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0.2

Notation

We will fix most of our notation in the main text as we introduce it. Here we fix notation for some basic
2-categorical concepts.

Cat is the 2-category of small categories.

CAT is the 2-category of Set-enriched categories. It contains locally small categories, functors and
natural transformations.

2-CAT is the 2-category of Cat-enriched categories. It contains locally small 2-categories, 2-functors
and 2-natural transformations.

Given a 2-category C its underlying category, obtained by forgetting 2-cells, will be denoted by UC.

Given 2-categories C and D, [C, D] is the 2-category of 2-functors, 2-natural transformations and mod-
ifications.

Ps(C, D) is the 2-category of 2-functors, pseudonatural transformations and modifications. Laz(C, D)
and Oplaz(C, D) have the same objects and 2-cells as Ps(C,D) but 1-cells are respectively lax and
oplax transformations.

Hom/(C,D) is the 2-category of pseudofunctors, pseudonatural transformations and modifications.

C°P is the 2-category with the same objects as C, 1-cells pointing in the opposite direction and 2-cells
with orientation unchanged from C.



Chapter 1

Overview

This thesis is concerned with 2-categories and the importance of a 2-categorical colimit known as the codes-
cent object. The notion of codescent object, or more precisely its dual, the descent object, was first named in
[54] though appeared un-named a decade earlier in [49]. Tt is a colimit associated to a (truncated) simplicial
object which appears in several contexts in 2-category theory.

The simplest such case arises in the 2-category Cat. An object of Cat is a small category A. Such a small
category may equally be presented as a diagram of sets:

p d
Ay —m—> Ay <—i Ap
q (&

its internal presentation. Each set may be viewed as a discrete category; thus the above diagram of sets
may be viewed as a diagram in Cat. The codescent object of this diagram in Cat is exactly the category A,
exhibited by a “codescent morphism”, the bijective on objects inclusion € : Ag —= A:

P d
€
Ay —m— Ay i Ap A
q C

and a natural transformation € o d =>¢€ o c. Thus each small category is the codescent object of its internal
presentation.

The association by which one obtains the internal presentation of a small category A is a specific instance
of the “higher kernel” construction [55], a finite limit construction. Corresponding to an arbitrary functor
f+ A— B there exists an internal category in Cat, its higher kernel, as on the left of the diagram below:

P d f
UL =m—>flf <—i— A B
q c

This in particular constitutes a truncated simplicial object. Taking its codescent object C gives a factorisation
as indicated in the diagram:

f\flff:@»flf 4 ! B
' ) RC%

The resulting factorisation of f is the well known factorisation of a functor as bijective on objects followed by
fully faithful. Thus the factorisation of a functor through the codescent object of its higher kernel coincides



with the factorisation of a functor as bijective on objects followed by fully faithful. Indeed the bijections on
objects are precisely the codescent morphisms, each exhibiting its codomain as the codescent object of its
higher kernel.

In order to study this 2-dimensional situation we might draw an analogy with a better known 1-dimensional
situation. The bijective on objects/fully faithful factorisation of a functor bears a resemblence to the factori-
sation of a function between sets, through its image, as surjective followed by injective. This factorisation
of functions is captured by the notion of a regular category [23]; it is obtained by factoring an arrow in a
category through the coequaliser of its kernel pair.

It is evident that Set is a regular category and well known that the category of algebras Set” for any monad
upon it is also regular. An exactness property holds for Set and lifts to any category of algebras Set™ upon
it. Namely each equivalence relation is effective: the kernel pair of its coequaliser. These properties of Set
and SetT, regularity together with the effectiveness of equivalence relations, are those defining the notion of
an exact category [4]. Each category of algebras has a further property: the free algebras form a projective
cover of Set™.

In this thesis we will study 2-dimensional analogues of these notions, beginning with Cat itself. There is a
2-dimensional analogue of equivalence relation, that of a catead, introduced in [10]. Cat satisfies an exactness
property: each catead is the higher kernel of its codescent object. In Chapters 2 through 5 we are concerned
with base 2-categories, with a focus upon this exactness property. From Chapter 6 onwards we turn to
2-dimensional universal algebra. We give an overview of those chapters now.

e In the introductory chapter, Chapter 2, we give an exposition of those concepts of 2-category theory
required for the further reading of the thesis, beginning with 2-categorical limits and colimits, and
with a detailed treatment of codescent objects. We describe the (Bijective on objects/fully faithful)-
factorisation system on Cat and its internal analogue. In the case of Cat we describe the universal
property of this factorisation system and finally show that cateads are effective in Cat, using the
language of double categories.

e In Chapter 3 we consider 2-categories of the form Cat(£) for £ a category with pullbacks. The main
aim of the chapter is to prove that each such 2-category has codescent objects of cateads and that
cateads are effective, and furthermore that any 2-functors of the form Cat(F') preserves codescent
objects of cateads. Along the way we develop some of the theory of representable 2-categories [21].

e In Chapter 4 we establish further 2-categorical properties of those 2-categories of the form Cat(€). This
involves the introduction of a 2-categorical notion of projective cover. We obtain a list of 2-categorical
properties characterising those 2-categories of the form Cat(£) up to 2-equivalence. This result is
extended to a biequivalence of 2-categories, thereby obtaining an additional characterisation of those
2-functors of the form Cat(F) for a pullback preserving functor F.

e Much of the work in the previous chapters concerns internal categories in categories with pullbacks
and a 2-functor Cat(—) : Catp, —> Rep, where Catpy, the 2-category whose objects and 1-cells are
categories with pullbacks and pullback preserving functors respectively. In Chapter 5 we prove that
the underlying category of Catpy, is cartesian closed.

This concludes our treatment of “base 2-categories” and our interest turns to 2-categories of algebras upon
such a base. Unlike the 1-dimensional setting there are several 2-categories of algebras in which one may
be interested, for instance T-Alg,,T-Alg and T-Alg, with strict/pseudo/lax morphisms respectively. The
original appearance of the descent object was precisely in these terms. In [49] Street observed that for T a
2-monad on a 2-category A and strict algebras A and B there exists a truncated cosimplicial diagram:

T-Alg (4, B)

A(A, B)

A(TA, B)

A(T?A, B)

as on the right above, whose descent object is precisely T-Alg (A, B). This is the reason behind the im-
portance of codescent objects in 2-dimensional monad theory. Such issues are further discussed in Chapter
6.



In Chapter 6 we give an exposition of those aspects of 2-dimensional monad theory which will play
a role in the remainder of the thesis. Our focus is upon the importance of codescent objects in
two-dimensional monad theory, via the notions of lax and pseudo-morphism classifiers, the notion of
flexibility, and uses of the (Bijective on objects/fully faithful)-factorisation system in that subject.

In Chapters 3 and 4 we considered 2-functors of the form Cat(F'), those in the image of the 2-functor
Cat(—) : Catpp,—>Rep. In the short Chapter 7 we consider 2-monads which arise in this manner and the
simple nature of pseudo-morphism classifiers for them. In the case of 2-monads arising from cartesian
monads we show that in good cases the lax morphism classifier also admits a simple description.

In Chapter 8 we move beyond those 2-functors of the form Cat(F) to the study of a broader class
of 2-functor. We begin by considering those 2-functors based upon Cat(£) which are the left Kan
extension of their restriction along the embedding & — Cat(£), and characterise such 2-functors in
terms of the codescent objects they preserve. We restrict our attention to the case where £ is a locally
finitely presentable and study left Kan extensions along the composite embedding £y — & —Cat(€)
characterising such 2-functors as the ones which preserve codescent objects of cateads and filtered
colimits, the strongly finitary 2-functors. We use these results to prove that Cat is the free completion
of the category of finite sets Set; under codescent objects of reflexive coherence data and filtered
colimits, and furthermore under any class of sifted colimits containing those two. We conclude by
studying examples of sifted colimits in Cat.

In Chapter 4 we introduced a 2-categorical notion of a projective cover and showed that the discrete
internal categories form a projective cover of Cat(€). In Chapter 9 we consider projectives in T-Alg,
for a strongly finitary 2-monad T on Cat(€) and show the free algebras on discrete internal categories
are projective. We ask: To what extent do they form a projective cover of T-Alg.? We define the
notion of “pie algebra” and prove that the pie algebras are precisely those algebras covered. We use
this characterisation to recover the characterisation of “pie weights” of Power and Robinson [45].

In Chapter 10 we consider codescent objects in T-Alg for several classes of 2-monad. The case of most
importance concerns strongly finitary 2-monads on Cat. For such 2-monads we prove that T-Alg has
codescent objects of cateads and that cateads are effective in T-Alg.

Chapter 11 contains some concluding remarks.

Chapter 12 is an appendix.



Chapter 2

Introduction

The aim of this largely expository chapter is to introduce those 2-categorical concepts which will play a role
in this thesis. We begin by reviewing 2-categorical limits and colimits, describing the relevant examples, and
give a detailed treatment of codescent objects of strict coherence data. We study properties in 2-categories
and properties of colimiting morphisms. We consider (enhanced) factorisation systems on 2-categories and
consider the (bijective on objects/fully faithful) factorisation system on Cat. We recall the notion of internal
category and the internal (bijective on objects/fully faithful) factorisation. We consider higher kernels and
their relationship with codescent objects and bijections on objects. Finally we discuss cateads and describe
an exactness property of Cat.



2.1 Limits and colimits in 2-categories

We begin by discussing limits and colimits in 2-categories with much of our exposition based upon [29].
There are a variety of interesting limit constructions in 2-category theory. The fundamental notion is that
of a weight, which is a 2-functor W : J — Cat where J is a small 2-category, and Cat the 2-category of
small categories.

Definition 2.1. Consider a 2-category C, a weight W : 7 — Cat and a 2-functor F' : J —=C. The limit
of F weighted by W is an object A € C together with an isomorphism C(—, A) = [J, Cat](W,C(—, F—)) in
[CoP, Cat].

By the Yoneda Lemma for 2-categories [30] weighted limits are determined up to isomorphism.

Remark 2.2. To give such an isomorphism amounts, again by Yoneda, to giving a 2-natural transformation,
a “cone”, n: W —=C(A, F-) in [, Cat] satisfying the following:

1. Given a cone 6 : W —C(B, F—) there exists a unique 1-cell ' : B— A such that the composite:

c’,1)

W —1-C(A, F-) C(B,F-)

equals 6.

2. Given a pair of cones 0, ¢ : W —ZC(B, F—) and a modification p : § =>¢ there exists a unique 2-cell
w0 => ¢ such that the composite:

c(o’' 1)
T T T
W —>C(A,F-) w1y C(B,F-)
~—— T
JEIRY

equals .

These 2 conditions are respectively referred to as the 1-dimensional and 2-dimensional universal properties
of the cone. A cone W—C(A, F—) with both universal properties will often be referred to as the universal,
or limiting cone, and is said to exhibit A as the limit of F' weighted by W.

One may also consider pseudo, lax and oplax limits; these are defined as above but with Ps(J, Cat),
Laxz(J,Cat) and Oplaz(J,Cat) respectively replacing [J,Cat] in the definition. In fact each of these
are special cases of the notion of weighted limit introduced in Definition 2.1. This fact follows from the
existence of left 2-adjoints to the inclusion of [7, Cat] into Ps(J, Cat), Lax(J,Cat) and Oplax(J,Cat) as
first described by Street [46]. A weighted limit is determined up to isomorphism by its universal property. A
genuinely distinct notion where this is not the case is that of bilimit. This is defined exactly as in Definition
2.1. but with Ps(J, Cat) and Ps(C°P, Cat) replacing [7, Cat] and [C°P, Cat] and with isomorphisms replaced
by equivalences. Isomorphisms are equivalences; thus the pseudo-limit of a diagram, if it exists, is in particular
its bilimit. Consequently any 2-category with pseudo-limits admits all bilimits. Bilimits will be of secondary
interest to us, with the exception of Chapter 9 where we briefly consider another notion, that of “cone
bilimit”, which lies between weighted limit and bilimit. The notion of colimit relative to a weight is defined
in a dual manner:

Definition 2.3. Consider a 2-category C, a weight W : 7 —Cat and a 2-functor F': J°?—C. The colimit
of F weighted by W is an object A € C together with an isomorphism C(4, —) = [J, Cat](W,C(F—, —)) in
[C, Cat].

1The 2-natural transformations that we refer to as “cones” are called “cylinders” by Kelly in [30].



Thus any weight W gives rise to a notion of limit and colimit weighted by it. All the above remarks
concerning weighted limits apply also to weighted colimits. In the cases of interest to us the indexing 2-
category J of the weight W : 7 —Cat will be very small; typically with a finite or countable set of objects,
and finite hom-categories. Furthermore the weights of interest to us will take values amongst only a select
few categories, and so we name these now.

e We write n for the category with objects {0,1,...,n — 1} and a single morphism ¢ —i + j for j > 0.
For example 2 and 3 are the preordered categories 0 —=1 and 0 — 1 —2.

e We write I(n) for the unique category with objects {0,1,...,n—1} and a single morphism between any
two. Thus each morphism of I(n) is invertible and indeed I(n) is the image of n under the reflection
of R : Cat — Gpd, the 2-category of groupoids.

For example I(2) is the category with an inverse pair 0 =— 1.

We now define some specific examples of 2-categorical limits and colimits. The usual limits of one dimensional
category theory each have a 2-categorical analogue and we first consider these.

e Conical Limits in 2-categories

In ordinary category theory a type of limit is specified by an indexing category [J. We associate to J
the weight A(1) : J — Cat which is constant at the terminal object 1 of Cat, and define the conical
limit of a functor F : 7 —C to be the limit of F' weighted by A(1). There is no reason why J should
not be a 2-category and F' a 2-functor, thus conical limits and colimits are defined for 2-categories J
too.

When we speak of products, pullbacks or equalisers in a 2-category we speak of them in this sense.
For example given a pair of objects A, B € C their product A x B has a universal cone consisting of
projections:

The usual one dimensional universal property of products corresponds to the defining isomorphism of
Definition 2.1 being pointwise bijective on objects. That the correspondence is fully faithful means that
there is also a two dimensional aspect to the universal property. This asserts that given a diagram:

we not only have the usual induced factorisations (f1, f2) : C—=A x B and (g1, 92) : C—= A x B but
additionally a 2-cell:
(f1,f2)

TN
Cc~ 6:1.0) Ax B
S~ 7
(91,92)

unique in that it yields #; and 62 upon postcomposition with p and g respectively. The one dimensional
universal property tells us one dimensional information. For example the pair (p, ¢) is jointly monic.
The 2-dimensional aspect tells us two dimensional information. For example the pair (p, q) is jointly
faithful.

10



Cotensors and tensors: Powers and copowers

Given a category X we have an associated weight X : 1 — Cat which assigns to the single object of 1
the category X. Given an object A of a 2-category C its cotensor with X, or power, AX is the limit of
A : 1—C weighted by X. It is defined by an isomorphism of categories C(B, AX) = Cat(X,C(B, A))
2-natural in B. The universal cone is then a functor X —=C(AX, A). Of particular interest is the case
of cotensors with 2. The universal cone 2—=C(A2%, A) is then a “universal 2-cell”:

TN
A2 | A
~_ 7

The 1-dimensional univeral property of this 2-cell is that any other 2-cell with codomain A factors
uniquely through it, via a unique 1-cell. In Cat given a category A, AX is the functor category [X, A].
In particular A% = [2, A], the usual arrow category of A.

Definition 2.4. Consider a 2-functor G : C—D a weight W : 7 — Cat and a diagram F : J —C with
limit and universal cone i : W —=C(A, F'—). The 2-functor G induces a cone in D:

W s C(A, F—) —22 L D(GA,GF—)

We say that G preserves this limit if this cone exhibits GA as the limit of GF weighted by W.

In order to verify that a certain cone exhibits an object as a limit or colimit one needs to verify that it
satisfies the one and two dimensional aspects of the universal property. The following useful proposition
shows that the two dimensional aspect may often be obtained for free.

Proposition 2.5. Consider a weight W : J — Cat.

1.

Suppose that C has cotensors with 2 and consider a diagram F : J°° —C. If a cone W —C(F—, A)
satisfies the 1-dimensional universal property of the colimit, then it also satisfies the 2-dimensional
universal property, and so exhibits A as the colimit.

Suppose that C has tensors with 2 and consider a diagram F' : J —C. If a cone W —C(A, F'—)
satisfies the 1-dimensional universal property, then it also satisfies the 2-dimensional universal property,
and so exhibits A as the limit.

Proof. The proof is given in Section 2 of [29]. O

We now run through other pairs of 2-categorical limits and colimits which will play a role in this thesis.

Inserters and coinserters
These are defined by the following weight:

where on the left we have the category with two distinct objects and a parallel pair. On the right
the two morphisms are labelled by their images in 2. A functor from the category on the left, or its
opposite, to a 2-category C consists of a parallel pair:

11



in C. Cones and cocones respectively consist of an object, 1-cell and 2-cell (C, j,7n) as on the left and
right below:

Cones: C ) B Cocones: A ) C

The above cone is the inserter of f and g if:

1. Given another cone (D, h,«) there exists a unique arrow k : D — C such that j ok = h and

nok=a.
2. Given a pair of cones (D, hy,a1) and (D, ha, ) together with a 2-cell p : hy =>hgy such that the
square:
o =2 fhy
alﬂ/ \U/Olg
gh1 ==> ghs

commutes, there exists a unique 2-cell p’ : k; => ks between the induced factorisations such that
i =p.
The defining properties of the coinserter are dual and of course may be deduced from the defining
weight.

d
Example 2.6. An ordinary graph G = G; ——Z G may be seen as a graph in Cat by viewing the sets G
c

and Gy as discrete categories. The coinserter of this graph is the free category F'G upon it. Recall that F'G
has the same objects as Gy and morphisms composable strings [a1as ... ay,] of arrows of the graph. In the
universal cocone:
LG
) FG

Gy
Go J

the functor j : Gy — F'G is bijective on objects whilst 7 is the natural transformation sending an arrow «
of G to [a] : d(a) —c(a).

e Equifiers and coequifiers
These are defined by the weight:

0

where the 2-category on the left hand side has a pair of objects, a pair of parallel morphisms, and a
pair of parallel 2-cells. The 2-cell on the right is the unique such since 2 is a preorder. The weight W
identifies the parallel 2-cells on the left.

Given a parallel pair of 2-cells:

12



a cone is specified by an object C' and 1-cell h : C'—= A such that ah = Sh2. The equifier of the pair
«a and [ is the universal such object and 1-cell “equifying” the pair o and 3. The exact details here
may of course be worked out from the weight.

The coequifier of o and ( is given by an arrow out of B, h : B— C such that ha = hf3. It is the
universal 1-cell which “coequifies” the 2-cells « and S.

e Pie limits

Those limits which may be constructed using only products, inserters and equifiers form an important
class of limit known as pie limits [45]. Dually those colimits constructible from coproducts, coinserters
and coequifiers are called pie colimits. Cotensors and tensors are pie. Indeed all weighted limits and
colimits discussed in this chapter, with the exception of general conical limits, are pie. Pie limits and
colimits will be considered in detail in Chapter 9. Their importance may be illustrated by the fact
that any 2-category admitting pie limits admits all pseudo, lax and oplax limits. In particular, as such
a 2-category admits all pseudo-limits, it admits all bilimits.

Proposition 2.7. Any 2-category which has products, inserters and equifiers admits all pseudo, lax and
oplax limits. Consequently any such 2-category admits all bilimits.

Proof. A proof is given in [29]. O

e Comma objects
The defining weight is:

1
| ——
P 1—=2

where the category on the left has three distinct objects.
Given an opspan:

A
|7
B 7) C
a cone consists of an object, a pair of 1-cells and a 2-cell:
DA
L]i/ \U,a \Lf
B ? C

The comma object is the universal such cone, and is denoted flg. If A= B = C and f = g = 1¢ the
comma object 1¢|1¢ is equally the cotensor of C' with 2. The comma object derives its name from the
case of Cat, where the comma object is the familiar comma category.

e Inverters and coinverters
The defining weight is:

0
AN s T )
~_ 7 ~__ 7

2The cone actually contains more data than that specified here, but this is the essential content, in the same sense that the
limiting cone of an equaliser diagram:
[e3
E—s>A—%ZB
B
contains not only a morphism F —> A but a morphism E —s B. The latter of these becomes redundant upon specifying that
ae = fe.

13



where the 2-category on the left has a pair of objects, two distinct parallel 1-cells and a 2-cell between
them. The 2-cell on the right is the unique such, and is an isomorphism since 1(2) is a groupoid.
Given a 2-cell:

its inverter consists of an object and 1-cell with codomain A, h : C — A such that «h is invertible.
The coinverter of « is given by an object and 1-cell A : B — D with domain B, now universal in
inverting o “from the right”.

