forgotten, while the actions of copying and deletion operations are. Thus K (t') is indeed

a monad in kI(S).

A graphical argument, akin to the one given in Section 9.1.4, shows that j* and j, satisfy the conditions the

Theorem ?? and this allows us to conclude that there exists a lax 2-adjunction
K' 4K : kI(S) = KI(F),

as promised.
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Chapter 10

Conclusions and future work

10.1 Summary

Let us review the main results of this work. We began with an introduction to Categorical Universal Algebra.
This field uses various categories and category-like structures to capture the syntax of algebraic theories. We
saw two main variants. PROs, PROPs and Lawvere theories are categories whose morphisms fall into two
groups. The structure morphisms of the category - such as symmetries or finite product structure - and the
morphisms that encode the specifications of the theory. The second variant was operad-based theories. These
model specifications in which the operations have many inputs, but only a single output. We encountered
many types of operads. Specifically monoidal, symmetric monoidal and Cartesian operads. We concluded
that there is a need for a setting in which will allow us to formulate and analyse theories in general, without

worrying about the complications associated with types.

In Chapters 4 and 5 we developed the 2-categorical foundations for such a framework. All the main definitions
were accompanied by numerous examples. Of particular importance were the Cat-monads M, S, F' and P.
The first three turn a category X into the free monoidal category M X, the free symmetric monoidal category
SX and the free finite product category FFX. P is the presheaf monad and is the categorification of the
powerset monad on Set. One of the the most important facts about it is that its Kleisli bicategory is equivalent

the the bicategory Prof of profunctors.

2-distributive laws consist of a 2-natural transformation A : TP — PT. Through Beck's Theorem, they
provide us with a way of extending T to the Kleisli bicategory of P and lifting P to the category of T-
algebras. We showed that M, S and F all distribute over P and hence extend to Prof. Finally, we described

the formulas for these extensions.

Chapter 6 showed how the bicategory of profunctors, and its variations, can be used to formulate constructions
from Categorical Universal Algebra. We began with a simple, well-know, example: categories are monads in
Span. From there we studied monads in Prof. It turned out that a monad on X in Prof adds categorical
structure to X in a way that makes that structure compatible with the existing structure of X. We observed
that this view point is useful for defining PROPs and Lawvere theories because it allows one to separate the
structural morphisms of the type from the operations of the theory that one wishes to encode. The monoidal
structure of PROPs led to us to work in Prof(Mon) instead of Prof.
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Because operads model theories with multiple inputs, but only a single output, they no longer can be mod-
elled as morphisms in a monoidal category. Instead they are morphisms in muticategories. Hom-sets of
multicategories are functors

hom : TX x X — Set

with T some monad on Cat. We observed that this is the same as a 1-cell in the Kleisli bicategory kI(T")
with T an extension of T to Prof. Our running examples - M, S and F - can all be extended to Prof. This
allowed us to study monads in kI(M), kI(S) and kI(F). We showed that monads on 1 in these bicategories
correspond to plain, symmetric and Cartesian operads. The Author learned about the last set of results from
Martin Hyland, but has not seen them in literature. He hopes that by clearly documenting them in this work,

he will aid in their public recognition.

We also discussed distributive laws between monads inside Kleisli bicategories. By viewing theories as monads,
we get a compositional tool for free. We showed interesting examples of distributive laws in Prof. Through
these laws one obtains a particularly simple description of the PROPs for bialgebras and Frobenius algebras.

We also gave an example of a distributive law between the theory for semi-groups and the theory for pointed

sets in ki(S).

Chapters 7, 8 and 9 contain the original results of this work. The aim of these chapters is to show that
relationships between types leads to relationships between theories of these types. Restating this formally, we
wish to begin with a monad morphism

a:S—T

from a types S to a type T and from it to construct a 2-functor
A KI(S) = KkI(T).

This is done in two steps. First we wish to extend the monad morphism « : S — T to a monad morphism

&: S — T and then show that post-composing with this extension is 2-functorial.