Example 2.8. Categories of fractions are examples of coinverters [28]. Given a category A, a calculus of
fractions [19] on A consists of a collection of arrows ¥ therein satisfying several axioms. The corresponding
category of fractions A[¥7!] comes equipped with a projection p : A —= A[X7!]. The projection has the
property that if f € ¥ then p(f) is invertible, and is universal amongst those functors coinverting the arrows
of ¥. We may view ¥ as a discrete category with objects the elements of 3. Then we have the evident
domain and codomain functors and a natural transformation:

assigning to an element of X the corresponding arrow of A. The universal property of p : A — A[X7!]
described asserts precisely that it satisfies the 1 dimensional universal property of the coinverter of the above
natural transformation; the 2-dimensional universal property coming for free by Proposition 2.5.
Remark 2.9. Given a 2-cell:
f
PN
A o) B
~_ 7
g

its coinverter may be constructed from coinserters and coequifiers as follows. Firstly form the coinserter:

g B J
A /w T c

T,
B~ J
We then have two parallel pairs of 2-cells: (1,70 ja : jf=>7f) and (1,jaon : jg=>jg). Forming the
coequifier h : C'—= D of the first pair ensures that hno hja = 1 so that hja has a left inverse. Now forming
the coequifier k : D — E of the pair (1,hja o hn: jg=>jg) ensures that khja has a right inverse and is
thus invertible. It is straightforward to verify that E satisfies the universal property of the coinverter.

Remark 2.10. Each weight W : 7 — Cat has an associated “iso” weight:

where R is the reflection of the inclusion ¢ : Gpd — Cat. These new weights describe related limits of
importance. The distinction between a weight and its iso-version then is that every 2-cell appearing in a
cone for the iso-weight is invertible.

For instance the weight for inserters becomes that for “iso-inserters”. The 2-cell “inserted” in the universal
cone for the iso-inserter is necessarily invertible; the cone now has its universal property only with respect
to such cones, whilst the 2-dimensional universal property remains the same as that for the inserter. The
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case of iso-coinserter is dual.

Associated to the notion of equifier we similarly have that of iso-equifier and iso-coequifier, also referred to
as equi and coequi-inverters by Street [51]. Again the iso-equifier has universal cone a l-cell h : C — A
which now not only equifies the 2-cells o and § but additionally the resulting 2-cell ah = [h is invertible;
furthermore this cone only has its universal property with respect to those 1-cells which both “equify”
and “invert”. Applying the same construction to the weights for comma objects gives iso-comma objects.
Inverters remain unchanged by this construction since each category in the image of their defining weight is
already a groupoid.

In order to introduce descent and codescent objects we should first recall the simplicial category. Our
notation follows Verity [57].

Definition 2.11. A, is the skeletal category of finite ordinals and order preserving maps. It has:

e Objects: ordinal numbers: [n] = {0 <1< 2... <n}, for each n > —1.

e 1-cells: order preserving functions.
Notation 2.12. For [n] € Ay and j € [n] we denote the following maps:

e 67 : [n— 1] —=[n] the unique injective order preserving function whose fibre at j is the empty set.
n

e 0} : [n+ 1] —=[n] the unique surjective order preserving function whose fibre at j has 2 elements.

As the superscripts for these arrows are determined by their codomains, we may omit them when the
codomain of the arrow is visible.

Proposition 2.13. The category A, is generated by the “face” and “degeneracy” maps, ¢} : [n — 1] —[n]
and o7 : [n + 1] — [n] subject to the “simplicial identites”:

e Forj<ien+1]: 5f+15;l = 5;}*15?_1,
e For j<ien-—1] 0?_10?20?_10?+1~

e Forall j € [n] and i € [n—1]:
Y Y R
o ler = 1[@ ifj=ior j=i+1
S lol i >i+1

Proof. See [42]. O

Proposition 2.14. A, admits the structure of a strict monoidal category (A, &, [—1]). It is the free strict
monoidal category containing a monoid.

Proof. See [42]. O
Definition 2.15. A is the full subcategory of A} with objects all finite ordinals excepting [—1].
Definition 2.16. A, is the full subcategory of A with objects [0],[1] and [2].

Definition 2.17. A; is the subcategory of A, with the same objects and all arrows with the exception that
Ay ([2],[1]) = 0.
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2.2 Codescent objects

e Codescent objects of strict coherence data
There are a variety of notions of codescent object. There are both “strict” and “weak” versions, and for
each of these a “reflexive” version. The first appearance in the literature of descent/codescent objects
was in [49] and they were first named in [54].
Identifying each finite ordinal [n — 1], for n > 1, with the category n identifies A as a full subcategory
of Cat. Thus we have an embedding A — Cat. Restricting this embedding to the subcategories Aqy
and Ay of A give rise to functors Ay — Cat and A; — Cat.
The functor A; — Cat is the weight for strict descent and codescent objects:

51 d2 §1=0 b2
<o (1] —6—>[2 +—Y—> 1=w_2—5->3
do 60 60:1 50

On the left above are drawn the generating arrows of A; ; we use the same labels to denote their images
in Cat. We will focus here upon codescent objects, descent objects in a 2-category A of course being
codescent objects in A°P. A functor (A5 )°? — A consists of a diagram:

p d
A2 —m—> Al -~ AO
q (&

satisfying the dual identities to the simplicial identities: precisely dp = dm,cq = cm,cp = dg and
di = ¢i = 1. Such a diagram is referred to as “strict coherence data”. A cocone consists of an object,
1-cell and 2-cell (A4, f, a):

I
Ay UQ\A
T
A
satisfying the equations:
1.
Ay 4>A0 A14d>140 ;
/ pd \ N b f\
Ay 4, ﬂ - 4, Ag—T 4
TN N /Z N S
Ay 4C>A0 A14> 0
2.

! A
/’E;O\’; ;

AO *Z> Al \H/a A == AO — A
\é /ff
1 Ao

where the single 1-cell f on the right hand side of equation (2) represents the identity 2-cell 1 : f=>f.
We sometimes refer to equations (1) and (2) as the multiplicative and unital equations for a codescent
cocone. This cocone exhibits A as the codescent object of the strict coherence data if:

1. Given another cocone (B, g,3) there exists a unique 1-cell k¥ : A — B such that kf = g and
ka = (.
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2. Suppose we are given a pair of cocones (B, g1, 1) and (B, g2, 32), and a 2-cell 6 : g => go such
that the square:

g1d£>910

Gdﬂ/ ﬂ/@c

ggd —> g2C
B2

commutes. Then there exists a unique 2-cell ' : k1 =>ky between the induced factorisations such
that 6'f = 6.

Remark 2.18. Codescent objects and isocodescent objects may be formed from coinserters and coequifiers
as follows. Given coherence data as above firstly form the coinserter:

Ao
UQ\

7
Ao

Ay A

m/ \&

The two equations (1) and (2) above for a codescent cocone will not hold but do constitute two pairs of
parallel 2-cells. Forming the coequifiers of the parallel pair of equation (1) gives a 1-cell h : A— B. Now
forming the coequifier of the parallel 2-cells of equation (2) postcomposed with h gives the codescent object.
One can form the isocodescent object by firstly forming the codescent object. Its universal cocone comes
equipped with a 2-cell whose coinverter is the isocodescent object. We have already seen, in Remark 2.9,
that coinverters may be formed from coinserters and coequifiers; thus isocodescent objects may be formed
from coinserters and coequifiers too.

e Codescent objects of strict reflexive coherence data
The defining weight is the inclusion Ay —Cat. A functor ASY —=C is called strict reflexive coherence

data and consists of a diagram:

p
_— d

Ao

A2 —m— A1 <1
<7
> C
q

The data distinguishing strict reflexive coherence data from strict coherence data is the pair of mor-
phisms r,l : Ay — As. The additional equations that must be satisfied are the additional identities:
li=vri,pl=1id, ml=ql =1, qr =ic and mr =pr = 1.
It is straightforward to verify that the weighted colimit of this diagram is just the codescent object of
the underlying strict coherence data.

Remark 2.19. The codescent object of strict reflexive coherence data is simply the codescent object of the
underlying strict coherence data. As our interest in such diagrams is primarily in computing their codescent
objects we should justify our interest in the reflexive case. The analogous 1-dimensional situation is the
relationship between graphs and reflexive graphs. Whilst the colimit of either such diagram in a category
is the coequaliser of its underlying graph, coequalisers of reflexive graphs are better behaved. For example
in the category of sets finite products commute with coequalisers of reflexive graphs [24]; but not with
coequalisers in general. A consequence of this is that in a category of algebras for a finitary monad on Set,
coequalisers of reflexive pairs are computed at the level of underlying sets. Similarly, in Cat finite products
commute with codescent objects of strict reflexive coherence data though not strict coherence data in general;
so that again it is important to distinguish the reflexive case. This will play an important role in Chapter 8,
in which we exhibit Cat as a free completion under codescent objects of strict reflexive coherence data and
filtered colimits.
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Definition 2.20. We say that strict coherence data A5 ' —=C is reflezive if it underlies a functor AS” —=C.

Example 2.21. In the case of Cat weighted colimits may be calculated via left Kan extension along the
Yoneda embedding. Consider the inclusion ¢ : Ay — Cat (the weight for reflexive codescent objects) and
the left Kan extension:

[ASP, Cat]

S
Y

Ao - Cat

An object of [AJ”, Cat] is reflexive coherence data; the left Kan extension then acts by computing its codescent
object. The left Kan extension has right 2-adjoint Cat(c—, 1) : Cat —[AJ”, Cat]. We have an adjunction of
categories:
J
UCat L Set
ob

where j : Set —UCat views each set as a discrete category and ob takes the underlying set of a category.
Lifting this adjunction to functor categories yields a composite adjunction:

col,(—) L
-~
UCat e [ASP, UCat] e [ASP, Set]
Cat(t—,1) ob™*

where the composite right adjoint computes the nerve of a category, restricted to AJ”. The objects of
[ASP, Set] constitute reflexive coherence data in Cat, when the sets are viewed as discrete categories. The
functor +* views them in precisely this manner; thus the composite left adjoint computes the codescent
objects of the coherence data of [AS”, Set] viewed as coherence data in Cat. The right adjoint is fully faithful
so that the counit of the adjunction is an isomorphism. In particular given a small category A € Cat its
image under the right adjoint is the corresponding “internal category” in Set:

p
_— d

Ao

A2 —m—> A1 <

- 5 c
q

where Ag and A; are respectively the set of objects and arrows of A whilst A, is the set of composable pairs of
arrows of A. The functions d and ¢ are the domain and codomain functions; whilst ¢ and m respectively assign
to an object and composable pair the corresponding identity morphism and composite. The projections p
and ¢ assign to a composable pair its back and front arrow respectively whilst the two unlabelled arrows
are uniquely induced by the pullback property of the set of composable pairs A;. As they are not relevant
with regards computation of the codescent object they are unlabelled. As the counit is an isomorphism we
see that the category A is the codescent object of the above diagram of sets viewed as discrete categories.
Explicitly the exhibiting cocone:

d AO €

AN
1 Un A

A

Ao

has € : Ag — A the bijective on objects inclusion of Ay into A. The natural transformation n assigns to
object of o € Ay the corresponding arrow « : da — ca. The two axioms for this 2-cell to be a cocone
correspond to the statements that ¢ : Ag— A; and m : A — A; assign to an object its identity morphism,

and to a composable pair its composite and one may easily verify the universal property directly.
Observe then that each category is “presented” as the codescent object of an internal category, its nerve.

A
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Example 2.22. The embedding j : A — Cat induces an adjunction

-
UCat L [Aop7 Set]
Cat(j—,1)

where the right adjoint assigns to a category its nerve; the left adjoint assigns to a simplicial set its “fun-
damental category”. As the nerve functor is “2-coskeletal” [36] it may be recovered from the restricted
nerve functor UCat — [AJ”, Set| (the composite right adjoint of Example 2.21). This is achieved by post-
composing the restricted nerve with the right Kan extension functor Ran : [AS”, Set] — [A°P, Set], which
is induced by restriction along the inclusion A; — A. Right Kan extension is right adjoint to restriction
Res : [A°P Set] —[AP, Set]; thus we have the composite adjunction:

col,(—) vt Res

UCat 1 [ASP, UCat] e [ASP, Set] o [A°P, Set]

Cat(t—,1) ob™* Ran
Cat(j—,1)

This formula for the left adjoint to the nerve asserts precisely that the fundamental category of a simplicial
set may be computed by taking the underlying coherence data and computing its codescent object. This
description of the left adjoint is easily seen to correspond to the presentation of Gabriel and Zisman [19], of
the fundamental category of a simplicial set.

e Eilenberg-Moore and Kleisli Objects

We briefly remark upon Eilenberg-Moore and Kleisli objects which will play a lesser role in this thesis
than those limits considered thus far. The strict monoidal category (A4, ®,[—1]) is the free strict
monoidal category containing a monoid, so that its suspension as a 2-category, X(A.), is the free
2-category containing a monad. In other words a 2-functor 3(A,) —=C is precisely a monad in C.
We have the constant 2-functor at 1, A(1) : £(A4) — Cat. The lax limit of a monad, 3(A;) —C,
weighted by A(1) is its Eilenberg-Moore object; the lax colimit is the Kleisli object. In the case of Cat
these are respectively the well known Eilenberg-Moore and Kleisli categories associated to a monad.

Notation 2.23. In each of the cases of coequifiers, coinverters, coinserters, codescent objects and Kleisli
objects the universal cocone contains a single 1-cell.
We refer to that 1-cell as the coequifier/coinverter/coinserter/codescent/Kleisli morphism.

2.3 Properties of objects and arrows in 2-categories

Definition 2.24. Let P and @ respectively be classes of objects and arrows of Cat.
1. A 2-category A is said to be locally P if each hom category A(A, B) lies in P.

2. A 2-functor F : C—D is said to be locally @ if each hom functor F4 5 : C(4, B) —=D(F A, FB) lies
in Q.
Definition 2.25. Consider classes P and @ as in the preceding definition.
1. We say that P is representable if it has the following property: C' € P iff VA € Cat : Cat(A4,C) € P.
2. We say that @ is representable if it has the following property: F' € Q iff VA € Cat : Cat(A, F) € Q.

Remark 2.26. Examples of representable classes of categories include the classes of discrete categories,
groupoids and equivalence relations. A non-example is the class of 1-object categories. Examples of repre-
sentable classes of functors include the classes of fully faithful functors, faithful functors and conservative
functors. A non-example is the class of full functors.
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Definition 2.27. Consider a representable class of categories P and an object A in a 2-category A.
1. The object A is said to be P if each for each C' € A the category A(C, A) lies in P.
2. The object A is said to be co-P if each for each C' € A the category A(A, C) lies in P.
Consider a representable class @ and an arrow f: A— B in a 2-category C.

1. The arrow f : A— B is said to be @ if for each C' € C the functor C(C, f) : C(C, A) —C(C, B) lies
in Q.

2. The arrow f : A— B is said to be co-Q if for each C' € C the functor C(f,C) : C(B,C)—C(A4,C)
lies in Q.

Notation 2.28. In accordance with Definition 2.27 we fix some notation. Let f: A— B be an arrow of a
2-category C.

e f is said to be fully faithful if C(C, f) is so, and co-fully faithful if each C(f,C) is so, for each C € C.
e f is said to be faithful if C(C, f) is so, and co-faithful if C(f, C) is so, for each C € C.

e f is said to be conservative if C(C, f) is so. It is said, following [13], to be liberal if C(f,C) is
conservative, for each C' € C.

Lemma 2.29. Coequifier and coinverter morphisms are epi and co-fully faithful. Coinserter, codescent and
Kleisli morphisms are co-faithful.

Proof. Each of these statements follows immediately from the universal property of the weighted colimit in
question. O

Remark 2.30. The properties of Lemma 2.29 are useful in 2-categorical algebra, just as in ordinary category
theory, knowing that coequalizer morphisms (regular epis) are epimorphisms is useful. On the other hand it
is often useful to have, in specific 2-categories such as Cat, more concrete information than these properties
provide. One way of obtaining such information is via factorisation systems, which we introduce next. For
such an application of factorisation systems see Corollary 2.44 below.

2.4 Orthogonal and enhanced factorisation systems

In this section we consider some of the notions of orthogonality which appear in 2-category theory. The first
of these, that of Definition 2.31 below, is of a kind definable in any enriched category and occurs in the work
of Day [15]. The “strong orthogonality” of Definition 2.33 was first considered by Street and Walters [50]
and is specific to 2-category theory.

Definition 2.31. Let C be a 2-category and E and M classes of 1-cells of C. We say that F is orthogonal
to M if given a pair of morphisms e : A— B € E and m : C — D € M the commutative diagram of
categories and functors:

C(B,C) —<=C(A,C)

m. | Jme

C(B, D) —>C(A, D)

is a pullback in Cat, where e* and m, are given by composition with e and m.
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Remark 2.32. 1. The assertion that the above square is a pullback at the level of underlying sets is
precisely the statement that given a commuting square with e € E and m € M:

<
LE
>
Spa—

there exists a unique diagonal 1-cell h : B— C rendering both triangles commutative.

2. The two dimensional aspect of the pullback in Cat asserts that given a commutative diagram as on
the left below (considering the outside of the square only) with e and m as before:

A —e> B
01 e 02
L
02 D2

there exist not only unique factorisations h; and hs but a unique diagonal 2-cell ¢ as drawn, such that
meo = 05 and ¢pe = 0.

If C has cotensors with 2 the 2-cells #; and 05 correspond uniquely to 1-cells él : A—>C? and 9A2 : B—=D?
rendering the right square commutative. To give a diagonal 2-cell ¢ is equally to give a diagonal 1-cell (/3 as
in the diagram on the right above. Therefore F is orthogonal to M, in this 2-categorical sense, if we have
the unique factorisations of the first part of the Remark and furthermore the arrows of M are closed in C?
under cotensors with 2.

This is a convenient fact: it is often clear that a class of arrows is closed under cotensors with 2, for instance
fully faithful arrows are so. In such cases one only needs to verify the 1-dimensional condition of the first
part of the Remark.

Definition 2.33. We say that E is strongly orthogonal to M if:
1. FE is orthogonal to M.

2. Given e € E and m € M and a 2-cell isomorphism

A———>B
l ~ l
C——D

there exist a unique pair (h: B—C, 3 : s & mh) with § an isomorphism:

= B
h l
D

m

X

A<—i

such that the left triangle commutes and e = a.
Proposition 2.34. In any 2-category C:
e Coequifier morphisms are strongly orthogonal to faithful arrows.

e Coinverter morphisms are strongly orthogonal to conservative arrows.
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e Coinserter, Kleisli and codescent morphisms are strongly orthogonal to fully faithful arrows.

Since fully faithful arrows are both faithful and conservative it is immediate that coequifier and coinverter
morphisms are also strongly orthogonal to fully faithful arrows.

Proof. We will only consider the cases of coequifier and coinserter morphisms, the other cases are similar with
the case of coinverters being remarked upon in [50]. Recall from Remark 2.32(2) that the two dimensional
aspect of orthogonality of classes ' and M follows from the one dimensional aspect if C has cotensors with
2 and the arrows of M are closed under cotensors with 2. In any 2-category admitting cotensors with 2
all of the above classes: faithful, conservative and fully faithfuls, are closed under cotensors with 2. Since
the 2-categories which appear in this thesis all have cotensors with 2 we will therefore not consider the two
dimensional aspect of orthogonality, as it immediately follows from the one-dimensional aspect in such cases,
though all of the above statements are true in full generality and we only act as such to quicken our proof.
Consequently we need only consider one dimensional orthogonality and the strong orthogonality condition.
Consider the condition of strong orthogonality: Given a square with e and m in the appropriate classes as
in diagram (1) below:

(1) A——B (2) A—°"—=B
L oy

we must construct a unique pair (h: B—=C, : s &2 mh) with 8 an isomorphism such that he = r and
fBe = « as in (2) above. If e “co-reflects identities” (meaning that given a 2-cell ¢ such that ¢e is an identity
then ¢ is an identity) then this condition subsumes one dimensional orthogonality, by taking the 2-cell « to
be an identity.

Certainly coequifier morphisms co-reflect identities. For suppose e : A—=B is a coequifier morphism. It is in
particular epi and co-fully faithful. Therefore given 0 : f =g € C(B, E) such that fe is an identity we have
fe = ge so that f = g by epi-ness of e. Then 1re = fe so that 1y = 0 as e is co-faithful. Similarly coinserter
morphisms co-reflect identities. To see this let e be the coinserter morphism of a graph d,c: X —= A, say
with universal cocone (B, e,n : ed=>ec). Suppose that precomposing 6 : f => ¢ with e yields an identity.
We claim this implies that f = g. By the universal property of the coinserter B, f and g are determined
by precomposition with e and 7. Now f#e = 1 by assumption so that fe = ge. Since fe is an identity the
composite:

o A N~
X {n B ¢ E
A g9

equals each of fn and gn. Therefore f = g. As the coinserter morphism e is co-faithful we now deduce that

0 is an identity.

1. Consider the case then of coequifiers. We suppose that in diagram (1) e is a coequifier morphism and m
faithful. Let e be the coequifier of a pair of 2-cells 0, ¢ : d=>c € C(EF, A). We claim that mrf = mre.
‘We have the equation:

The first and last equality hold upon cancelling inverses. The middle equality holds because e¢ = ef by
assumption. Since mrf = mr¢ and m is faithful we have rf = r¢. Therefore by the universal property
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of the coequifier B there exists a unique arrow h : B — C rendering commutative the left triangle of
diagram (2) above. Now we have a 2-cell « : se 2 mr = mhe. As the coequifier morphism e is co-fully
faithful it follows that there exists a unique 2-cell 8 : s = mh such that e = «. Furthermore [ is
invertible since any co-fully faithful arrow co-reflects isomorphisms (is liberal). Therefore coequifier

morphisms are strongly orthogonal to faithful ones.

2. Suppose now that e is the coinserter morphism of the same graph considered before. Consider the

composite 2-cell:
. S ﬂ\ o \
\ / b

As m is fully faithful there exists a unique 2-cell 8 : rd=>rc such that m# equals the above composite
(3). By the universal property of the coinserter B there is consequently a unique 1-cell h : B—C
rendering commutative the leftmost triangle of Diagram (2) and such that hn = 6.

Now we have the 2-cell isomorphism « : se =>mr = mhe. The square:

D

sed :ad> mhed

sn\ﬂ/ umhn

sec =——— mbhec

commutes since mhn = m# equals:

a td SN ac
mrd sed sec mrc

the composite 2-cell of diagram (3). Therefore by the 2-dimensional universal property of the coinserter
B there exists a unique 2-cell 8 : s =>mh such that fe = a. Furthermore [ is invertible as we could
have equally used the 2-cell a~! : mhe = mr = se to construct a 2-cell mh = s, its inverse, in an
identical manner.

With regards uniqueness suppose that we had a second pair (he : B—C, (B2 : s = mhg) satisfying the
equations: hoe = r and e = «. Since e is co-faithful it suffices to show that ho = h. In order to show
that ho = h it suffices to show that both 1-cells agree upon composition with the coinserter morphism
e : A— B and the exhibiting 2-cell . Certainly we have hoe = r = he. To show that hn = hen it
suffices, since m is faithful, to show that mhn = mhaon. Now mhen equals the composite:

A—T>C
VN N
X ﬂn B—————=D
XAK \“g%

However as f5e = « this composite agrees with the composite 2-cell of diagram (3). The same is true
of mhn and so we have hy = h.

O

Remark 2.35. It is worth remarking that having established the truth of Proposition 2.34 in an arbitrary 2-
category C one may use the various 2-categorical dualities to obtain new results. For instance the statement
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“Coequifier morphisms are orthogonal to faithful arrows” becomes, upon reversing 1-cells, the statement
“Co-faithful arrows are orthogonal to equifier morphisms”. The strong orthogonality condition however is
not self dual. Upon reversing 1-cells the opposite of strong orthogonality asserts the existence of a unique
diagonal and 2-cell:

A————=B

12 )

h
C D

Thus we might say “Co-faithful arrows are (co)strongly orthogonal to equifier morphisms* (for lack of an
alternative). One may also reverse 2-cells to obtain new results.

Definition 2.36. An orthogonal factorisation system on a 2-category C consists of classes £ and M of
1-cells of C such that:

1. Each isomorphism of C belongs to both E and M.

2. F and M are closed under composition.

3. Each arrow f : A— B may be factored as A —>C —"> B where e € E and m € M.
4. FE is orthogonal to M.
If in addition E is strongly orthogonal to M then we say that this is an enhanced factorisation system [44].

Proposition 2.37. Let (E, M) be a factorisation system on a 2-category C. Suppose that f € C is orthogonal
to each morphism of M. Then f € E.

Proof. We may factor f: A—=B ase: A—C € FE followed by m : C— B € M. This gives a commuting
square:
f

A——

- B

\L I \L

e 1
P

CT>B

A unique diagonal map h : B— (' exists since f orthogonal to m € M and, by uniqueness, it is easily seen
to provide an inverse to m. As m is an isomorphism it belongs to E. Consequently f = em € F as F is
closed under composition. O

Remark 2.38. The notion of orthogonal factorisation system on a 2-category is a straightforward generali-
sation of an orthogonal factorisation system on a category. An orthogonal factorisation system (E, M) on a
category C is defined just as in Definition 2.36, but the class of arrows FE' is only required to be orthogonal
to the class M in the sense of Property 1 of Remark 2.32. Consequently given an orthogonal factorisa-
tion system on a 2-category the same classes of arrows determine an orthogonal factorisation system on its
underlying category.

Proposition 2.39. Let C be a 2-category with cotensors with 2 and (E, M) be an orthogonal factorisation
system on its underlying category. If the arrows of M are closed under cotensoring with 2 then (E, M)
constitutes an orthogonal factorisation system on the 2-category C.

Proof. This follows from Remark 2.32(2) in which we showed that if M is closed under cotensoring with 2
then orthogonality in the 2-categorical sense follows from orthogonality in the one dimensional sense. O

Remark 2.40. The factorisation systems of interest to us, namely the (bijective on objects/fully faithful
factorisation) system on Cat and its internal analogue, arise from fibrations at the level of underlying
categories. We next recall the notion of a fibration, and how a fibration gives rise to a factorisation system.
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Definition 2.41. Consider a functor u : A— B and a pair (« : b—>wua,a) where o« € B and a € A. A
cartesian lift of (o : b—wa,a) is an arrow §: ¢ —a of A such that:

1. u(B8) = a.

2. Given any arrow r : d —>a of A and an arrow k : ud —=b of B such that the triangle on the left
commutes:
ud

N

b?ua —sq

there exists a unique arrow h : d — ¢ such that the triangle on the right commutes and such that
uh = k.

This functor v is a fibration if each such pair has a cartesian lift.

Proposition 2.42. Let A and B be categories and u : A — B a fibration. Then there exists an (E, M)
factorisation system on A where E = {a : a—>b € A : u(«) is invertible} and M = {a : a—>b € A :
« is a cartesian morphism for the fibration u}.

Proof. Certainly both classes £ and M are closed under isomorphisms and composition. This is obvious in
the case of E whilst proofs of the corresponding facts for cartesian morphisms may be found in [9]. We must
check that each arrow of A may be factored as an F followed by an M, and that the classes are orthogonal.
With regards the former consider a : a—=b € A. We have (uo : ua—sub, b) with cartesian lift ap : c—>b e M
which satisfies uas = ua. As as is cartesian there consequently exists a unique arrow «; : @ — ¢ such that
asap = a and uay = 1,,. Therefore a; € E and we have the required factorisation.

Consider a commutative square as in diagram (1) below with e € E and m € M:

(1) a——p (2) ub (3) a——b 4) a (5) b
I 0 I b B DN 7
T s us T . s ke T s
k k
CT>d UCWUd CT'd CT>d CT>d

As we is invertible we have a commutative triangle as in diagram (2). As m is cartesian there exists a unique
arrow k : b—s c rendering commutative the right triangle of diagram (3) and such that uk = ur(ue)~!. We
must check that the left triangle of diagram (3) also commutes. This is to show that the two vertical arrows
of diagram (4) agree. Certainly both vertical arrows render the triangle (4) commutative. As m is cartesian
it consequently suffices to verify that both have the same image under u. We have u(ke) = (uk)(ue) =
(ur)(ue)~t(ue) = ur. Therefore ke = r as required so that both triangles of diagram (3) are commutative.
We must check that k is the unique diagonal rendering commutative both triangles of (3). If there were
another such diagonal [ we would have a commuting pair of triangles as in diagram (5) additionally satisfying
ke = le. Since m is cartesian it suffices to check that ul = uk. Now (ul)(ue) = (uk)(ue). As ue is invertible
this implies that ul = uk as required. [

Example 2.43. The (bijective on objects/fully faithful) factorisation system on Cat

Any functor v : C — D may be factored as a bijective on objects functor followed by a fully faithful
one. The intermediate category E has the same objects as C, whilst a morphism a —b € F is a triple
(a, f : ua—ub,b), where f € D. Composition of arrows in E is inherited from composition in D so that
we obtain a factorisation of u:

c-“2-Fp-2-D
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In this factorisation u; is identity on objects, whilst the action of us on objects of E is the same as the action
of u on objects of C. Given an arrow g : a —=b, u; and us act as:

g u1 ug U2 ug
a—=b +——> (@, ua——>ubb) | ua ub

The functor w, is, in particular, bijective on objects, whilst us is clearly fully faithful. It is straightforward
to verify that bijections on objects are orthogonal to fully faithful functors and certainly each isomorphism is
both bijective on objects and fully faithful, and we will in any case give a more general proof of these claims in
Corollary 2.62. Thus (Bijective on objects functors, fully faithful functors) form an orthogonal factorisation
system on Cat. In fact this is an enhanced factorisation system as shown in [50]. This factorisation system
is that associated to the fibration ob : YCat —= Set, which forgets the arrows of a small category, in the
manner described in Proposition 2.42.

Corollary 2.44. In Cat coinserter, coequifier, coinverter, codescent and Kleisli morphisms are bijective on
objects.

Proof. These types of arrow are orthogonal to fully faithful morphisms by Proposition 2.34. As bijections on
objects and fully faithful functors form an orthogonal factorisation system on Cat it follows, by Proposition
2.37, that each such arrow is bijective on objects. O

Remark 2.45. To say (F, M) is an orthogonal factorisation system on a 2-category C is equally to say
that (M, E) is an orthogonal factorisation system on C°?. As noted in Remark 2.35 the strong orthogonality
condition is not self-dual in this sense; we might call co-enhanced an orthogonal factorisation system on C for
which the corresponding factorisation system on C°P is enhanced: those factorisation systems satisfying the
co-strong orthogonality condition. Though such factorisation systems will not be considered here, natural
examples do exist: the (Final functor/Discrete fibration)-factorisation system on Cat [47] is easily seen to
be one.

2.5 Internal categories and bijections on objects

In this section we describe the internal analogue of the (Bijective on objects/fully faithful) factorisation
system on Cat. We begin by recalling the well known notion of internal category [16], and the 2-category of
internal categories, and use the opportunity to fix our notation for internal categories.

Definition 2.46. Let £ be a category with pullbacks. The data for an internal category X in & is strict
coherence data:

Pz dy
Xo —ma— X <—i,— X
qx Cg

The objects X(/X;/Xo are referred to respectively as the object of objects/arrows/composable pairs. The
arrows dg, iz, C, are the domain, identity and codomain maps for X whilst p,,q;, m, are the first and
second projections and composition maps respectively. This object of [A5 . €] must satisfying the following
properties:

1. The square:
X, 2% X,

XlzXo

is a pullback.

2. The induced arrows (i, 1), (1,4,) : X1 X satisfy the identity axioms: m,o(iz, 1) = 1 = mgo(1,4,).
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3. Consider the object of composable triples, the pullback:
Xg — XQ

e

XQQ?Xl

and the induced arrows (my,1),(1,m,) : X3 —= Xo. These satisfy associativity: mg o (mg,1) =
my o (1,my).
Remark 2.47. The above definition presents the minimal data required to define an internal category in
a category with pullbacks. Evidently more maps exist as a consequence of the pullbacks; for instance the
arrows (iz, 1), (1,i;) : X3 —= X3 extend X uniquely to an object of [AJ”, €] and consequently we may
equally speak of X as an object of [AJ", £].

Remark 2.48. An internal category in Set is precisely a small category.

Definition 2.49. An internal functor f: X —Y is a morphism of [AJ”, £] between the internal categories
X and Y. Thus it consists of three arrows {f; : X; —Y;,i = 0,1, 2} although the arrow f5 : X5 —Y5 into
the pullback is determined by fo and fi;. An internal natural transformation:

f
TN
X e YV
~_ 7
g

is given by a 1-cell @ : Xo —= Y7, its “arrow component”, such that d,o = fo, cy& = go and such that the
“naturality square”:

aod,,
X, ( g1) Y,

(f1 7aocx)\L i/my

Yo ———Y
my
commutes.

Remark 2.50. Internal categories in &£, internal functors and internal natural transformations form a 2-
category Cat(€). Its underlying category structure is inherited from that of the functor category [AF, &].
Given vertically composable internal natural transformations « : f=>g and 8 : g=>h of Cat(€)(X,Y)
their vertical composite 3o a : f =>h has arrow component 3o a : Xg —= Y] the composite:

(E:E) my

X 0 Y2 Yl

where (@, B) : Xo —= Y5 is the unique arrow into the pullback determined by the commutativity of ¢,a =

go = dyﬁ
Given an internal functor k : W—=X the internal natural transformation ak : fk=>gk has arrow component:

ok = Wo—2s Xy 25y,

If we have k : Y — Z then ka : kf => kg has arrow component:
Fa = Xo—>v, s 7,

The identity natural transformation 1y : f => f has arrow component:
1r=Xo L Yo vy Y;

and this latter fact evidently justifies our notational distinction between an internal natural transformation
and its arrow component.
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Remark 2.51. In the case of Set, we have Cat(Set) = Cat the 2-category of small categories.

Remark 2.52. Given a 2-category C we may of course consider an internal category X in it, the only
distinction being that we expect X5 to be a pullback in the 2-categorical sense. If the 2-category C has
pullbacks (in the 2-categorical sense) then every 1-pullback is a 2-pullback in any case, since the one dimen-
sional universal property is sufficient to recognise the pullback up to isomorphism. Consequently if C has
2-pullbacks we have Cat(C) = Cat(UC).

Remark 2.53. It is important to observe that if C is a 2-category there are two possibilities as to what
the 2-cells of Cat(C) might be. The first possibility, described in the Remark 2.52 and the one that will be
pursued in this thesis, is to set Cat(C) = Cat(UC), thereby ignoring the 2-cells of C. The second possibility
would be to define Cat(C) to be the full sub 2-category of [A5”, C] with objects the internal categories in C.
These 2 possibilities are quite distinct. For instance given a category with pullbacks £ we may view it as
a locally discrete 2-category and upon doing so the approach we will take gives Cat(€) the 2-category of
categories internal to £ as described in Remark 2.50. However under the second approach “Cat(£)” would
be a full sub 2-category of the locally discrete [ASY, €], and thus locally discrete itself.

Remark 2.54. We now consider the internal analogue of the (Bijective on objects/fully faithful)-factorisation
system on Cat. The notion of an internally fully faithful functor presented here is slightly different to that
which typically appears in the literature, for instance in [11]. It is usually assumed that the base category
is finitely complete, in which case the notion of an internally fully faithful functor simplifies slightly, as
described in Remark 2.58. Again the fibration ob : UCat(E) — & giving rise to the factorisation system is
well known, though again only to the author’s knowledge considered in the case that £ is finitely complete, in
which case ob has a fully faithful right adjoint and arguments are used to prove it is a fibration [11] which are
inapplicable here. Although we presume the following definitions and results concerning this factorisation
system to be well known we consequently give a full treatment of all aspects involved.

Definition 2.55. Let £ be a category with pullbacks.

1. An internal functor f : X —Y is said to be internally bijective on objects if fy : Xo —= Y is an
isomorphism.

2. f: X —Y is said to be internally fully faithful if:
y‘; NG
dy

X1 *> Y1 exhibits X7 as the limit in £ of the diagram: Y
/f(] /fO
Xo XO
Remark 2.56. When £ =Set (so that Cat(£) = Cat) it is clear that the internal bijections on objects are
precisely the bijective on objects functors. Furthermore a functor f : X —Y is internally fully faithful
precisely when the arrows X; of X may be identified with triples (a,« : fa — fb,b) where a,b € X and

a € Y. Therefore the internally fully faithful functors in Cat are precisely the fully faithful ones, in the
ordinary sense.

Remark 2.57. Consider the diagram of Definition 2.55(2) of which we consider the limit. We are considering
categories with pullbacks and should remark that this limit is constructible in any category with pullbacks.
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Observe that the diagram consists of a pair of opspans. Forming the pullbacks of these separately induces a
pair of spans (the pullback projections), thus four arrows in total. The middle two arrows then have common
codomain Y7 and so constitute an opspan. The pullback of this is the limit of the diagram.

Remark 2.58. If the category £ additionally has products then the limit of Definition 2.55(2) reduces to
the pullback square on the left below:

f1

P——Y Xy ——Y
l l(dyvcy) (dwycz)i \L(dyscy)
(Xo)? GoF (Yo)? (Xo)? oF (Yo)?

whilst an internal functor f : X —Y is internally fully faithful precisely if the square on the right above is
a pullback.

Proposition 2.59. The internally fully faithful functors are precisely the fully faithful arrows in Cat(E).

Proof. 1t is straightforward to verify directly that any internally fully faithful functor is actually fully faithful.
Conversely given a fully faithful internal functor f: X —Y (a fully faithful arrow of Cat(£)) it suffices to
check that for each A € £ the diagram:

E(Aa XO)

is limiting in Set. Now since £(A, —) preserves pullbacks it takes internal categories in £ to internal categories
in Set so that, abusing notation, we have an internal functor £(A, f) : £(A, X) —E&(A,Y) in Set. We need
only show that this is a fully faithful functor in Cat(Set) = Cat, since the above diagram will then be
limiting by Remark 2.56. What we actually describe here, and will consider in much greater detail in the
next chapter, is the action of a 2-functor Cat(E(A, —)) : Cat(€) —= Cat(Set) on an arrow f: X —Y. It
thereby suffices to show that this 2-functor preserves fully faithfulness. This will follow from Corollary 3.53
of Chapter 3.

(An alternative approach is to observe that Cat(£(A,—)) is representable, represented by the canonical
discrete internal category [A] which has [A]; = A for i = 0,1,2. Any representable preserves fully faithfulness,
since that concept is representable and so the result follows.) O

Notation 2.60. We observed in Proposition 2.59 that the internally fully faithful functors are precisely the
fully faithfuls in Cat(€) and we will refer to them as fully faithful without abuse of notation. Furthermore
we will refer to the internally bijective on objects functors simply as being bijective on objects where the
context is clear.

Proposition 2.61. Let £ have pullbacks. The forgetful functor ob : UCat(E) — &€ assigning to an internal
category X its object of objects X is a fibration. The morphisms inverted by ob are precisely the bijections
on objects, whilst the cartesian morphisms are the fully faithfuls.



Proof. Given an internal category X and a morphism of £, f : A — Xy, we must describe its cartesian
lifting. This is to be an internal functor k : B— X, in particular satisfying ko = f.
We set By = A and ko = f. Define B; to be the limit of the pair of opspans on the right of Diagram (1)
below:
A
\ N \

d d hd
b bPb X,
d74
mwk)z
1*>X1 (2) By —— X; 3/1*>X1
cp 0 coqb Xo he,

/f Y /fX

Note that this limit exists by Remark 2.57. Define the morphisms dy, ¢, and k; as the cone projections in that
diagram as indicated. It is immediate that the induced internal functor k£ : B—X, upon its full description,
will be fully faithful. The commuting squares of Diagram (1) show that we have so far constructed a morphism
of graphs. The identity map 4, : By —= By is induced by the triple (1: A— A i, f : A—X;,1: A— A)
which constitutes a cone to the above diagram and it follows at once that we have a reflexive graph morphism.
The object By and the morphisms p;, and ¢, are now predetermined as the pullback and pullback projections
of the opspan (¢p,dp). Furthermore so is ko. It is the unique arrow kg : Bs — X5 into the pullback X,
induced by the equality: c.kipy = feopy = fdpgy = dik1gp. It remains to describe the composition map
my : Bo —= By for B. Having completely defined the proposed internal functor k£ observe that the map
myp must now satisfy mgko = kymyp. Now we have a commutative diagram (2). As Bj is the limit there
consequently exists a unique such map my : By — Bj satisfying the required equations: kymy = mgks,
dymy, = dppp and cymy = ¢pq, . Having defined all of the structure maps of the internal category A one must
check that they indeed provide an internal category structure, but this is routine.
In total what we have shown so far is that given f : A— X there exists a unique (up to isomorphism) fully
faithful & : B— X such that ob(k) = f.
In order to show that k is the cartesian lifting of the pair (X, f : A — X() consider an internal functor
g:Y—X and an arrow h : Yy— A of £ such that fh = gop. We must show there exists a unique extension
of h to an internal functor [ : Y — B such that kl = g and [y = h. Consider the commutative diagram (3).
This induces a unique arrow Iy : Yy — By into the limit such that kil; = g1,dyly = hdy and cply = hey.
In other words there exists a unique extension of h to a graph morphism satisfying the required conditions.
As I3 is uniquely determined by I; it remains only to verify that this determines an internal functor, namely
that identites and composition are preserved. This is the case.
Clearly the morphisms inverted by ob are precisely the bijections on objects. Furthermore consider a fully
faithful r : X —Y and the pair (ro : Xog —>Y0,Y). We have already observed that such a pair admits a
unique, up to isomorphism, extension to a fully faithful arrow of Cat(€) with the same action on objects,
its cartesian lifting. Since r : X —Y is fully faithful it follows that r is isomorphic to the cartesian lifting.
As cartesian liftings are determined only up to isomorphism it follows that r is the cartesian lifting itself.
Therefore the fully faithful arrows are precisely the cartesian lifts.

O

Corollary 2.62. (Bijections on objects/fully faithfuls) form an orthogonal factorisation system on the 2-
category Cat(E) whenever £ is a category with pullbacks.