Chapter 7 began as a single theorem that showed that certain «'s can indeed be extended. But the author
quickly realised that it is worthwhile to explore the theory of extensions in general, rather than focusing only
on a single aspect of it. This led to the creation of two monoidal bicategories, DL? and Extp. The first one
contains 2-functors, 2-natural transformations and modifications that distribute over P. The second contains
the all 2-functors, 2-natural transformations and modifications that can be extended to kl(P). Chapter 7
carefully builds an equivalence between these two bicategories. The resulting formal theory is independent
from the application we use it for. Indeed, Chapter 7 is self-contained a result in 2-monad theory. It
complements the work of Tanaka who showed in [Tanaka, 2005] that a similar equivalence holds between a
bicategory dual to DLY and the 2-category of lifts of 2-functors, 2-natural transformations and modifications
to the bicategory of algebras of P.

Chapter 8 brings us closer to Categorical Universal Algebra, although the two Theorems that we prove there
are again self-contained. The first theorem shows that any monad morphism « : S — T gives rise to a
2-functor A : kI(S) — kI(T'). We can combine this result with the results of Chapter 7 to see that any monad
morphism « : S — T that is also a 1-cell in DLP gives rise to such a 2-functor. This 2-functor sends theories
of type S to theories of type 1. This holds true for any P, not just the presheaf monad. When P is the

presheaf monad something more exciting happens. Any functor f gives rise to two profunctors: f* and f..
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Hence any 1-cell a: S — T in DL” gives rise to two collections
{(ax)«| X € Cat} and {(ax)* | X € Cat}

We know that the one on the left is a 2-natural transformation. If we assume that the one on the right is a
monad morphism, then by the first Theorem of Chapter 8, we obtain a functor .J : kI(T)) — kI(S).

Because of f, - f* we expect the two functors A and J to be related. Theorem 2 of Chapter 8 makes this
relationship explicit. It states that when the units and co-units of the family of adjunctions (). = (ay)*

satisfy some coherence conditions, J and A form a lax 2-adjunction.

In Chapter 9 we apply the results of Chapters 7 and 8 to the inclusions M < S and S < F'. This requires
us to check numerous technical conditions, but once we overcome this hurdle, we show that the inclusions

produce adjunctions
KI(M)(X, X) _7  KI(S)(X, X) and KI(S) (X, X) _ T KI(F)(X, X).

The first adjunction specifies how to create free symmetric operads from a given plain operad and how to
forget the symmetric structure of a symmetric operad. The second one does the same for symmetric operads
and Lawvere theories. Furthermore, the 2-functors that make up the lax 2-adjunction give a recipe for creating
a free distributive law between Lawvere theories from a given distributive laws between symmetric operads

and this last corollary was one of the initial motivations for pursuing the research program in this thesis.

10.2 Future work

This thesis developed a method for extending relationships between types to relationships between theories
of these types. While this method works well, we believe that it can be greatly enhanced with further
investigation. The main deficiency of the current approach can be seen in Chapter 9. To apply our results
to the monad morphism ¢ : M < S, we had to verify numerous non-trivial technical conditions. We believe

that things should be simpler. To this end, we propose the following research programme:

e Identify a class of monad morphisms i : S — T that can be extended to i : S — T. We suspect
that inclusions, such as the examples we explored in Chapter 9, can always be extended. We suspect
that a careful analysis of the arguments used to show that i : M < S in a 1-cell in DL will help

identify the essential ingredients needed for a monad morphisms to be extendible.

e Identify which i : S — T are such that i* : T' — S is a natural transformation. Based on our
limited class of examples, inclusions might be a good candidate to investigate first. We also suspect
that the monads S and T need to possess some nice properties for i* to be a 2-natural transformation.
We think that this question is the most important theoretical questions that is left unexplored in this

thesis.
The thesis also opens the door to many new questions in Categorical Universal Algebra.

e How do PROs and PROPs fit in? PROs and PROPs provide a simple semantics for capturing the
syntax of algebraic theories. Yet they do not fit into our Kleisli bicategorical framework. The problem
is that a 1-cell in kI(T") has the form X -~ TY, while to model several outputs, we would need

to work with a 1-cell TX —— TY. There are several ways to accomplish this. One is to define a
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monad R : kI(T') — kI(T) and then study its co-Kleisli category. There a typical one cell will have
the form RX - TY. To model PROPs we then need to extend the 2-monad S : Prof — Prof to
S : kI(S) — kI(S). For this we need yet another 2-distributive law. Richard Garner's Thesis [Garner,
2006] defines polycategories as monads in a two-sided Kleisli bicategory. This bicategory is obtained
from a 2-distributive law of a 2-monad 7" on Prof over the extension S : Prof — Prof. The idea that

multi-categories are monads in kl(.S) serves as a foundation for Garner's work. Because of this, the

tools and ideas developed in this thesis can be imported to his two-sided setting.