Proof. In light of Proposition 2.61 it now follows from Proposition 2.42 that the bijections on objects and
fully faithfuls form a orthogonal factorisation system on the underlying category of Cat(€). In order to show
this extends to a factorisation system on Cat(€) as a 2-category it will suffice by Proposition 2.39, upon

30



showing that Cat(€) has cotensors with 2, to show that the fully faithful arrows are closed under cotensors
with 2. It is easy to see that fully faithful arrows are closed under cotensors with 2 in any 2-category. That
Cat(€) has cotensors with 2 is well known, and is proven in Chapter 3. This completes the proof. O

2.6 Codescent objects of higher kernels and bijections on objects

Definition 2.63. Let C be a 2-category with pullbacks and comma objects. Each arrow f: A— B of C
has an internal category associated to it, K (f):

P d
fIFLf =m= fIf === A
q c

called its “higher kernel” [55]. Here f|f is the comma object of f : A— B with universal cone as on the
left below:

1A fIF1f 2 11f
f|f \U,a B Q\L i/c
> T flf —> 4

whilst f|f|f denotes the pullback on the right above. The composition map m : f|f|f — f|f is the unique
arrow into the comma object such that:

) f|deA , ) fIf —2—4 .
o 7N 7N N
FIFIf —2s 1l ﬁ Bo= ff  A—"—5
D N N e
T — flf ——— 4

whilst the identity map ¢ : A— f|f is the unique arrow into the comma object such that:

1

A

AT g)f ﬂa B = A-1-p
~ T
ao

1

It is routine to verify that the higher kernel is an internal category by using the universal property of the
comma object f|f .

Remark 2.64. Given an arrow f : A— B in a 2-category C with comma objects and pullbacks consider
its higher kernel K (f):

p d
IS =m= flf ==— A

and the corresponding universal cone for the comma object:

LA
fIf 4= B
>~ 7

B
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The triple (B, f,«) evidently forms a codescent cocone (by virtue of the defining equations for m and ¢ of
Definition 2.63) from the higher kernel. Suppose that the codescent object QK (f) of the higher kernel exists
and denote its universal cocone (QK(f), f1,/3). Then we obtain a unique arrow fo : QK(f) — B:

p d
FIfIf == flf —— A ! B
QK (f)

such that fof; = f and fo8 = «. In particular if C has higher kernels and codescent objects of them then
each arrow of C may be factored through the codescent object of its higher kernel, via the corresponding
codescent morphism.

Remark 2.65. Consider the factorisation of the preceding Remark in the case that C is a locally discrete
2-category. In that case a comma object in C is simply a pullback square: the 2-cell in the universal cone is
forced to be an identity. Consequently the higher kernel of an arrow in C is simply its kernel pair, iterated one
step further than usual. Similarly the codescent object of strict coherence data in C is simply the coequaliser
of its underlying graph: the codescent morphism now being forced to coequalise the arrows of the graph, the
equations between 2-cells for a codescent cocone holding immediately as all 2-cells are identities. Therefore
in the case C is a locally discrete 2-category the factorisation of an arrow of C through the higher kernel of
its codescent object agrees with its regular factorisation through the coequaliser of its kernel pair [23].

Example 2.66. Given a functor f : A—=B € Cat the higher kernel of f admits a simple explicit description.
The comma category f|f has objects:

(a, fa—> fb,b)
where a,b € A. Given a € A we have:
a — (a, fa*1> fa,a)
The pullback f|f|f has objects:
(a, fa—= fb,b, fb—"> fe,c)

where a,b,c € A and composition at the level of objects is given by:

(a. fa—"= fb.b, fb—"fe,e) =" (0, fa—""> fe,c)
The extension of ¢ and m to morphisms of their respective domains is evident.

Proposition 2.67. In Cat the factorisation of a functor f : A — B through the codescent object of its
higher kernel agrees with its (bijective on objects/fully faithful) factorisation.

Proof. Our proof here essentially follows [55]. Consider the higher kernel of f : A— B:

d A f
P d e \

fULf == fIf =<=— A flf e B
q ¢ N /]7

together with its comma cone on the right above. Consider the factorisation of f as bijective on objects
followed by fully faithful as on the left below:

1N
A ! B A e e
fl\;C% C\A h
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Since f7 is fully faithful the natural transformation « factors uniquely through fs to give a natural transfor-
mation 6 as on the right above. Now the triple (f, a, B) is a codescent cocone from the higher kernel. The
equations for a codescent cocone only concern equalities of 2-cells. Therefore the triple (f1,6,C) is also a
codescent cocone, since its composite with the faithful functor fs is a codescent cocone.

We now show that (f1,6, C) is the universal cocone. To see this let us consider its explicit description in more
detail. As described in Example 2.66 the category C' has the same objects as A and arrows given by triples
(a,a: fa— fb,b) where a,b € A and o € B and with composition inherited from the category B. In other
words the arrows of C' are precisely the objects of the comma category f|f. Given an object (a,« : fa—fb,b)
of f|f its image under fid and fic are a and b respectively whilst 0(a,« : fa— fb,b) = (a,a : fa— fb,b).
Now given any other cocone (D, g, ¢ : gd=>gc) we define k : C— D to agree with g on objects (as f; is the
identity on objects). Arrows of C' are simply objects of f|f so that given such an arrow (a,a : fa— fb,b)
we define k(a,« : fa— fb,b) = ¢(a,a : fa— fb,b). This ensures that both kf; = g and k = ¢ and
upon showing that k is a functor it is evidently the unique one satisfying these equations. That k preserves
composition and identities now follows from the multiplicative and unital equations for a codescent cocone.
Therefore C' is the codescent object QK (f) of the higher kernel of f, with codescent morphism f; and ex-
hibiting 2-cell #. Since postcomposing the natural transformation 6 with the fully faithful functor f; : C—=D
gives the natural transformation associated to the comma object f|f we see that this is precisely the fac-
torisation of f through the codescent object of its higher kernel described in Remark 2.64. O

Corollary 2.68. In Cat the codescent morphisms are precisely the bijections on objects. In particular each
codescent morphism exhibits its codomain as the codescent object of its higher kernel.

Proof. We have already seen, in Corollary 2.44, that codescent morphisms in Cat must be bijective on
objects. Conversely consider a bijective on objects functor f : A— B and its factorisation f = f5 f; through
the codescent object of its higher kernel. By Proposition 2.67 this is equally the factorisation of f as bijective
on objects followed by fully faithful. As f is itself bijective on objects it follows that fo is both bijective
on objects and fully faithful: an isomorphism. Now f; is the codescent morphism of the higher kernel of f
and f, is an isomorphism. Consequently f = f2f1 is the codescent morphism exhibiting its codomain as the
codescent object of its higher kernel. O

Definition 2.69. Let C be a 2-category admitting higher kernels. We say that a codescent morphism is
effective if it exhibits its codomain as the codescent object of its higher kernel.

Corollary 2.70. Codescent morphisms are effective in Cat.

Proof. This is immediate from Corollary 2.68. O

2.7 Two sided discrete fibrations and cateads

Definition 2.71. A span in Cat:
A
RN
B C

(also written B () is said to be a two sided discrete fibration (or discrete fibration from B to C) if
it satisfies the following three conditions:

(p,9)

1. Unique p-lifts: Given a € A and o : b—pa of B an arrow § with codomain a such that p(3) = « and
such that ¢(0) is an identity arrow is said to be a p-lift of the pair («,a). Each pair (a,b) must have
a unique p-lift, which we denote by of : b —a.
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2. Unique q-lifts: Given a € A and « : ga—¢ of C' an arrow ( with domain a such that ¢(3) = « and
such that pg is an identity is referred to as a g-lift of the pair (a,«). Each pair (a,«) must have a
unique ¢-lift, which we denote by a? : a —=c?.

3. The bimodule condition: Given an arrow « : a —=b € A we may consider the p-lift (pa)?P : a? —b of
the pair (pa : pa—pb, b) and the ¢-lift (qa)? : a—b? of the pair (a, qo : ga — gb). We then require
that b? = o and that the composite (pa)?(qa)? : a —=b is equal to a: a —=b.

Remark 2.72. Two sided discrete fibrations (p,q) : B — C' correspond to functors B°? x C' — Set
(variously known as bimodules [40], distributors and profunctors). We have an equivalence of categories
DFib(B,C) ~ [B°P x C,Set] where DFib(B,C) is the full subcategory of Span(B,C) with objects the
discrete fibrations from B to C'. Given a two sided discrete fibration (p,q) : B— C, as in Definition 2.71,
the corresponding “profunctor” F, , : B°? x C'— Set is defined on objects by F), ,(b,c) = {x € A : px =
b and gz = c}, the two sided fibre at the pair (b,c). Given a : by —=bs € B and ¢ € C we have an action
Fpq(a,1) : F,4(bs,c) —= Fp 4(b1,c) which assigns to an element z € F), ;(b2, c) the domain of the p-lift of
the pair (o : by — by = pz, ). Uniqueness of p-lifts ensures that F, ;, functorial in B for fixed ¢ € C.
Similarly the g-lifts provide a functorial action of F}, , on C for fixed values of B. The bimodule condition
asserts that the actions, which have been defined by fixing values of B and C separately, are compatible;
thus ensuring that F}, ; is a bimodule. Conversely given a bimodule one obtains the corresponding two sided
discrete fibration by forming a 2-sided category of elements, as described in [58].

Remark 2.73. A relation on a set X may be thought of either as a function R : X x X — 2 to the set
with two elements or as a jointly monic pair d,c: R ——Z X; the latter description allowing a representable
generalisation to categories other than Set. Bimodules A°? x A — Set may be considered a 2-dimensional
analogue of the notion of relation [40]. By virtue of the equivalence between bimodules and two sided discrete
fibrations described in Remark 2.72, a two sided discrete fibration d,c : R ——Z A may equally be thought
of as a 2-dimensional relation. This latter description gives a notion of “relation” internal to the 2-category
Cat, one which may be generalised representably to other 2-categories.

Definition 2.74. A span:
A
RN
B C
in a 2-category C is said to be a two sided discrete fibration if for each D € C the span:

(C(D,p),C(D,q))

¢(D, B) C(D,0)

is a two sided discrete fibration in Cat.

Remark 2.75. Consider a two sided discrete fibration B % C in a 2-category C as above. By a p-lift

we now mean a p-lift for the two sided discrete fibration:

(C(D,p),C(D,q))

¢(D, B) ¢(D,C)

for some D € C. A p-lift is therefore associated to a 2-cell such as on the left below:

”

Ny pt A
S sP
B

and consists of a 2-cell as on the right above with property that pa? = « and such that ga? is an identity.
Similar remarks apply to g¢-lifts.
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Proposition 2.76. Consider a two sided discrete fibration as in Definition 2.74 and a 2-cell:

such that pa and qa are identities. Then « is an identity 2-cell. In other words any two sided discrete
fibration reflects identities.

Proof. The 2-cell «v is a p-lift for (1 : pf = pg,g). However the identity 2-cell on g is also a p-lift for this

2-cell. As p-lifts are unique it follows that o = 1. O
Example 2.77. Consider an opspan:
A
|7
B T) C

in a 2-category C. If its comma object f|g exists, with universal cone:

~

< = |

A
!
C

lg

B

then the span A%B is a two sided discrete fibration in C. For details see [58].

Definition 2.78. Let C be a 2-category with pullbacks. A catead [10] in C consists of an internal category:

Pz dz
Xo —ma—> X <—i,— X
qx Cx

de,Co . . . .
for which the span formed by its domain and codomain maps XOQXO is a two sided discrete fibration.
Definition 2.79. Let C be a 2-category with pullbacks. Following [10] we denote by Kat(C) the full sub
2-category of Cat(C) = Cat(UC) whose objects are cateads.

Proposition 2.80. Let C be a 2-category with comma objects and pullbacks. Given an arrow f: A— B
of C its higher kernel is a catead in C.

Proof. Each higher kernel is an internal category in C. As the domain and codomain maps for the higher
kernel are the projections from the comma object d, ¢ : f|f — A they form a two sided discrete fibration by
Example 2.77. O

2.8 An exactness property of Cat

In the preceding sections we have seen that each arrow in a 2-category C, with higher kernels and codescent
objects, may be factored through the codescent object of its higher kernel. We drew an analogy between that
factorisation and the regular factorisation of an arrow of a category through the kernel pair of its coequaliser.
In any category a kernel pair is an equivalence relation. In Set and in any exact category [4] each equivalence
relation is the kernel pair of its coequaliser. We have observed that each higher kernel is a catead. In this
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section we complete the analogy by showing that, in Cat, each catead is the higher kernel of its codescent
object. This notion of exactness was first considered by Bourn and Penon in [10], though without reference to
codescent objects, whilst closely related notions of exactness have been considered by Street in [52] and [53].
The exactness property of Cat of Proposition 2.83 was shown in [10] to hold in greater generality, though
double categorical methods may be used to quickly deal with the case of Cat, which is how we approach
Proposition 2.83 below.

Remark 2.81. Let C be a 2-category with codescent objects of cateads. Given a catead X in C:

Pz da
Xo —ma— X <—i,— X
qx Cx

consider then its codescent object QX with universal cocone (QX, f, a):

Xo
dr/ \f
X1 \U/Oz QX
~
Xo

If the comma cone (X1, d,, ¢, ) exhibits X7 as the comma object f|f of f : Xo—=QX then the two defining
equations for the codescent cocone equally exhibit the morphisms m, and i, as the unit and composition
maps defining the higher kernel of f, so that X is the higher kernel of its codescent morphism f : Xg—=QX.

Definition 2.82. Let C be a 2-category with pullbacks, comma objects and codescent objects of cateads.
We say that “each catead is the higher kernel of its codescent object” if the cocone exhibiting its codescent
object equally exhibits the catead as the higher kernel of its codescent morphism, as described in Remark
2.81. In this situation we equally say, following [10], that “cateads are effective in C 7.

Proposition 2.83. Cateads are effective in Cat.
In order to prove this statement it will be convenient to use the graphical notation of double categories.

Definition 2.84. A double category A:

P d
Ag —m—>= A <—i Ap
q (&3

is an internal category in Cat [16].

Remark 2.85. We briefly recall the double category notation. A double category A, as above, has objects,
vertical and horizontal arrows, and squares.

e The objects of the double category above are the objects of Ag, which we denote by x,y,z. ...

e The vertical arrows are the arrows of Ag. These will be written with a subscript of 0, for instance
agp : * —>1y. The vertical arrows may be composed vertically down the page and this gives rise to the
vertical category V(A) which is precisely the category Ag.

e Objects a1, 1 of A1 may be thought of as arrows «; : z—=y where the image of o; under the “domain”
and “codomain” maps d and ¢ is x and y respectively. Each of these will have a subscript of 1; and
they will be the horizontal arrows of the double category. The horizontal arrows have a composition
induced by the multiplication m : A3 — A;. Thus the double category has a “horizontal category”
H(A) with arrows the horizontal morphisms.
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e An arrow of Ay, ¢ : ay — 31 is then a “square”:

X
\Lﬁo
z

with the image of # under d and c respectively the left and right vertical arrows.

Composition in A; is represented by vertical pasting of squares down the page. The composition
induced by the multiplication m : Ay —= A; for the internal category is given by horizontal pasting of
squares from left to right.

The identity squares for vertical composition and horizontal composition are represented by

ag
w —

aol/ G\U/
4 B1

(3}

— ==z w=w
] e ) = e
W Yy=—=1Y
Remark 2.86. The double category:
P d
A2 —m—> A1 <1 AO
q c

is a catead in Cat if the pair (d, ¢) forms a two sided discrete fibration. In the double category language the
three axioms for a two sided discrete fibration become:

1. Unique d-lifts:
Each diagram:

l

w w
aoi induces a unique square: aol ad
T x

No@i—Neg

l

as drawn.

2. Unique c-lifts:
Each diagram:

Bo induces a unique square: H 85 iﬁo

nN<—=R

3. Bimodule condition:
For any square 6 we have the equality:

w T
i | -
Yy z

o

—_—
o))

—_—
B1
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The bimodule condition in particular implies that any square § may be recovered from its four sides by
taking d and c-lifts. Consequently a catead is, in this sense, a locally preordered double category. Thus there
is no need to label squares.

Remark 2.87. In the following proof we will show that the codescent object of the catead A is its horizontal
category H(A) with exhibiting codescent morphism f : Ay = V(A)— H(A) an identity on objects functor.
Such functors appear in the double category literature and are known as “holonomies” [12], often associated
with “connections”. The codescent morphism we construct will be an instance of a holonomy associated to a
connection, and the approach is closely related to the study of Fiore of the relationship between connections
and “foldings” [18].

Proof. Given a catead as above we will show that its codescent object is the horizontal category H(A).
The codescent morphism will then be a functor f : Ag = V(A) — H(A) from the vertical category to the
horizontal category. The objects of V(A) and H(A) are the objects of Ag. Thus we define f to be the
identity on objects.
An arrow of ag : x—>y of Ay is a vertical arrow. We define a horizontal arrow f(ag) : ©—y as the vertical
domain of the d-lift:
f(ao)
T Y

s T
aol \(} H induced by aol
y— ey
The bimodule condition at the square:
rT=——c
Ot()\L g l/ao
Yy=—=yYy
shows that equally f(ao) is the vertical codomain of the c-lift:
H I iao induced by iao
T —
f(eo) Y Y
The squares:
fleo)  f(Bo)
r—Y —z
K —
f(Bo)
==z =2 and I
Boi = 50\L U r=—=ux
2=z z

respectively show, via the uniqueness of d-lifts, that f(Boco) = f(B0)f(w), and that f(1,) = 15(,y. Thus f
is a functor.
We need to describe a natural transformation:

d Ao f
PN
Ay Un H(A)

N 4
Ay 7

Given an object of Aj, a horizontal morphism «g : * —y, we have fd(ap) = = and fe(ag) = y. We define
Nag © fd(ag)—= fe(ap) to be the morphism g : fd(ag) = z—>y = fe(ag) itself. We must verify naturality.
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Thus we must show that given an arrow of Ay, a square:

(651
—

w X
aol/ \U/ \Lﬁo
Yy—z

B1

that we have the equality in the horizontal category H(A):

f(eo) B1 ai f(Bo)
—_—y—z = wW——>r ——>7
The squares:
ai f(Bo) flawo) B
W—>=T —>2 wW—=Y —=z
QO\L \(2 J/ﬁo () and O‘Oi \ ‘ |

exhibit the pair of 1-cells in question as the vertical domain of the unique d-lift of:
w

Oé[]\L

Yy

Consequently they agree and so 7 is natural. We must verify that the triple (H(A), f,n) constitutes a
codescent cocone. Consider an object of Ay: a horizontally composable pair: (a; : x —>y, (1 : y—>2). Its
images under p, q : Ao — Ay are the first and second arrows a; and (3, respectively. Thus:

—_—Z

B1

np(al :I%yaﬁl :y‘>2) = Nay = 01
and:
ngloy :x—=y, b1 y—=2) =ng, = H

The image of (a1 : 2 —>y, 1 : y —> z) under nm is
nm(ay 1 x—=y, B y—=2) = m(a1, az)

The multiplicative equation for a codescent cocone then asserts that in the horizontal category H(A) we
have:

ay b1 m(ay,oz)
T Y z=x z

This equality holds since horizontal composition is defined by the multiplication m : A5 —= A;. The unital
equation for a codescent cocone is the assertion that ni(z) : t—a € H(A) is an identity morphism for each
xinAg. Of course i : A9 — A; is just the map assigning to an object of Ay the horizontal identity on it
and so ni(x) = i(x) is indeed the identity in H(A). Consequently (f,7) is indeed a codescent cocone to the
catead. It remains to check its universal property.

Consider a cocone (g, ¢):

A
0N
1 U¢ B
N

A

We must show that there exists a unique k : H(A)— B such that kf = g and kn = ¢. Since f is the identity
on objects the requirement that kf = ¢g implies that we must define kx = gz for each object z € H(A). Now

A
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consider an arrow of H(A), a horizontal arrow a; : © —y. This is equally an object of A;. The equation
kn = ¢ states that, at a3 € Ay, we have k(1,,) : gt —>= gy = bo, : 9T —>gy. As 1., = a1 : © —>y this
asserts that we must define k(o) : € —y = ¢4, : gr —> gy. Consequently k is unique in satisfying these
constraints. It remains to show that k is functorial.

For this we should show that:

1. Given (g : & —>y, 1 : y—>2) of H(A) then:

¢a1 45,81 ¢7n(o¢1.a2)
G ——>9Yy——> g2 = g —— > g=%.

2. Given z € H(A) then

Py lga
gr ——> gxr = gT —> gx.

These express precisely the multiplicative and unital conditions for the triple (B,g,¢) to be a cocone.
Therefore k is functorial. Consequently the cocone (H(A), f,n) satisfies the 1-dimensional universal property
of a codescent cone. The 2-dimensional universal property is immediate, by Proposition 2.5, as Cat has
cotensors with 2. Therefore this cocone exhibits H(A) as the codescent object of the catead A.

It remains to show that the catead:

p d
A2 —m—> A1 < A()
q c

is the higher kernel of the codescent morphism f : Ag — H(A). We must show that the comma cone
(Ala da m, C):
Ao

s

1 U” H(A)

N7
Ay 7

A

exhibits A; as the comma category f|f. Now by definition the comma category f|f has objects: triples
(x,a1 : fx— fy,y) where 2,y € Ay and a; € H(A). As f is the identity on objects we have (z,; :
fx— fy,y) = (r,00 : x —>=1y,y). The cone (d,n,c) induces, by the universal property of the comma
category f|f, a functor A; — f|f which acts on a morphism of A; as below:

a1 [e58
w—>1 (w, w ——— T, x)
| \
| 4 lﬂo — o0} 1(go) £(Go) | o
Y—5-= (y, ¥ % z)

where the inside square on the right is a commutative square in H(A). It suffices to show that this functor
A1 — f|f is an isomorphism of categories. It is clearly bijective on objects. To see it is faithful recall that
the square on the left is the unique such square with those four boundary arrows, as discussed at the end of
Remark 2.86. As the functor A; — f|f retains full information about all four of these, faithfulness follows
immediately. To show it is full suppose that we are given horizontal morphisms oy : w—2, 31 : y—>2z and
vertical morphisms ag : w—>1y and By : © — z such that f(8o)a; = B1f(ap) as on the right above. We
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must construct a square as on the left with those four bounding arrows. It is the composite:

’U)H—l‘

] v

U)4>:E4>

H a1 f(Bo)
Il
f(ao)

B1

’w*>y*>z

td%

N

The top left and bottom right squares are vertical identities, as is the middle square (using the equation
f(Bo)ar = B1f(ap)). The top right and bottom left squares respectively exhibit f(8y) and f(ap) via their
construction as ¢ and d-lifts. Thus the comparison A; — f|f is full, and so an isomorphism. O
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Chapter 3

Internal categories and cateads

In Proposition 2.83 of Chapter 2 we proved that each catead in Cat is the higher kernel of its codescent
object. The main aim of this chapter is to extend this result to 2-categories of internal categories; those of
the form Cat(€) for £ a category with pullbacks. We won’t take the direct approach that we took in the case
of Cat = Cat(Set); the detailed calculations required in that result become more difficult to manage when
we cannot chase elements, but will take a more global approach which we now motivate by way of analogy
with a better known situation.
An important notion in category theory is that of an “exact category” [9]. An exact category has, in
particular, coequalisers of equivalence relations, kernel pairs and each equivalence relation is the kernel pair
of its coequaliser; this latter condition also referred to as “equivalence relations are effective”. We may
express the fact that a category & has coequalisers relative to the diagonal functor A : £ —=Graph(€) which
sends an object of £ to the constant graph upon it. £ has coequalisers precisely when the diagonal has a left
adjoint:

Q

£ L Graph(E)
A

The left adjoint @ assigns to a graph in £ its coequaliser. On the other hand, if we are interested only
in coequalisers of equivalence relations we may consider, upon observing that each constant graph is an
equivalence relation, the factored diagonal A : &€ — ERel(€) with codomain the category of equivalence
relations in £. As ERel(€) is a full subcategory of Graph(€) containing the constant graphs, we see that £
has coequalisers of equivalence relations precisely if there exists a left adjoint:

Q
& L ERel(€)
A

The effectiveness of equivalence relations in £ may be described relative to this adjunction upon viewing the
situation 2-categorically. If £ has pullbacks then each equivalence relation in £ is, in a unique way, an internal
category in &, so that ERel(€) may be viewed as a full sub 2-category of the 2-category of categories internal
to £. Viewing FRel(£) in such a manner, and £ as a locally discrete 2-category, the above adjunction now
becomes an adjunction in 2-CAT, a 2-adjunction.

Given an equivalence relation X in £ the unit of the adjunction at X is an internal functor X — AQ(X):

Xl ed=ec QX

[l

Xog—=—> QX

42



whose objects map is the coequaliser of d and ¢, and whose arrow component is the arrow witnessing the
equality ed = ec. Since ERel(€) is a full sub 2-category of Cat(£) this unit component is fully faithful in
ERel(€) precisely if it is fully faithful in Cat(E). This is the case precisely if the diagram on the left below:

/\ N

ed=ec QX

QX
e
Xo

exhibits X; as the limit, as described in Chapter 2. This is equally to say, upon collapsing the identity
morphisms, that the square on the right above is a pullback. But this is precisely to say that X is the kernel
pair of its coequaliser. Therefore £ has coequalisers of equivalence relations and they are effective precisely
if the unit of the 2-adjunction is pointwise fully faithful.

Our approach in this chapter will be much alike the situation just described for exact categories and we
outline it now:

e In Section 1 we study “diagonal 2-functors”. For C a 2-category with sufficient cotensors we consider
the diagonal A : C — [AJ”,C] determined by the weight for reflexive codescent objects; a left adjoint
to this 2-functor exists if C has codescent objects of reflexive coherence data. We consider exactness
and naturality properties of the diagonal. We factor the underlying functor of the diagonal to obtain
new functors: UC —UCat(UC) and UC — UK at(C) and show that a left adjoint to the latter exists
precisely when C has codescent objects of cateads.

e In Section 2 we consider representable 2-categories and their relationship with 2-categories of internal
categories. We extend the factored diagonal of the previous section YC —UCat(UC) to a 2-functor
C—>Cat(UC) for each representable 2-category and show that this gives a pseudonatural transformation
A’ : 1gep, =>Cat(U—). We prove that this is the unit of a biadjunction:

u
Catpyp, L Rep
Cat(—)

between the 2-category Rep of representable 2-categories and the 2-category Catpp, of categories
with pullbacks. We conclude this section by remarking upon some similar biadjunctions and their
comonadicity.

e In Section 3 we consider two sided discrete fibrations and cateads in representable 2-categories, showing
that the former and thus the latter admit a finite limit characterisation in such 2-categories. We
use this to show that Kat(C) is a representable 2-category if C is one, and extend to a 2-functor
Kat(—) : Rep—>Rep. We factor the pseudonatural transformation A’ : 1ge, = Cat(U/—) through
A 1rep=Kat(—) and show that for each representable 2-category C the 2-functor A¢:C—K at(C)
has a left 2-adjoint with pointwise fully faithful unit precisely if C has codescent objects of cateads and
they are effective.

e In Section 4 we show that when C = Cat(€), for a category £ with pullbacks, the 2-functor Ac -
C — Kat(C) has a left adjoint with pointwise fully faithful unit; thus Cat(£) has codescent objects
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of cateads and cateads are effective. Our approach relies upon the biadjunction of Section 2 and is
closely related to the theory of KZ-doctrines. We characterise the codescent morphisms in Cat(€) as
the bijections on objects and show that each 2-functor of the form Cat(F) : Cat(A) — Cat(B), for
F : A— B € Catpyp, preserves codescent objects of cateads.

The results of this chapter are the building blocks for much of the later work in this thesis. We now describe
which aspects of this chapter are original work, and which are not. One of the main results of the Chapter is
Theorem 3.65 which states that if a category £ has pullbacks then Cat(€) has codescent objects of cateads
and they are effective. The author presented this, and some results of Chapters 4 and 10, at the Annual
Category Theory Conference CT2009 in Cape Town. After that presentation he learnt from D. Bourn and
J. Penon about their unpublished manuscript [10] in which they proved, amongst other things, essentially
the same result. Let us be precise then about the relationship. Theorem 3.65 may be rephrased using
Proposition 3.47 as the following assertion.

e If C is a 2-category of the form Cat(€) for & with pullbacks then the diagonal A : C — Kat(C) has a
left 2-adjoint with pointwise fully faithful unit.

It is in terms of this latter statement that we obtain Theorem 3.65 later in the chapter. The author learned
of this approach from [10] where it is proven in the Appendix that:

e If C is a 2-category of the form Cat(€) for £ with finite limits then the diagonal A : C — Kat(C) has
a left 2-adjoint with pointwise fully faithful unit.

The only distinction in the two above statements is between pullbacks and finite limits and this is of minor
significance. Therefore the author was significantly influenced in his presentation of the results of this
chapter by [10]. Our terminology “catead”, previously “congruence”, follows their terminology “catéade”.
Proposition 3.60 in this chapter is due entirely to [10], where it appears as Proposition 1.6(2), the author
having previously been unaware of it. Indeed, in the presentation of this chapter, that result is of fundamental
importance, being required to “construct” the left adjoint of Proposition 3.47 in the case of Cat(€), a result
the author had previously obtained only by lengthy internal calculations.

On the other hand our presentation differs from that of Bourn and Penon. In [10] they do not describe how
the left 2-adjoint to the diagonal above takes the codescent object of a catead; thus none of the explicit
descriptions of how our results relate to codescent objects may be found in [10].

Having stated the main results of this chapter which were previously proven, albeit in very slightly different
contexts, by other authors, let me state which results of the other sections are, or are not, original and in
particular which results I consider to be original and of significant interest.

The first section on diagonal 2-functors is essentially standard enriched category theory. Though the author
has not seen it in print before we do not claim great originality here, this section not containing any individual
results considered significant with the exception that it clarifies some later constructions.

The second section is concerned with the relationship between categories with pullbacks and representable
2-categories. The notion of representable 2-category is due to Gray, first appearing in summary form in [21].
Gray’s book “Formal Category Theory: Adjointness for 2-categories” [22] was intended to be the first part
of a series of three books, the second and third of which were to be concerned with 2-categories of internal
categories and representable 2-categories respectively, as described in his introduction to [22]. These later
volumes were not published and to the author’s knowledge the only further development of the subject of
representable 2-categories was by Street in [48], in which he considers the 2-functor A’ : C — Clat(UC) for
a representable 2-category C. Our Proposition 3.25(1) is thus proven by Street in Proposition 2 of [48], this
also, in the case of a finitely complete 2-category C, being contained in the later manuscript of Bourn and
Penon [10]. The 2-category of representable 2-categories Rep and its relationship with the 2-category of
categories with pullbacks Catpy, is the main topic of Section 2 of this chapter. The author has not seen the
2-category Rep studied elsewhere and our main result of that section is Theorem 3.33 in which we exhibit
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the biadjunction:
u
Catpy, L Rep
Cat(—)

which exhibits the close relationship between categories with pullbacks and representable 2-categories, as
connected by the representable 2-category Cat(£) of categories internal to a category with pullbacks £. The
author considers this biadjunction an important result about representable 2-categories and it may not be
found elsewhere.

In Section 3 the further theory of representable 2-categories developed has not to the author’s knowledge
appeared elsewhere, the main results of interest being the finite limit characterisation of two sided discrete
fibrations of Proposition 3.40 and Corollary 3.41.

In Section 4 one result which has no analogue elsewhere and which is of importance in later chapters is
Theorem 3.66, in which it is proven that any 2-functor of the form Cat(F') for F' € Catp, preserves codescent
objects of cateads.
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3.1 Diagonal 2-functors

In ordinary category theory given a small category J and a category C we always have the diagonal functor
A : C—[J,C] which sends X € C to the constant functor Ax defined by Ax(j) = X for each j € J. If C
has J-colimits, these provide A with a left adjoint col : [J,C] —C.

If J and C are instead 2-categories the diagonal, as above but with the obvious extension to 2-cells, again
exists, but only bears the same relation to colimits in the case of conical colimits. We will describe a suitable
generalisation of the “diagonal functor” which takes into account our interest, at the 2-dimensional level, in
more general weights, in particular the weight for codescent objects. This 2-functor will exist only if C has
sufficient cotensors.

Remark 3.1. Everything we say in this section holds more generally for categories enriched over a symmetric
monoidal closed category V. We are interested only in 2-categories: categories enriched over the cartesian
closed category V = Cat, and consequently will only deal with this case.

Consider a small 2-category J. If a 2-category C has W-limits for all weights W : J — Cat then these
organise into a 2-functor:
lim : [J,Cat]? x [J,C] —C

where the value of lim at (W, F') is the limit of F weighted by W, as described in Chapter 3 of [30]. Cotensors
are those limits defined by weights 1—Cat. Fixing J = 1 we obtain, whenever C has cotensors, a 2-functor
lim : Cat’? x C—=C. We won’t be dealing with 2-categories with all cotensors, but only those cotensors in
the image of a fixed weight W : 7 — Cat. Let Caty denote the full sub 2-category of Cat with objects:
W for j € J. If C has cotensors with those categories then we have similarly a 2-functor:

lim : Catyj) x C—C
Consider the composite:
o WP x1 op lim
J%? x C——Caty, xC——C
We may consider its transpose, using the partial closedness of 2-CAT !, a 2-functor A : C — [J°P,C].

Definition 3.2. Consider a weight W : J — Cat and a 2-category C with cotensors with all categories in
the image of W. The diagonal 2-functor A : C—[7J°P, (] associated to W is the transpose of the 2-functor:

T x ¢ Catt x ¢ i
described above.

Remark 3.3. For X € C, A(X) : J°? — Cat acts as A(X)(j) = XWJ. Given a l-cell f:j—=k € J the
arrow A(X)(f) = XW/: XWk — XWJ is the unique arrow rendering commutative the square:

i

Wi C(XWj,X)
Wfl lC(XWf,l)
Wk
Wk - C(X ,X)

Given a 2-cell a € J(j, k)(f, g) the 2-cell A(X)(a) = X" : XW/ = XW9 is the unique one such that:

C(XWY 1)on; =moWa

1By partial closedness we mean that for a small 2-category J we have an isomorphism 2-CAT(J x A,C) = 2-CAT(A, [J,C])
naturally in A4 and C. If J is not small the 2-category [J,C] is not locally small and so we cannot speak of 2-CAT as being
fully cartesian closed.
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The following Proposition and the Corollary succeeding it explain the relationship between the diagonal
and W-colimits in C.

Proposition 3.4. Let C have cotensors with all categories in the image of W : J—=Cat so that the diagonal
exists. Then we have an isomorphism of categories:

[TP,CI(F,A(X)) = [T, Cat](W,C(F—, X))
2-natural in X.

Proof. We will use the calculus of ends as described in Chapters 2 and 3 of [30]. We have isomorphisms
2-natural in X:

177, C](F, A(X)) = /C(Fj,XWf) o /Cat(Wj,C(Fj,X)) ~ 7, Cat] (W, C(F—, X))

The first isomorphism uses the description of the enriched functor category via ends and the definition of
A(X). The second isomorphism uses the universal property of cotensors whilst the third isomorphism returns
from end to functor category notation. O

Corollary 3.5. Let C and W be as in Proposition 3.4. The colimit of F' : J°° — C exists if and only if
the 2-functor [7°P,C|(F, A(—)) is representable; the representation giving the colimit. In particular C has
W-colimits if and only A : C—=[J°P,C] has a left 2-adjoint and the left adjoint is then precisely the colimit
2-functor coly : [J°P,C] —C.

Proof. By definition, to give a representation of [7,Cat](W,C(F—,1)) is to give the colimit of F' weighted
by W. The isomorphism of Proposition 3.4 ensures that to give such a representation is equally to give a
representation of [7°P, C](F, A(—)) and the first part of the result follows. Consequently C has all W-colimits
if and only if [J°P,C](F, A(—)) is representable for each F'. This is the case precisely when A : C—[7J°?,(]
has a left 2-adjoint. O

Remark 3.6. The weight of primary interest to us is the weight for codescent objects of strict reflexive
coherence data. This is the embedding ¢ : Ay — Cat described in Chapter 2. The image of ¢ : Ay — Cat
consists of the categories 1, 2 and 3. If a 2-category C has cotensors with these then the diagonal A :
C—=[A3", (] exists, and, by Corollary 3.5, has a left 2-adjoint if and only if C has codescent objects of strict
reflexive coherence data.

In fact less is needed. Recall from Proposition 2.5 that in the case of a 2-category, such as C, admitting
cotensors with 2, the 2-dimensional universal property of a colimit follows from its 1-dimensional aspect.
This amounts, in the present case, to the fact that the 2-category C has codescent objects of strict reflexive
coherence data, if and only if the underlying functor UA : UC—=U[AZ, C] has a left adjoint. This observation
equally follows from Proposition 3.1 of [8] where it proved that a 2-functor which preserves cotensors with
2 has a left 2-adjoint if and only if its underlying functor has a left adjoint. We prove that the diagonal
A : C—[A3P,C] preserves cotensors with 2 in the next proposition.

Proposition 3.7. Let C and J be as before.
1. Suppose that C has all H-limits for some weight H. Then A : C —[J°P, (] preserves them.

2. Suppose that J°P has some limit and that it is preserved by WP : J°° —Cat°?. Then it is preserved
by each 2-functor A(X) : 7P —C.

Proof. 1. If C has H-limits then so does [7°P,C] and they are pointwise. In particular they are preserved,
and jointly reflected, by the evaluation 2-functors ev; : [J°P,C] —C. To show that A : C —[T°?,(]
preserves H-weighted limits it consequently suffices to show that the composite ev; o A does so. Now
evjo A(X) = X"J. Moreover evjo A = (—)"J the canonical 2-functor sending an object X of C to its
cotensor with Wj. Since limits commute with limits in any 2-category it follows that ev; o A preserves
H-limits and so A does too.
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2. Like any 2-functor A(X) : J°P —C preserves any limit preserved by its composite with each repre-
sentable C(Y, —) : C—=Cat for Y € C. C(Y, —) o A(X) = C(Y, A(X)) which, by the universal property
of cotensors, is naturally isomorphic to Cat(W—,C(Y, X)). This latter 2-functor is the composite:

o Cat(—,C(Y,X
g0 W7 Catop _Cat-cn X)) Cat

which preserves any limit preserved by WP as required.
O

Example 3.8. We now consider the example of interest again, namely the diagonal 2-functor corresponding
to the embedding Ay — Cat. This is obtained by restriction of the embedding A — Cat and we will study
the restriction by means of the full embedding. In fact it will be useful to consider the simplicial category as
a 2-category. Recall that each object [n] € A is a totally ordered set, in particular a preorder. Consequently
each homset A([n],[m]) becomes a preorder, inheriting its order pointwise from the ordinal [m]. Precisely,
given f, g € A([n], [m]) we have f < g if fr < gr Va € [n]. Consequently the simplicial category underlies
a (locally preordered) 2-category A [51], and the embedding of A into Cat extends to a 2-fully faithful
embedding A —= Cat. We now consider colimits in A which are preserved by its inclusion into Cat. In
particular the 2-cell:

exhibits [1] as the tensor of [0] with the category 2; and this colimit is preserved by the embedding of
A — Cat. Furthermore certain pushouts exist in A. For each [n] € A the square:

] —2> [n + 1]

6,,L+1l lfsrn+2

[n + 1] — [n + 2]

is a pushout preserved by the embedding. As each of these pushouts and tensors is preserved by the
embedding ¢ : A —= Cat the corresponding pullbacks and cotensors are preserved by its opposite, ¢ :
A% —> CatP.

Consider then a 2-category C with cotensors with each category n, and the induced diagonal 2-functors:
A:C— [ZOP,C] and A : C —[ASP,C]. The second may be obtained from postcomposition with the
2-functor [A”,C]—=[A%, ] induced by restricting along the inclusion Ay —>=A —>A where Ay and A are
viewed as locally discrete 2-categories. Consider A : C — [ZOP,C], an object X € C, and A(X) : A" .
By Proposition 3.7(2) this 2-functor preserves each limit in A% preserved by ¢°P, thus the above cotensor
and pullbacks in A P In particular each square:

(6n42)
Xn+2 u Xn+1

X(Jo)l J{X(f;o)

Xn+1 n

X Gny1)

is a pullback so that A(X) is an internal category in C determined by its restriction to A3 ? which we write
as:
Da ds

AX) = X3

Mp—> X2 <—i,

qx Cx

X
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where d, c,, i, to be thought of as the domain, codomain and identity maps of the internal category, the
maps p,, g, respectively the projections taking the first and second arrows of a composable pair, and m, the
composition map.

Since A(X) : A” —=C preserves the cotensor described above we additionally have a 2-cell:

dm
N
X2 = X
~_ 7

Cx

the universal 2-cell exhibiting X? as the cotensor of X with 2 in C. Since A is a locally preordered 2-category
it is immediate that the morphism m, : X3 — X? satisfies the equation:

dwpx = da:mw % CaeMyg = CyxPy equals dmpx % CaPx = dxq:v % Ca(y
By the universal property of X?2 it is necessarily the unique such. Furthermore we have 7,4, = 1. Again by
the universal property of X? this equation defines i,.
Now restricting our attention to the diagonal: A(X) : As? —C the 2-cell above is no longer part of the
data, though it is implicitly there, as X2 is still the cotensor of X with 2 in C, and d, and c, the projections
from the cotensor.

Remark 3.9. The pullback squares of the previous example:

(8 )
Xn+2 g Xn+1

X(%)l lX(ﬁo)

+1 > n
X* X Gnt1)
exhibit, inductively, each cotensor X™ for n > 2 as constructible by pullback from the objects X2, X and the
cotensor projections dy = X and ¢, = X(%). Thus any 2-category with cotensors with 2 and pullbacks
has cotensors with n for each n. Such 2-categories are known as representable 2-categories [21] and will be
studied in the next section.

Remark 3.10. Suppose again that a 2-category C has cotensors with each ordinal n. We showed in Example
3.8 that each 2-functor A(X) in the image of the diagonal C —=[ASF (] is an internal category in C:

Pz de
A(X) = X3 —m.—> X2 i X
qz Cx

Equally it is an internal category in the underlying category UC of C. As UCat(UC) is a full subcategory of
UAZP,C] it follows that the underlying functor of the diagonal factors through UCat(UC):

UC M YUCatUC) —=U[AP  C)

(The implication of the above notation is that we can extend the first component of the factorisation to a
2-functor A’ : C—=Clat(UC) and we will indeed show this to be the case. This is not immediate as the 2-cells
of Cat(UC) and [A3P,C] are different. However they do, in special cases, bear a relationship, which we we
will use to define and study A’ : ¢ — Cat(UC) via the more straightforward embedding C —[AJ",C].)
Furthermore A(X) is a catead in C as the domain and codomain maps d, ¢, : X2 X are the projections
from the cotensor with 2, and thus a two sided discrete fibration by Example 2.77. In particular the defining
equations for the arrows m,, and i, described in Example 3.8 exhibit A(X) as the higher kernel of 1 : X—X.
The diagonal then factors further to a functor:

uc 2 UKat(C)
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Corollary 3.11. Let C be a 2-category admitting cotensors with each category n. The functor:

UA : UC 42 UKat(C)

obtained by factorising the diagonal functor YA : UC —= UK at(C) has a left adjoint if and only if C has
codescent objects of cateads.