e Comparison with the Prof(Mon) setting. [Lack, 2004] develops an elegant setting for composing
PROs and PROPs. In [Akhvlediani, 2010] the author shows that Lawvere theories and so-called PROBs
can also be composed in Prof(Mon). We believe that it is important to understand how the Kleisli
bicategory framework compares to the Prof(Mon) setting. For example, one advantage of the latter is
that it captures theories with multiple outputs and provides explicit formulas for describing important
distributive laws between them. Can such distributive laws be described in the Kleisli setting? Or,
more realistically, can they be described in the two-sided Kleisli setting ala Garner? Certainly the Kleisli
setting has more expressing power, since it is not restricted to theories with linear arities. But when it
comes to linear arities, are the expressive powers of the two setting compatible?

e Examples. We have presented an abstract high-level setting. It is a prototype of the theory we wish
to eventually develop. But to develop it, we need to test it out with examples. There are two things
we wish to have more examples of. First, we would like to see more theories expressed as monads in

kI(T). In particular, it would be interesting to see whether there are familiar categorical constructions
that happen to be monads in kI(T). This is certainly the case with PROPs and PROs where familiar
categories happen to capture the syntax of well-known algebraic structures. Second, we would like
to have more examples of types. At this point we only have three running examples: M, S and F.
This make it difficult to see the full expressive power of the Kleisli bicategory setting. We believe that
finite products can be replaced with more elaborate limits to produce types that were previously not
studied. Ideally, both new theories and new types will come from an exciting demand in computer
science to model parts of programming languages using algebraic specifications. For example, monadic
effect in functional programming languages, such as Haskel, can be modelled using a variant of Lawvere
theories (cf. [Hyland and Power, 2006]). Representing such concrete Lawvere theories as monads in a
Kleisli bicategory would not only give us insight into our theory, but would also give rise to a coveted
(cf. [Hyland et al., 2002]) method for combining such computational effects.

e Incorporating other approaches to Universal Algebra. Categorical Universal Algebra contains more
tools than we could explore in this thesis. Sketches are effectively used to describe algebraic structure
in Computer Science [Barr and Wells, 1985]. Briefly, a sketch is a category with a chosen set of limit
cones and colimit cocones. Models of a sketch are functors out of the sketch that map cones and
cocones to limits and colimits in the codomain. Since sketches are categories with extra structure,
they too should be expressible in a variant of the bicategory of profunctors. There exist many different
types of sketches. Finite product sketches are discussed in [Barr and Wells, 1985] and [Barr and Wells,
1993]; symmetric monoidal sketches and monoidal sketches are covered in [Hyland and Power, 2000].
The Kleisli bicategory framework should allow all these flavours to be expressed in a single setting.
Furthermore, expressing sketches, PROs and operads using the same language will make it easier to

analyse the expressive power of each and to compare the strengths and weaknesses of these tools.

e Applications to Categorical Quantum Mechanics. [Abramsky and Coecke, 2004] developed category
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theoretic semantics for some quantum informatics protocols, most notably Quantum Teleportation. The
research program initiated by that paper led to many fascinating results that advanced our understanding
of both Category Theory and Quantum Foundations. Many of these results rely on a representation
of quantum observables as so-called {-Frobenius Algebras [Coecke and Pavlovic, 2007]. Furthermore,
interacting observables can be expressed as two 7-Frobenius algebras that satisfy the axioms of [Coecke
and Duncan, 2008]. Since the PROP for Frobenius algebras can be expressed as a monad in Prof it
can be combined with other PROPs in that setting. This opens interesting possibilities for semantics
of quantum information. First, distributive laws in Prof can suggest new ways of combining Frobenius
algebras. It would be interesting to see if the resulting structures are meaningful in physics. Furthermore,
PROPs for Frobenius algebras can be combined with other PROPs. Through such combinations, one
can create semantics for rather complicated systems. Finally, because both Lawvere theories and PROPs
can be expressed as monads in Prof, they can, modulo some technical details, be combined with each
other. This could lead to category theoretic semantics for a systems in which classical and quantum

protocols interact.
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