Proof. Consider then a catead X € UKat(C) and A € C. We have UK at(C)(X, A(A)) = U[AP,C](X, A(A))
natural in A. Therefore UKat(C)(X,A(-)) = U[AP,C](X,A(-)). This second functor is representable
precisely when C has codescent objects of cateads by Corollary 3.5. Therefore UK at(C)(X, A(=)) is repre-
sentable precisely for each X precisely if C has codescent objects of cateads. O

Our final concern with diagonal 2-functors regards their naturality.

Definition 3.12. Let 2-CATyy denote the locally full sub 2-category of 2-CAT with objects those 2-categories
admitting cotensors with each category W, and morphisms: 2-functors preserving such cotensors.

Remark 3.13. Given a 2-functor F' : C —D of 2-CATy, we have the canonical 2-natural transformation:

lime

Catw XC——

—C
lel \U/lsz l
D

Caty x D o

whose component at the pair (A4, X) is the canonical comparison limp (X, A) : F(X4) — X4 in D. This
comparison is an isomorphism since, as a morphism of 2-CATyy,, F preserves cotensors with each object of
Catyy. As 2-CAT is partially closed as a 2-category the composite 2-cell on the left below:

Wx1 lime

TP x ¢ — 0 Cat?® x C C c 17, C]

1><Fl 1><Fi \U,limp lF induces: Fl \U/AF l[J,F]
0, op 0,

jpx,D;)le Catyy, ><D4>limp D D [T°P, D]

upon transposition.

Proposition 3.14. [J°P, —] : 2-CATy —2-CATy gives an endo 2-functor of 2-CATy, and the diagonal
2-functors A¢ : C — [JP,(C] together with the isomorphisms Ap for F' € 2-CATy, combine to give a
pseudonatural transformation A : lo.caTy, = [T, —].

Proof. For C € 2-CATy the 2-category [J°P,C] has cotensors with each category W3, pointwise. By the
pointwise nature of cotensors in the functor 2-category we see that given F' € 2-CATyy the 2-functor [J°P, F]
preserves such cotensors too, and so is a morphism of 2-CATy,. Therefore [J°P,—] : 2-CAT — 2-CAT
restricts to a 2-functor [J°P, —] : 2-CATy — 2-CATy .

By Proposition 3.7(1) the diagonal A¢ : C —[J°P, C] preserves cotensors with Wj and so lies in 2-CATyy .
Moreover the components Ap are isomorphisms as required for pseudonaturality. The components limg
described in Remark 3.13 obey naturality and compatibility constraints, which upon transposition, become
exactly those required to exhibit A as a pseudonatural transformation. O

3.2 Representable 2-categories and categories with pullbacks

We are interested in Cat(€) for £ a category with pullbacks.
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Definition 3.15. Catpy, is the sub 2-category of CAT whose objects are categories with pullbacks, 1-cells:
pullback preserving functors and 2-cells: arbitrary natural transformations.

Remark 3.16. Given a morphism F' : A— B of Catp, we obtain a 2-functor Cat(F') : Cat(A) — Cat(B)
which acts pointwise. In other words given an object X € Cat(A) the internal category Cat(F)X has:

CGt(F)(X)lexl for 220,1,2

In full detail:

Pz [ Cat(F) Fps Fd,
a
X me—> X1 <—i, Xo —_— FXo —Fmgs> FX| <Fi.— FX
9z Cx Fq, Feg

That Cat(F)X so defined is an internal category is due to the fact that F preserves pullbacks.
Given an internal functor f : X —Y the internal functor Cat(F)f : Cat(F)X — Cat(F)Y is defined by

C’at(F)(f)lefl for i=0,1,2

An internal natural transformation « : f =>g¢ in Cat(A)(X,Y) is specified by an arrow @ : Xy — Y7.
Cat(F)a : Cat(F)f=>Cat(F)g is the internal natural transformation with arrow component:

Fa: FXy—FY;

That Cat(F') takes internal functors and internal natural transformations in A to the same in B again clearly
follows from the fact that F' preserves pullbacks.

Given a natural transformation « : F'== G of Catpy(A, B) we obtain a 2-natural transformation Cat(a) :
Cat(F) =>Cat(G). Given X of Cat(A), the component Cat(a)x : Cat(F)X — Cat(G)X is the internal
functor:

Fpg. Fd,
FXy —Fm,> FX; <Fi.— FX
Fqy ‘ Fey
ax, ax, ax
Gpa y Gd,
GXo —Gm.> GX1 <Gi.— GX
Gqx Geg

It is routine to verify that this makes Cat(«) into a 2-natural transformation, and furthermore that we
obtain, so defined, a 2-functor Cat(—) : Catp, —>2-CAT. Of course the 2-categories in the image of Cat(—)
have more structure than that of arbitrary 2-categories. They are, to begin with, representable 2-categories,
which is the perspective we take for the remainder of this chapter.

Definition 3.17. A 2-category is representable [21] if it has cotensors with 2 and pullbacks. Rep is the sub
2-category of 2-CAT with objects: representable 2-categories, 1-cells: 2-functors which preserve cotensors
with 2 and pullbacks and 2-cells: arbitrary 2-natural transformations.

Proposition 3.18. Given a category & with pullbacks the 2-category Cat(€) has pullbacks. Given F :
A— B of Catyy, the induced 2-functor Cat(F) : Cat(A) — Cat(B) preserves pullbacks.

Proof. Pullbacks in Cat(€) are easily seen to be pointwise; in other words the fully faithful inclusion of the
underlying category U(Cat(E)) —= [AF, £] creates them. Of course there is a 2-dimensional aspect of the
universal property of pullbacks in Cat(€) which must be verified but this is routine. Given F : A— B
of Catpy, the induced 2-functor Cat(F') : Cat(A) — Cat(B), which acts pointwise, consequently preserves
pullbacks. O

Proposition 3.19. Let £ be a category with pullbacks.
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1. Given X € Cat(€) its cotensor with 2, X2 exists. One may choose the cotensor and its universal 2-cell:

dx
PN
x2 n X
~_ 7
cx
to satisfy the following properties: X2 = Xy, (dx)o = da, (cx)o = ¢z and  : X§ = X; —= X is the
identity on Xj.

2. A 2-cell in Cat(€):

f
PN
Yy o X
~_ 7

g9

exhibits Y as the cotensor of X with 2 if and only if:

e 6:Y,— X, is an isomorphism.
e The naturality square:
Bod,,,
Yl (Body,g1) X2
(f1 ,@ocy)i/ \Lmz

Xy > X1
is a pullback square.

3. Given F : A—B of Cat,y, the induced 2-functor Cat(F) : Cat(A)—Cat(B) preserves cotensors with
2.

Proof. Here we justify these claims in the case of Cat = Cat(Set). The proof for an arbitrary category £ with
pullbacks amounts to showing that the construction, in the case of Set, may be carried out more generally
for £ with pullbacks. We give a proof of the general case in Appendix 12.1.

1. Consider the case of Cat = Cat(Set). Then X is just a small category. The cotensor X? exists and is
the familiar arrow category of X. The objects of the arrow category X2 are simply the arrows of X.
Thus X2 = X;. Consider the universal 2-cell:

dx
/’\
X2 n X
~_ 7
cx
Given an arrow « : a —>b of X, an object of the arrow category, we have dya = a and cxa = b.
Thus (dx)o and (cx)o are indeed the domain and codomain functions d, and ¢, of the category X.
Furthermore the universal 2-cell ) is given by:

n(a:a—=b) =dx(a) =a—">b=cx(a)

Thus the arrow map of the natural transformation 7 : X2 = X; — X is indeed the identity. Therefore
the claimed conditions of the first part of the proposition are satisfied in the case £ = Set.

2. Morphisms of the arrow category (elements of the set X2) are commutative squares in X. Therefore
we have a pullback square:
X2 —— X,

| =

XQT)Xl
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which witnesses the fact that a commutative square is given by pairs of “composable pairs of arrows
of X7 (elements of X3) that agree upon composition. It is easily verified that the pullback square is
the naturality square as claimed in Part 2 of the proposition. Consequently in the case of Cat the
conditions of Part 2 are verified. We next show that the properties of Part 2 characterise cotensors
with 2 in Cat. Given a natural transformation:

f
TN
Yy o X
~_ 7
g

as above there exists a unique functor h : Y — X2 satisfying dxh = f,cxh = g and nh = 0. Given
a €Y we have h(a) = 0, : fa—sga. Consequently hg : Xo—= X2 = X; equals 6 : Xo—=Y;. Therefore
ho is an isomorphism if and only if § is an isomorphism. Given a : a—=b, h(a) is the commutative
square on the left below:

Bod , g1
fa % . ga 1 Bodv.ay) Xo
f@l/ \Lga (fl,gocy)i/ \Lm,
fo——gb X — X,
Oy My

Therefore hy : Y1 —= X? is the unique map into the pullback X? determined by the naturality square
of # drawn on the right above. Consequently h; is an isomorphism if and only if that naturality square
is a pullback. The functor h is an isomorphism if and only if both hg and h; are. Now the 2-cell 6
exhibits Y as the cotensors of X with 2 if and only if h is an isomorphism which is the case precisely
the two conditions of Part 2 are verified.

3. Having shown that the properties of Part 2 are sufficient to characterise cotensors with 2 it is straight-
forward to verify Part 3 of the proposition. Consider any 2-functor Cat(F) : Cat(A) — Cat(B) for
F : A— B of Catpy,. Cat(F') acts pointwise and F' preserves pullbacks; therefore the 2-functor Cat(F')
preserves the characterising properties of Part 2.

O

Corollary 3.20. Given & of Catpy, the 2-category Cat(€) is a representable 2-category. Given F : A—B
of Catpy, the 2-functor Cat(F) : Cat(A) — Cat(B) is a morphism of Rep. Therefore we have a 2-functor:

Cat(—) : Catpr, —>Rep
Proof. This combines the results of Propositions 3.18 and 3.19. O

Remark 3.21. Consider the forgetful 2-functor U : 2-CAT—=CAT which forgets 2-cells. Each representable
2-category A has pullbacks, and so its underlying category U.A has pullbacks too. Each morphism F' : A—B
of Rep preserves pullbacks and so the underlying functor UF' : U A —UB preserves pullbacks. Therefore
the forgetful 2-functor U restricts to a forgetful 2-functor ¢ : Rep—Catyp,. The main aim of the remainder
of this section is to show that we have a biadjunction 2 of 2-categories:

U
Catpp L Rep
Cat(—)

The counit is easy to describe. For each category £ with pullbacks we have the objects functor obe :
UCat(E) — & which assigns to an internal category X its objects of objects Xy and acts upon an internal

2We recall the precise definition of a biadjunction in Definition 3.32.
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functor f: X —Y as obe(f) = fo. As pullbacks in Cat(€) are pointwise in £ it is clear that this functor
preserves pullbacks and so constitutes a morphism of Catpy,. Furthermore it is straightforward to verify that
these components are 2-natural in £. Therefore we have a 2-natural transformation:

ob: UCat(—) =>1cat,,

which will be the counit of the biadjunction. We now go about describing the unit of the biadjunction, a
pseudonatural transformation 1ge,==Cat(U—), whose components will be the 2-functors A’ : C—=Cat(UC)
suggested in Remark 3.10.

Remark 3.22. By Remark 3.9 each representable 2-category C has cotensors with each category of the form
n. We saw in Example 3.8 that for such C the diagonal A : C — [AJ’,C] exists, and that its underlying
functor takes its values in UCat(UC), thus giving a factorisation:

uc _us UCat(UC)

e
N

We have yet to describe the action of A’ : ¢ — Cat(UC) on 2-cells. Given a 2-cell of C:

we define the internal natural transformation:

A'(f)
T A
AX) e A(Y)
~— T
Al(g)

as below:

3

X3—=<vys3
g3
Pz 9z Py 1ty Ay
&i 2 &i{
X2——=<vy?

[P [

X Y

g

to have its arrow component A’(a) : X —= Y2 the unique 1-cell into the cotensor Y2 such that postcompo-
sition with the universal 2-cell n, : d, => ¢, returns o.

We still have to check that this indeed gives an internal natural transformation and that, so defined, makes
A’ : C—=Cat(UC) 2-functorial. Instead of proving these facts immediately we first examine the relationship
between 2-cells of Cat(UC) and [AJP,C]. This will enable us to deduce the 2-functoriality of A’ from that of
A. Furthermore this approach will enable us to deduce that A’ is a morphism of Rep from the corresponding
fact for A.

Lemma 3.23. Given an internal category X € Cat(UC) and an object A of C we have an isomorphism of cat-
egories: tx 4 : Cat(UC)(X,A'(A)) = [AJ,C](X,A(A)) which is the identity on objects. This isomorphism
is natural (in the 1-categorical sense) in X and A.
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Proof. Certainly the categories Cat(UC)(X,A’(A)) and [ASF,C](X,A(A)) have the same objects so that
it remains to describe the relationship between 1-cells: 2-cells of the respective 2-categories Cat(UC) and
[ASP,C]. Given an internal natural transformation 6 : f => g as on the left below:

f f2
(1) Xy == 43 (2) X; ol a3
f - H“ e ol
X, —= —= A2 we describe: Xy i@:} A2
g {2 <l
dy i 70 o i ca e ipf e, da fin] oo
Xo f:;j AXFO H/O‘U'\j
go \g(T/

the corresponding 2-cell, t(0) = (6o, 01, 62), in [ASP,C]. Let 1, : dy => ¢, denote the universal 2-cell defining
the cotensor A%. The 1-cell 6 : Xy — A? corresponds uniquely to the 2-cell 7,0 : fo = du0 =>c,0 = go and
we define 6y = 1,6.
To give a 2-cell between the arrow components 6, : f; => g7 is to give a pair of 2-cells d, f1 => d,g1 and
Caf1 = cqg1 such that the square:

dafl - dagl

nafl\u/ unagl

Cafl —> Ca g1

0ds afcy
commutes. We have the pair of 2-cells d, f1 = fodmn:>god$ =d,g1 and ¢, f1 = foc$£>gocz = Cq01-
To show that the square commutes with these two arrows filled in, first consider the top-right path:

Ua@dm MNa g1

da fl dagl C(lgl
It equals the pasting composite on the left below:
[ S

Xo — A2 d
dy \U/r]a Pa \Uﬂl a
e 3d, / \/ 9d, m TN

)(1 dca\, A — Xl(sgl)A?’ \ _ X1($)A3 $ A2 \U/T/a A

g\ /a L

qa\ //

A2 \UJI

Ca

Ca

where the first equation replaces the arrows 0d, and g; by the corresponding map into the pullback; the
second equation holds by definition of the map m, as described in Example 3.8.
Similarly the left-bottom path of the square

dafl et Cafl fafes Cagl
equals the pasting composite on the left below:
dy o
2 2
f1 A /x Pa MNa da
e R R ) me
X1 @ ;A = Xi— o oA = X A2 e
Cz\ X —= A2 %@ qa\ 2 4{1 Ca
02 A , A —
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The two rightmost pasting diagrams agree by naturality of the internal natural transformation . By the
2-dimensional universal property of A2 we therefore obtain a unique 2-cell 6, : fi => g satisfying that
dagl = QOdI and ca01 = Qodz
For the pair 6 and 0; to be part of a 2-cell t(0) = (g, 01, 02) of [A5”, C] we must additionally check that i,6p =
01i,. In order to see that these 2-cells are equal it suffices to show that they agree upon postcomposition
with the jointly faithful projections from the cotensor A2, d, and c,. We have dgi,0p = 0y = 0pduie = deb1is
and similarly c,i,00 = 0y = Opcyi, = cqb1%,. Therefore i,609 = 011, as required.
It remains to construct the 2-cell 2. For 02 to be part of a 2-cell ¢(6) = (g, 01,02) in [AF,C] it must
satisfy paf2 = 01p, and ¢uf2 = 61q,. The maps p, and g, are the projections from the pullback A% along
Ca,dq : A2 =2 A. The commutativity of c,01ps = 0pcePe = 0odeqs = dub1q, induces, by the 2-dimensional
universal property of the pullback, a unique 2-cell 85 : fo = go satisfying these constraints.
It remains to check that we have an equality of 2-cells: m,0s = 61m,. Both of these 2-cells have codomain
object A2. Therefore it suffices to show that they agree upon postcomposition with the jointly faithful pair
dg and cq. Now domgls = dopabs = dob1pe = Oodypr = Oodamy = dgfim,. Similarly c,mq0s = coq.b2 =
cab1qz = Opcamy = Opcamy = cqfim,. Therefore the triple t0 = (6, 61,02) : f => g indeed defines a 2-cell
in [ASP,C].
Our argument above gives rise to the following observation. Though a 2-cell of [AJ? C] from X to A(A),
as in (2), consists of a triple of 2-cells in C, (0, 01,02), the 2-cells 1 and 05 are determined uniquely by 6y
if they exist. For as the 1-cells (d,,c,) are jointly faithful there can be but a single 2-cell 8; satisfying the
necessary relationship with 6y: (d.61 = 0od,, and c,0; = 6pc,.) Similarly 05 is uniquely determined if it
exists as the pair of pullback projections (pq, gs) are jointly faithful. In other words the forgetful 2-functor
ob : [AJ’,C] —C is faithful when applied to the hom category obx a(ay : [A5",Cl(X,A(A)) —C(Xo, A)
(whenever X is an internal category), a fact which will expediate our proof of the functoriality of ¢.
In order to prove that t is functorial consider a pair of internal natural transformations: 6 : f =>g¢ and
¢ : g=>h. We must show that £(¢)t(0) = (pobo, 161, p202) equals t(¢p 0 ) = ((¢p 0 0)o, (¢ 0 0)1, (¢ 0 0)2)
where ¢ o 6 denotes composition of the internal natural transformations in Cat(UC). Since obx a(a) :
[ASP,C](X, A(A)) —=C(Xo, A) is faithful it suffices to show that (¢ o 8)g = ¢oby.
The composite internal natural transformation ¢ o 8 : f =>h has arrow component the composite:

Xo (0,9) 43

Ma

AZ

so that (¢ o 0) is, by the definition of ¢, the left composite 2-cell below:

da fo
TN
da A2 MNa ) A2 MNa
75 N i Pt P& s
@9) ama B @9) o B . -
Xo—>A3—> A \UE/A = Xo—4A da/,f;l = X d%A = Xo*oguo»A
N\ N ¢
Cq qa A2 \W py A2 \U]na \j
Ca Ca ho

The first equation holds by the definition of m,. The second is clear and the third equation holds by definition
of 8y and ¢g. Therefore t is functorial.

The functor ¢ is of course the identity on objects. It is evidently faithful since given a pair of internal natural
transformations 6, ¢ : f => g we have 6y = 1,0 and ¢y = 1,4. But if these 2-cells are equal, then by the
universal property of the universal 2-cell 7, it must be that § = ¢ and so § = ¢. In order to show that ¢ is
an isomorphism as claimed it remains to show it is full.

Starting then with a 2-cell (6, 61,62) : f=>g of [AJ,C](X,A(A)) as in (2) above it remains to describe
its preimage under t. We have already seen that such a 2-cell of [A5P,C] is determined by its component
2-cell 6y, so that it suffices to describe an internal natural transformation ¢ : f =>g¢ such that ¢y = 6y. The
universal property of the cotensor A% induces a unique 1-cell ¢ : Xo — A2 such that d,¢ = fo, cad = go
and 7,0 = 0y. It is clear then by the definition of ¢ that upon showing that ¢ : Xo — A2 indeed defines
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an internal natural transformation ¢ : f=>g we will have ¢ = 6y as required. The equations dad = fo
and ¢, = gg show that ¢ has the correct domain and codomain for an internal natural transformation:
¢ : f=>g¢. It remains to show that the naturality square:

dz,
X1(¢ g1 )A

(fuFe0) | |me
A3 s A2

is commutative. By the universal property of A2 it suffices to show that both paths around the square agree
upon postcomposition with the universal 2-cell n,. By the definition of m, postcomposed with 7, the top
right path upon postcomposition with 7, equals the leftmost composite below:

dq fO fl
2

IL

2a, A?

{a %o {61 dy
N S (b N
- 1 da A - Xl da A - X A

N ﬂ’ N m’

3
A2 d@” - o @

The first equality is clear. The second holds since 7, o ¢ = . The equation d,6; = yd, holds as (00,01, 02)
is a 2-cell of [AS?,C]. This gives the third equality.
Similarly postcomposing the left and bottom path of the square by 7, gives the left composite 2-cell below:

- o
Xl(d)dz 391 ) 3
N

da da da d
L A% A2 |na A% |na e
(f1.6¢2) v i\ fl/ ck fl/ & fl/ Ck
X1 3 dy A = Xl % A - Xl fo/_’ A - X1 f1 ¢ / A
N AN N
Ga A2 U% $cl. AZ \U/na Ca XO {}00 \U/Gl A2 Ca
Ca Ca 9o g1

The first and second equalities above hold just as they do in the preceding string of equations. The final
equality now holds upon applying the equation 8gc, = c,61. The final two composite 2-cells of both this
string and the string above it equal the horizontal composite:

f da
N
Xl \U/Gl A2 \U/ﬂa A
~_ 7 ~_ 7
g1 Ca

Therefore ¢ : f==>¢ is an internal natural transformation and in particular ¢ is an isomorphism of categories.
It is straightforward to prove that this isomorphism is natural in X and A. O

Remark 3.24. In Remark 3.22 we defined A’ : C — Cat(UC) on 2-cells of C but did not show that the
image of a 2-cell in C actually defined an internal natural transformation. This follows from Lemma 3.23
upon observing that the action of A’ on 2-cells is described by the composite functor:

tA(x),Y

C(X,Y)

(A7, CI(A(X), A(Y)) Cat(UC)(A'(X), A'(Y))

This evidently shows that A’ preserves vertical composition of 2-cells. In the following proposition we show
that A’ is a 2-functor. This enables us to extend the naturality of the isomorphisms ¢ in the second variable
and thus study limit preservation properties of A’ via those of A as given in Proposition 3.7(1).

o7



Proposition 3.25. Let C be a representable 2-category.
1. A" :C—Cat(UC) is a 2-functor.

2. For a fixed internal category X the isomorphisms tx 4 : Cat(UC)(X,A'(A)) = [AF,C](X,A(A)) are
2-natural in A € C.

3. Suppose that C has W-limits for some weight W. Then A’ : C—=Cat(UC) preserves them. In particular
it preserves cotensors with 2 and pullbacks and so is a morphism of Rep.

Proof. 1. We have already seen that A’ : C — Cat(UC) has an underlying functor and preserves vertical
composition of 2-cells by Remark 3.24. Therefore it remains to show that A’ preserves whiskering of
2-cells on both the left and right.

To show whiskering on the left is preserved is to show that given an arbitrary 1-cell f: A— B of C,
the left square below commutes for all C € C:

tar(B),C

C(B.C) 225 Catue)(A'(B), M(C)) (A7, CHA(B), A(C))
f*l l(A'(f))* l(A(f))*

C(4,C) 5 — CatUC)(A(A), A'(C) ;> [AZ,CI(A(4), A(C))

tarcay,c

Since the lower right arrow ta/(4) ¢ is an isomorphism of categories, it suffices to check the left square
commutes upon postcomposition with it. The right hand square commutes since by Lemma 3.23 ¢ is
natural in the first variable. Thus it suffices to verify that the outer square commutes. But this equals:

C(B,C) —2% (AP, C(A(B), A(C))

f*l l(A(f))*

C(A,C) ——[AY,CI(A(4),A(C))

A,C

which commutes as, being a 2-functor, A preserves whiskering on the left by f. Similarly naturality
of t in the second variable implies that A’ preserves whiskering on the right, and so A’ is indeed
2-functorial.

2. This is straightforward. All that prevented us observing the 2-naturality of ¢ in the second variable
before was that we had not shown A’ to be a 2-functor.

3. Consider a weight W : 7 — Cat and a 2-functor F': J —C with weighted limit A € C. Consider its
limiting cone: n: W =>C(A, F'—). We must show that the composite cone:

W == C(A, F—) SN Cat(UC)(A'(A), A'F—)
is a limiting cone in C'at(UC). This is to show that for each X of Cat(UC) the induced functor:
Cat(UC)(X, A (A)) —= [T, Cat)(W, Cat(UC) (X, A F-))
is an isomorphism for each internal category X. For fixed X € Cat(UC) we have a 2-natural iso-

morphism of 2-functors tx _ : Cat(UC)(X,A'—) = [AJP,C](X, A—), since ¢ is 2-natural in the second
variable. This yields the composite:

A;& F— ATA,—
W= C(A, F—) —25s CatUC) (A (A), A F—) —22= (AP, C](A(A), AF—)
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which equals:
W =L C(A, F—) =22 A%, C](A(A), AF—)

Now A : C—[AZ’,C] preserves W-limits (by Proposition 3.7(1)). Therefore this cone exhibits A(A)
as the limit of AF in [AJ”,C]. Thus the induced functor:

[A3", CI(X, A(A)) — [T, Cat](W, [AF", C](X, AF—))
is an isomorphism. By 2-naturality of the isomorphisms tx _ we have a commuting square:
Cat(UC)(X, A (A)) — [T, Cat](W, Cat(UC) (X, A'F—))
tX,AJ/ \L[J,Cat](W,tx,F)
[A57, CU(X, A(A)) —— [T, Cat] (W, [A3F, C|(X, AF—))

The two vertical arrows are isomorphisms as each component of ¢ is an isomorphism. We have already
seen that the bottom horizontal arrow is an isomorphism. Thus the top arrow is also an isomorphism
of categories as required.
By assumption C is a representable 2-category and so has cotensors with 2 and pullbacks. Therefore
UC has pullbacks so that Cat(UC) is a representable 2-category by Corollary 3.20. As C has pullbacks
and cotensors with 2, A’ preserves them. Therefore A’ : C — Cat(UC) is a morphism of Rep.

O

Remark 3.26. We have described 2-functors U : Rep — Catpi, and Cat(—) : Catp, — Rep and, in the
preceding proposition, for each representable 2-category C a morphism of Rep: A, = A’ : C — Cat(UC).
In the following proposition we extend these morphisms of Rep to a pseudonatural transformation A’ :
1Rep — C’at(L[—).

Proposition 3.27. The morphisms of Rep, Ap = A’ : C — Cat(UC), constitute the arrow components of
a pseudonatural transformation A’ : 1ge, => Cat(U—).

Proof. In Proposition 3.14 we constructed the pseudonatural transformation A : 15.car,, = [J°F, —] cor-
responding to a weight W : J —=Cat. In the case of the weight of interest, the inclusion ¢ : Ay —Cat, this
becomes a pseudonatural transformation A : 1o car, =>[A5", —]. The objects of 2-CAT, are the 2-categories
that have cotensors with the categories 2 and 3 and the morphisms are 2-functors preserving such cotensors.
Each representable 2-category has such cotensors by Remark 3.9, and it follows by the same Remark that
each morphism of Rep preserves them. It is clear then that this restricts to a pseudonatural transformation
A : 1gep=>[AZ", —]. For a morphism F : A—B of Rep the component of Ay is the 2-natural isomorphism
on the left below:

c—=——[A7.C] uc —=—Ulay,C|
Fl Jar i[AzyF] which induces: MFl Juse J/U[AmF]

the latter 2-cell, the natural isomorphism underlying Ap.
This factors through the full subcategory UCat(UD) giving a natural isomorphism U A’ such that:

A/
uc L2 ycauc) —>ua,c) uc —42 YA ¢]
Z/{FL U} il/lCat(uF) lu[Ag”,F] = upi Juse iu[Ag,F]
UD ———UCatUD) ——~U[A", D] UD — = U[AS, D]

D
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For an object A of C this has component the internal functor:

where the isomorphism (A%)4); @ F(A%) —= FA? is the unique arrow such that npa(A%)a)1 = Fna and
the isomorphism (A%)4)2 : F(A3) —= F A3 the unique arrow commuting with the pullback projections.

It is straightforward to verify, using this explicit description of the components of A% that the components
are indeed 2-natural, thus underlying a 2-natural isomorphism:

—%¢, Catue)

C
Fi ALl
D — Cat(UD)

¢
iCat(Zx{F)

Ap
which constitutes a 2-cell of Rep. The components YA r obey the pasting equations for pseudonaturality
since the A’ do. Therefore the 2-cells U (A’:) do too, as the inclusions UCat(C) —=U[AZ’, C] are each fully
faithful and thus reflect equations between 2-cells. As the forgetful 2-functor U is itself locally faithful it
follows similarly that the 2-cells A’F of Rep indeed constitute the 2-cell components of a pseudonatural
transformation A" : 1gep => Cat(U—). O

Remark 3.28. We have described what will be the unit A’ : 1ge, => Cat(U{—) and the counit ob :
UCat(—) =>1ca,, of the proposed biadjunction:

u
Catpyp, L Rep
Cat(-)

and these will constitute all of the required data. To establish the biadjunction it remains only to verify
certain equations which will follow easily from those of Lemma 3.31 below. In order to prove that Lemma
we first fix a notational convention, and in Remark 3.30 make some canonical choices for the values of
A" Cat(€) — Cat(UCat(E)).

Notation 3.29. Consider A’ : Cat(E)—=Cat(UCat(E)) for a category £ with pullbacks. Given X € Cat(&)
we have A'(X) € Cat(UCat(E)) the internal category in Cat(E):

Px dx
X3 —mx—> X2 <—ix X
ax cx

In this case we will use capital letters on the subscripts: px,dx ... to avoid confusion with those arrows of
E: Py, Gy - .. that define the internal category X.

(Observe that this is in contrast with the general situation of A’ : C—Cat(UC) for an arbitrary representable
2-category C that we have so far considered. In that case no confusion is likely so we continue to use lowercase
subscripts.)
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Remark 3.30. Counsider again the case of A’ : Cat(E) — Cat(UCat(E)) for a category £ with pullbacks
and A'(X) for X € Cat(€):

Px dx
X3 —mx—> X2 <—ix X
ax cx

By Proposition 3.19(1) there is a canonical choice for the value of the cotensor X2 and the universal 2-cell:
dx
/P\
X2 \U,UX X
~—_ “7
cx

Specifically we may choose that X2 = X1, (dx)o = da, (cx)o = ¢, and that the arrow component 7jx : X2 =
X7 — X is the identity 1-cell on Xj.
We have pullback squares in Cat(€) and £ respectively:

3 PX 2 X, Pz X,
qx\L \LCX and qm\L \Lcw
X2 — X Xy ———>Xo
X x

Having chosen that X2 = X, (dx)o = da, (cx)o = ¢, it follows, by the pointwise nature of pullbacks in
Cat(€), that we may specify that X3 = X, (px)o = p.» and that (¢x)o = ¢.. In other words the image of
the square on the left under ob : UCat(E) — & is precisely the square on the right. We henceforth suppose
that these choices have been made for A’ : Cat(€) — Cat(UCat(E)).

Lemma 3.31. 1. The 2-functor:

A, t at(o
Cat(&) — s CatUCat(€)) —M) s Car(€)
is the identity.

2. Consider F': A—B € Catpl, and C € Rep. The composite 2-cells in Rep:

’
Cat(A)

A
(1) Cat(A) ——— Cat(UCat(A))
Cat(F)l VAGasr \LCat(L{Cat(F))

Cat(B)

Cat(B)

Cat(obun)

and

’

2) c 2. catuc)
A/C J{ ‘U’A/A:j \LCat(UA&)
Cat(UC) — Cat(UCat(UC))

Acatwue) at(obuc)

Cat(UC)
are identity 2-cells.
Proof. 1. The image of an internal category X in £ under the 2-functor:

’Cat(S) Cat(obg)
_—

Cat(€) —SO L CatUCat(€)) Cat(€)
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is the internal category on the left below:

(px)o (dx)o Pz de
X& —(mx)o—>= XZ <—(ix)o Xo which equals: Xy —(mx)o—= X1 =—(ix)o Xo
(ax)o (ex)o Qe Ca

by Remark 3.30. To show that Cat(obg)A’ is the identity on objects it suffices then to show that
(ix)o = iz and (mx)o = m,. The morphism ix : X —= X2 is, as described in Example 3.8, the unique
such arrow which yields the identity 2-cell on X upon postcomposition with the universal 2-cell nx.
The arrow component of the internal natural transformation nx o iy is the 1-cell:

(iX)O 2 nx

Xo X3 X,

whilst the identity natural transformation on X has arrow component X X 1. Since 7x is, by
Remark 3.30, the identity on X; we therefore have (ix)o = ..
As described in Example 3.8 my : X3 — X2 is the unique such 1-cell such that:

dx
d X2
- A
X8 — x2 U,nx X = Xx3 dcx X
S~ T N X/7
ox ax Y2 {Jnx

The internal natural transformation on the left has arrow component 77x (mx )o : Xo—X; which equals
(mx)o : Xo—=X; since 7jx is the identity on X;. The top and bottom internal natural transformations
on the right hand side nxpx and nxgx respectively have arrow components p, : Xo — X; and
qr : X2 — X1 using the fact that 7x is the identity on X; again, and that px and ¢x respectively
have object maps p, and ¢,. The vertical composite of these internal natural transformations is then

the arrow:
(p;n yqx ) Lz

X Xo

X1

where (py, ¢.) : Xo — X is the unique arrow into the pullback X5 induced by the commutativity of
CxPr = dzqy. As p; and ¢, are the projections from the pullback X5 this of course implies (p,,q.) :
X5 — X5 is the identity on X5 so that the arrow component of the internal natural transformation
for the pasting diagram on the right is just m, : Xo— X;. Equating the two above diagrams we then
have (mx)o : Xo — X1 = m, : Xo —= X;. This shows that Cat(obg)A’ is the identity on objects.
Given an internal functor f : X —=Y consider its image under A’:

pPx dx

X3 —mx3> X2 <—ix— X

qax cx
lfa iﬁ lf
PY dy

Y3 o y2=iv—Y
qy Cy

We need to show that f2 = f; and f& = fo. The l-cell f2 is the unique one such that ny f2 = fnx.
Taking arrow components of these internal natural transformations gives the equation 7y f2 = fi7x.
Since both fx and 7y are identities we obtain f& = fi;. Now f3 is the unique arrow such that
py f2 = f?px and gy f2 = f2qx. Taking the corresponding object maps we obtain p, f& = fip, and
4y f8 = f1g.. But p, and g, are themselves pullback projections and f> is the unique map satisfying
these equations; thus f& = fo.
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Given an internal natural transformation 0 : f=>g of Cat(€)(X,Y) the internal natural transformation
A'(0) in Cat(UCat(E)) has arrow component A’(f) : X —=Y? the unique internal functor such that

ny A’(6) = 0. Taking arrow components of these internal natural transformations gives 7y A’(6), = 6.
As 7y is the identity this gives A’(f), = 6 so that A’(6) = 6 as required.

. We will first prove the following claim which we will show subsumes the claims that the 2-cells (1) and
(2) above are identites.

e Consider a 2-functor F': C — Cat(E) of Rep. Given A of C consider the corresponding internal
category in C:

Pa da
A'(A) = A3 —ma—> A2 <—i, A
da Ca

with universal 2-cell 7, : d, =>c,. Suppose that, for each A € C we have the equality in &:

(F'pa)o (Fda)o PFa dra
(FA3)0 (FAz)O (FA)O = (FA)2 (FA)l (FA)O
(Fqa)o (Fea)o qFa CFa

and that the arrow component Fn, : (FA%)g = FA; — FA; is the identity on FA;. Then the
2-cell Cat(obg)A’r is an identity.

For consider the component of A% at A, the internal functor in Cat(UCat(£)) as described in
Proposition 3.27:

Fp, Fd,
(1) F(A3) =Fma—~= F(A?) =Fia—— FA

Fqq, Fe,
ikz lkl :

5 PFa ) d-Fa.
(FA)? —mras (FA)? <—ira FA

dFa CFa

where k1 : F(A2) — (FA)? is the unique arrow of Cat(£) such that np.k; = Fn, and ks :
F(A3) — (FA)2 the unique arrow such that ki Fp, = proks and k1 Fq, = qraks. We need to
show that the object maps of the internal functors ki and ko are identities.

Equating arrow components of the internal natural transformations on either side of the equation
Nrak1 = Fn, gives Nra(k1)o = Fn,. Now by our choice of cotensors in Cat(€) we have Nz 4 is an
identity and by assumption Fn, is an identity too. Therefore (k)¢ is an identity.

Taking object components of the internal functors on either side of the equations: ki F'p, = proks
and k1 Fq, = qrok2 give, using our assumptions, the equation (prq)o(k2)o = (k1)o(Fpa)o =
(Fpa)o = (pra)o and similarly (¢rq)o(k2)o = (¢ra)o. But the pair (pra)o, (¢raq)o are themselves
the pullback projections of ¢g, and dp, and therefore jointly monic. This implies that (k2)g is an
identity.

In order to prove that the 2-cells (1) and (2) are identities it suffices to verify that the 2-functors
Cat(F) : Cat(A) — Cat(B) and A’ : C — Cat(UC) verify the above conditions.
With regards the first of these consider X € Cat(A). Then:

(Cat(F)X?)o = F(X2) = FX, = (Cat(F)X)3

where the first equation holds by the pointwise definition of Cat(F'), and the second and third hold
respectively by our choice of cotensors in Cat(A) and Cat(B). The internal natural transformation
nx : dx =>cx has arrow component 7x the identity on X;. Now Cat(F)nx = F7x by definition
of Cat(F) on 2-cells so that Cat(F)nx is an identity as required. Similarly we can use the pointwise
definition of Cat(F) and the choices of cotensor and pullbacks in Cat(A) and Cat(B) to deduce the
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other required conditions. Therefore Cat(obg)A
With regards A’ : C — Cat(UC) consider A € C and A'(A):

Pa da
A3 —ma—> A2 <—i, A
qa Cq

with universal 2-cell 7, : d, =>¢,. Then we have:

Cat(F) is an identity 2-cell as required.

(da)®
A2)3 _— A3
(Ca)3
A/(da) P2 liiqtﬁ Pa lll%
™ (da)?
A'(A2) |a'(m.) A(A) = (A%)2 ——= 42
~—— T (ca)z/
A(ea) d,2 i“caz A1l dal lca
/da

Clearly then A’(A?)y = A? whilst A/(1,) is the unique arrow A% — A2 such that 9,A/(n,) = 7,
namely the identity. It is straightforward to verify that A’ : C — Cat(UC) satisfies the remaining

conditions above and so Cat(obyc)A’y, is an identity 2-cell.
C

O

Definition 3.32. Consider 2-categories C and D and 2-functors F': C—=D, G : D—=C. We say F is the
left biadjoint 3 of G when there exist pseudonatural transformations € : FG=>1 and 7 : 1 =>GF, and
invertible modifications 6 : Ge o nG —= 1 and ¢ : 1z —=€F o F'np such that for all C € C and D € D the

2-cells:
1 1
W ﬂﬂ FGD @) GFC G \U,
1 [XeD5) €FGD X 2 y Fno ||Géc
Fnep / \ Gerc
FGD —— FGFGD eepﬂ D and C ”Wcﬂ GFGFC —— GFC

N e A
FGD GFC
1

are identities.
Theorem 3.33. We have a biadjunction:

u
Catpp e Rep
Cat(—)

with U : Rep — Catpy, the left biadjoint of Cat(—) : Catpp, —> Rep.

NGFC \Uﬂcc

1

Proof. We have already described the pseudonatural transformations A’ : 1ge, => Cat(U{—) and ob :
UCat(—) =>1cas,, the latter being indeed 2-natural. We need to describe invertible modifications

Cat(ob) o A’Cat(f) —>1lca(—y and 1y —>oby o UA'

3The general notion of biadjunction [51] involves pseudofunctors as opposed to 2-functors. However in the case of the present
biadjunction we have genuine 2-functors, and give the definition at this level of generality; the diagrams (1) and (2) simplifying

somewhat in the absence of pseudofunctoriality constraints.
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In fact we will see that Cat(ob) o A’Cat(_) = leai(—) and 1y = oby o UA' so that we may take the identity
modifications.

In Lemma 3.31(1) we proved that for each £& € Catpp, the composite 2-functor: Cat(obg) o A’Cat(g) :
Cat(E) — Cat(€) is the identity. To show that Cat(ob) o A’Cat(_) = lggi(—) it remains to show that
for F': A— B of Catp}, we have:

A/ t at( o
Cat(A) —" Y CatuCat(A)) C8L Cat(B) Cat(A) ! Cat(A)
Cat(F)l VA%t icm(ucm(m) lCat(F) = Cat(F)i icm(p)
Cat(B) Cat(UCat(B)) —— Cat(B) Cat(B) ! Cat(B)
Cat(5) Cat(obg)

which amounts to showing that the 2-cell C'at(obg) o A’Cat( P is an identity. We proved this to be the case

in Lemma 3.31(2).
Next we show that 1y = oby o UA’. Given a representable 2-category C and an arrow f : A—= B € C its
image under obyc o UAL is depicted below:

3

A3 B3
paH 9a Pbv qv
L e
A4f>B U(Ae) 2 B2 obyc A‘f>B

fie i

A~ B

Therefore for each representable 2-category C the composite obyc o UA is the identity on C. To show that
1y = oby o UA’ it remains to show that given F' : C — D of Rep we have the equality:

UA!
uc S UCaUC) 4~y uc ! uc
u}ri U,Z/{(A'F) lUCat(L{F) lu}v = uFJ/ \LUF
UD > UCat(UD) — UD UD ! UD
D obyp

This is clear from the description of A’ at an object A € C given in diagram (1) of the proof of Lemma
3.31(2).

Both modifications are consequently identities. We must show that the composite 2-cells (1) and (2) of
Definition 3.32 are identities. With regards (1) this is clear, since each modification component is an identity
and the counit is 2-natural. Consider diagram (2) of Definition 3.32. Since both modifications are identities
we need only show that given given C € Rep the 2-cell:

’

¢ L. catuce)
A’cl (A%, \LCat(MA'c)
Cat(UC) Cat(UCat(UC))

Cat(UC)

/

Cat(Uc) Cat(obuc)

is an identity. We proved this to be the case in Lemma 3.31(2). O
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Remark 3.34. It is worth remarking upon some other biadjunctions which follow from the above one and
their comonadic natures. These remarks will not be relevant anywhere else in this thesis and so we treat
them briefly. Let ® be a class of diagram types, small categories, containing at least the diagram shape for
pullbacks, namely the category consisting of a single opspan:

- —_ l./
Let CATg denote the 2-category of categories with ®-limits, functors which preserve ®-limits and all natural
transformations. Let 2-CATg denote the 2-category of 2-categories with conical ®-limits, now in the 2-

categorical sense, and cotensors with 2, whose morphisms are 2-functors preserving ®-limits and cotensors
with 2, and all 2-natural transformations. We have a biadjunction:

u
-~
CAT@ 1 Q—CAT‘;»
_—
Cat(—)

We have observed this in the minimal case where ¢ consists of just one category, the opspan above. Then
CATg = Catpp, and 2-CATg = Rep and we recover the biadjunction of Theorem 3.33. In order to establish
the more general case claimed here, observe firstly that if £ has ®-limits then so does Cat(£), pointwise,
together with cotensors with 2 as £ has pullbacks. If F' € CATs it preserves pullbacks and so Cat(F)
preserves cotensors with 2 as before, and preserves all ®-limits, these being pointwise. Thus Cat(F) €
2-CAT4 and we have obtain the 2-functor Cat(—) : CAT¢ — 2-CATg. Trivially we have the forgetful 2-
functor 2-CAT4—=CATg. Certainly each objects functor obg : UCat(E)—E preserves ®-limits, as they are
pointwise in Cat(€). By Proposition 3.25(3) the 2-functor Aj, : C—Cat(UC) preserves any limits that C has.
Consequently if C € 2-CAT¢ we have A}, € 2-CATg too and A’ restricts to a pseudonatural transformation
lo.cary => Cat(Ud—). Therefore all of the data for the biadjunction lifts to the present situation. The
equations for a biadjunction hold just as before so that indeed the biadjunction lifts as claimed.

One case of interest is when ® = {All finite categories}. Then the biadjunction becomes:

u
FinComp(CAT) L FinComp(2-CAT)
Cat(—)

where FinComp(CAT) and FinComp(2-CAT) are respectively the 2-categories whose objects are finitely
complete categories and finitely complete 2-categories. If we take ® = {All small categories} the biadjunction
similarly becomes:
u
Comp(CAT) 1 Comp(2-CAT)
Cat(—)

where Comp(CAT) and Comp(2-CAT) now have objects: small complete categories and 2-categories respec-
tively. Returning to the general biadjunction:

2
-
CAT@ 1 2—CATq>
_—
Cat(—)

we turn our attention to the comonadicity of ¢. In Theorem 3.6 of [41] the authors’ prove that a right
biadjoint 2-functor U : A—B is bicategorically monadic (meaning that 4 is biequivalent, via the canonical
comparison, to the 2-category Ps-T-Alg of pseudo-algebras for the induced pseudomonad) if U reflects adjoint
equivalences and if A has “pseudo-coequalizers of U-absolute codescent objects” and U preserves them.
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Their terminology “pseudo-coequalizer” does not mean a pseudo-colimit, but only a pseudo-colimit up to
equivalence, a bicolimit. In particular if A admits all bi-colimits and U preserves them, as well as reflecting
adjoint equivalences, then U will be bicategorically monadic. Dually if & : A— B is a left biadjoint 2-
functor, A has bilimits and U preserves these as well as reflecting adjoint equivalences then i/ is bicategorically
comonadic. Consider then the left biadjoint 2-functor U : 2-CAT 4 —=CAT4 of interest. It is straightforward
to verify directly that both 2-CAT¢ and CATg have pie-limits: products, inserters and equifiers, in each
case formed at the level of underlying categories. Therefore 2-CAT4 has all pie limits and U preserves them.
In particular U preserves all pseudo-limits, which are specific instances of pie limits, as described in [29].
As the pseudo-limit of a diagram is in particular its bilimit it follows that 2-CATg¢ has all bilimits and U
preserves them. In order to show that U reflects adjoint equivalences what we must show is that given
F: A—B € 2-CATg such that U(F) € CAT4 has a left adjoint equivalence inverse G, then G underlies a
2-functor H : B— A such that H is the left adjoint equivalence inverse of F' in 2-CAT¢ and indeed that
the data for the adjoint equivalence in 2-CATg lies, via U, precisely over the adjoint equivalence in CAT.
As F € 2-CATg preserves cotensors with 2, Proposition 3.1 of [8] ensures that such a left 2-adjoint H
does exist, living over the adjoint equivalence in the manner required. According to that result the natural
transformations constituting the unit and counit of the adjunction become the 2-natural transformation
of the adjunction between F' and H in 2-CAT. Thus the natural isomorphisms of the adjoint equivalence
between 2-natural isomorphisms and we have an adjoint equivalence in 2-CAT. Since any 2-equivalence
preserves all limits we see that H € 2-CATg as required. Therefore U reflects adjoint equivalences and the
forgetful 2-functor is bicategorically comonadic in the sense of [41].

3.3 Two sided discrete fibrations and cateads in representable 2-
categories

In this section we consider cateads in representable 2-categories, in particular showing that for a representable
2-category C the full sub 2-category of Cat(UC), Kat(C), containing the cateads in C is a representable 2-
category. Furthermore we extend this description to obtain an endo 2-functor Kat(—) : Rep — Rep by
restricting Cat(Ud—) : Rep — Rep. The distinction between cateads and internal categories is concerned
with two sided discrete fibrations; thus an understanding of two sided discrete fibrations in representable
2-categories will be of key importance to these results. In order to understand two sided discrete fibrations
in representable 2-categories we use comma objects. These exist in any representable 2-category.

Proposition 3.35. Any representable 2-category has comma objects. Consider 2-categories C and D with C
representable, and a 2-functor F' : C—"D which preserves cotensors with 2 and pullbacks. Then F' preserves
comma objects. In particular any morphism of Rep preserves comma objects.

Proof. Each representable 2-category C has cotensors with 2 and pullbacks. To prove the proposition it will
suffice to show that comma objects may be constructed from cotensors with 2 and pullbacks.
The following construction of the comma object f|g of an opspan in C:

¥

BT)O

via cotensors with 2 and pullbacks is standard knowledge in the case of Cat [42] and well known in an

67



arbitrary 2-category [48]. As indicated in the following diagram:

the comma object may be constructed by first forming C? with its universal 2-cell as in the bottom right
square. Then form the other three squares by pullback. The resulting projections and 2-cell then exhibit
flg as the comma object of the opspan, regardless of the order in which one forms pullbacks. O

Remark 3.36. Recall the definition of a two sided discrete fibration A%B in Cat given in Definition

2.71. The defining properties are unique p-lifts, unique g-lifts and the bimodule condition. It is well known
that given a 2-sided discrete fibration as above the functor p is a fibration and the functor ¢ an opfibration
[58]. An alternative description of two sided discrete fibrations in such terms, as presented in the next
proposition, will be convenient for our purposes.

Proposition 3.37. A span A%B in Cat is a two sided discrete fibration if and only if it has unique

p-lifts, unique ¢-lifts and moreover the p-lifts and ¢-lifts are respectively cartesian and opcartesian morphisms
for p and ¢ respectively. In particular p is then an opfibration and ¢ a fibration.

Proof. The forward implication is proven in Theorem 2.11 of [58]. Conversely suppose that the span has
unique p-lifts and g-lifts, and that these are respectively cartesian and opcartesian morphisms for the fibra-
tions p and ¢. We must show that the bimodule condition is satisfied. Given a morphism « : a —=b of A
consider the p-lift (pa)P : aP —b of the pair (pa : pa—pb,b). The image under p of the p-lift (pa)? : aP—=b
is precisely pa : pa—spb. Consequently, as the p-lift is a cartesian morphism, we have a unique factorisation
of a:a—b:

B
a—aP

x j((m)?

b

such that pg is the identity on pa. Now ¢(pa)? = 1,4, by the definition of p-lifts, so that taking the image of
the above triangle under ¢ we see ¢ = qa. Consequently 8 : a—aP is a ¢-lift of the pair (a, pa : pa—pbd)
and by assumption the unique such. Thus we necessarily have that 8 = (ga)?. Substituting (qa)? for g in
the above triangle now verifies the bimodule condition. O

Remark 3.38. We now use this second description of two sided discrete fibrations to give a “finite limit”
characterisation of such spans in a 2-category with sufficient limits. Firstly we recall a well known finite limit
characterisation of discrete fibrations and opfibrations; a special case of the more general characterisations
of fibrations and opfibrations of [48] and [22].

Given an arrow p : A— B of a 2-category with comma objects consider the comma objects Blp = 1g|p and
p|B = p|1p with their respective limiting cones:

Blp—— A p|B—— A
N N

p and P

B B
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Consider the cotensor A% and its universal 2-cell:
da
<7 TN
A2 A

\F/
The 2-cell pn, : pd, => pc, obtained by postcomposing n, by p induces, by the universal properties of the
comma objects B|p and p|B, a pair of 1-cells p, : A2 — B|p and p* : A2 —p|B which respectively recover
the 2-cell pn, upon postcomposition with the universal 2-cells exhibiting B|p and p|B as comma objects.
It is well known that the arrow p : A— B is a discrete fibration precisely when the induced 1-cell p, :
A? — B|p is an isomorphism, and a discrete opfibration precisely if the induced 1-cell p* : A2 —p|B is
an isomorphism. A useful and immediate consequence of this fact is that any comma object preserving

2-functor F': C—D from C a 2-category with comma objects preserves discrete fibrations and opfibrations.
We now consider the two sided analogue of this characterisation.

Remark 3.39. Consider the case of a span in a 2-category C:
A
RN
B C
If C has sufficient limits we may form the following diagram:

/ 1, I, \
B \ / ' C
\ 2 A% /
b / *\ Tc
B2~ P q Cc2
Blp q/C

(1)

in which the middle span (p2,¢?) : B2 — C? is obtained from the span (p,q) : B—C by taking cotensors
with 2. The morphisms i, and i, are respectively the unique ones with the property that postcomposition
with the universal 2-cells for B2 and C? yield identity 2-cells on B and C. Both squares are pullbacks. The
morphisms p, and ¢* are those constructed in Remark 3.38. In that Remark we noted that p is a discrete
fibration if and only if p, is an isomorphism, and that ¢ is an opfibration if and only if ¢* is an isomorphism.
One can then see the relationship with the characterisation of the next proposition.

Proposition 3.40. Suppose that (p,q) : B—C is a span in a 2-category C and that C is sufficiently
complete so as to admit the construction of diagram (1) of Remark 3.39. Then the span (p, ¢) is a two sided
discrete fibration in C if and only the composite 1-cells:
Lq 2 D«

I,—= A*—=B]Jp
and

I, Ey'L LN q|C
are both isomorphisms.

Proof. By definition the span (p,q) is a 2-sided discrete fibration if and only if for each object D of C the
image in Cat of the span under C(D,—), (C(D,p),C(D,q)), is a two sided discrete fibration in Cat. As
C(D, —) preserves all limits that exist in C the image of the composite:

I, A2 Blp
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is:

Le(D,q) C(D,p)«
_—

¢(D, A)? C(D, B)|C(D,p)

the functor obtained via the same construction applied to the span in Cat. The representables C(D, —)
jointly reflect isomorphisms. Consequently the composite in C is an isomorphism if and only if this functor
in Cat is one. Similarly the second composite in C is an isomorphism if and only:

Ie(p,g)

Lle(D,p) )

C(D,
Ie(py) —2" (D, A)? ——" (D, q)|C(D,C)

is an isomorphism. Therefore it suffices to verify the proposition when C =Cat. Suppose that this is the
case. I, is then the full subcategory of the arrow category A2 with objects: morphisms a : a; —as € A
such that go is an identity arrow. In other words the objects of I, are precisely p-lifts; a : a1 —>a32 is a
p-lift of (pa : pa; —=pas, as).

The comma object B|p is the comma category with objects: pairs (« : b— pa, a) and morphisms: pairs of
arrows, one each in A and B, as in the following diagram:

such that the square is commutative. The functor p.iq : I —> B|p acts on objects by sending a p-lift
a:a—>=bto (pa: pa—pb,b) with the evident action on morphisms. Consequently we have unique p-lifts
if and only pstq : I, — B|p is bijective on objects.

We now show that each p-lift is a cartesian morphism for p if and only if p.¢y : I, — Blp is fully faithful.
Suppose firstly that each p-lift is cartesian. Then consider a pair of p-lifts a : a; —> a9 and 3 : by — by in
I, and a morphism:

(p(az) 2 p(az),az)

e
(p(b1) —p(b2),b2)

between their respective images in B|p. As [ : by — by is a cartesian morphism there exists a unique 1-cell
r’ : a3 — by such that pr’ = r and such that:

’ a1
o
b1 ? b2

commutes. This shows that the commutative square:

(e}
a1 — az

b1 73>b2

is the unique morphism in I, with image under p.t, the above morphism (r,s) in Blp. Thus p., is fully
faithful.

Conversely suppose p.tq is fully faithful and let a : a1 —= a2 € I;. We must show this p-lift is a cartesian
morphism for p. Consider a morphism 3 : b—as whose image in B factors through pa:

p(b)
o

p(a1) 7% p(az)

70



via some arrow 7 : p(b) —= p(a;1). This corresponds to a morphism of B|p:

(p(b) ——= p(b), b)

sl

(p(ar) — p(az),a2)

The element (1 : p(b) —p(b), b) of B|p is the image under p,i, of 1 : b—=b € I,. By fully faithfulness this
arrow in Blp has a unique preimage:

b—sb

i

ay — 7> a2

in I,. The arrow ' : b—a; is therefore the unique one satisfying ar’ = § and pr’ = r. Thus the p-lift
« : a; —=as is indeed cartesian.

Consequently unique p-lifts exist and are cartesian for p if and only if p.¢q : I, — B|p is both bijective on
objects and fully faithful; an isomorphism of categories.

In a dual manner we can show that g*¢, is an isomorphism if and only unique g¢-lifts exist and are opcartesian
for q. O

Corollary 3.41. Let C be a representable 2-category.

1. Let F': C—D be a 2-functor which preserves cotensors with 2 and pullbacks. Then F' preserves two
sided discrete fibrations. In particular any morphism of Rep preserves two sided discrete fibrations.

2. Consider a family {F;};cr : C — D of 2-functors which preserve cotensors with 2 and pullbacks. If
they jointly reflect isomorphisms then they jointly reflect two sided discrete fibrations.

Proof. 1. Consider the span (p,q) : B— C in C of Proposition 3.40. Since C is representable it has
sufficient limits (comma objects and pullbacks) to construct the morphisms p.¢y : I, — Blp and
q*ip : I,—>q|C. Now F preserves pullbacks and cotensors with 2 and so comma objects by Proposition
3.35. Therefore F' preserves the construction of the two maps in question. In other words their
respective images under F' are the maps (F'p)«t(pq) : I(rqy—>=FB|Fp and (Fq)*t(pp) : I(ppy—=Fq|FC
corresponding to the span (Fp, Fq) in D. Since any 2-functor preserves isomorphisms both of these
maps are isomorphisms. Therefore by Proposition 3.40 the span (Fp, Fq) is a 2-sided discrete fibration
in D.

2. By the first part of the proposition each F; : C —D preserves two sided discrete fibrations. As these
are characterised by certain maps being isomorphisms any such family jointly reflects two sided discrete
fibrations.

O

Definition 3.42. Let C be a representable 2-category. Recall that Kat(C) is the full sub 2-category of
Cat(UC) whose objects are the cateads in C. We denote the inclusion by jc : Kat(C) — Cat(UC).

Example 3.43. Any category £ may be viewed as a locally discrete 2-category. As all 2-cells are identities
any span in £ is trivially a two sided discrete fibration. Consequently a catead in £ is just an internal
category in € so that Kat(€) = Cat(€).

Proposition 3.44. Let C be a representable 2-category. Then Kat(C) is a representable 2-category and the
inclusion j. : Kat(C) — Cat(UC) a morphism of Rep. In other words Kat(C) is closed in Cat(UC) under
pullbacks and cotensors with 2.
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Proof. Firstly consider the case of pullbacks. Consider a pullback diagram in Cat(UC):

P—X

I

Y —Z

with each of X, Y and Z cateads. The internal category P is a catead precisely if its domain and codomain
maps dy, ¢, : Py —Z P form a two sided discrete fibration in C. As pullbacks in Cat(UC) are pointwise in
C it suffices therefore to verify that two sided discrete fibrations commute with pullbacks in C. As C is a
representable 2-category, two sided discrete fibrations in C are characterised in terms of limits (Proposition
3.40). As limits commute with limits in any 2-category, it follows that pullbacks commute with two sided
discrete fibrations in C and therefore P is a catead if each of X, Y and Z are cateads. Consequently Kat(C)
is closed in Cat(UC) under pullbacks.

Consider a catead X € Kat(C) and its cotensor with 2, X2 in Cat(UC). We must show that X2 is a catead,
which is to say, that the domain and codomain maps dz,c : X2 —2 X2 form a two sided discrete fibration
in C. This is, by definition, the case if for each A € C the functors C(A,d2),C(A, c2) : C(A, X2)—=C(A, X&)
form a two sided discrete fibration in Cat. Now the representable C(A, —) : C—>Cat is a morphism of Rep so
that we have the morphism of Rep: Cat(UC(A, —)) : Cat(UC) — Cat(UCat) and the above pair of functors
are precisely the domain and codomain maps of the internal category in Cat, Cat(UC(A, —))X? which we
write as Cat(UC(A, X?)). Since Cat(UC(A, —)) : Cat(UC)—=Cat(UCat) acts as C(A, —) pointwise, it takes
cateads in C to cateads in Cat, so that Cat(UC(A, X)) is a catead in Cat. Furthermore, being a morphism
of Rep it preserves cotensors with 2 so that Cat(UC(A, X?)) = Cat(UC(A, X))2. Consequently it suffices to
verify that Kat(Cat) is closed in Cat(UCat) under cotensors with 2.

In the case of Cat each catead is a higher kernel by Proposition 2.83. Suppose then that X is the higher
kernel:

P d
IS =m= flf =—— A

of some functor f: A— B in Cat and let the 2-cell:
Ay

fIf

7
B
AN

{n
7

A

be the one exhibiting f|f as the comma object of f. The universal property of the arrow category B? uniquely

induces a functor k : f|f —= B2 defined on objects of f|f by k(a,a : fa— fb,b) = (o : fa— fb). Using

the explicit construction of cotensors with 2 in Cat(U/Cat) described in Proposition 3.19 it is straightforward

to check that X?2 is the higher kernel of k : f|f —= B?, and therefore a catead. Therefore Kat(C) is closed
in Cat(UC) under cotensors with 2. O

Proposition 3.45. 1. We have a 2-functor Kat(—) : Rep—=Rep defined in such a manner that the inclu-
sions je : Kat(C)—=Cat(UC) are the components of a 2-natural transformation j : Kat(—)=Cat(U—).

2. Each 2-functor A" : C—=Cat(UC) takes its image in Kat(C). Let AAC : C—=Kat(C) denote the resulting
factored 2-functor, so that we have jeA¢ = Aj. The components A become the arrow components of a
pseudonatural transformation A : 1gep=>Kat(—) so that we have a factorisation of the pseudonatural
transformation A’:

1Rep :A> Kat(—)

SN b

Cat(U—)
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Proof. 1. Any morphism of Rep preserves discrete fibrations by Corollary 3.41(1); thus given F' : C—D of
Rep the 2-functor Cat(UF') : Cat(UC)—=Cat(UD) restricts to a 2-functor Kat(F') : Kat(C)—=Kat(D)
so that we have a commuting square:

Je

Kat(C) Cat(UC)
Kat(F)i J{Cat(UF)
Kat(D) ; Cat(UD)

As Kat(C) is a full sub(2)category of Cat(UC) the extension of Kat(—) to 2-cells of Rep is clear, as
furthermore is the 2-naturality of the components j..

2. As observed in Example 3.10 each internal category in the image of A’ : C — Cat(UC) is a catead
so that A} factors through the full sub 2-category Kat(C) to give a 2-functor Ac : C — Kat(C)
as described in the statement of this proposition. This 2-functor is indeed a morphism of Rep since
Kat(C) is closed in Cat(UC) under cotensors with 2 and pullbacks by Proposition 3.44. As Kat(C)
is a full sub 2-category of C'at(UC) the pseudonaturality components evidently restrict too, and so A

becomes a pseudonatural transformation with jA = A’.
O

Lemma 3.46. Let C be a representable 2-category and consider f : X —= A(A) € Kat(C). Consider the
diagram below:

X1 - = Xo
| x 0 i/fo
Cg A2 *>A

The following are equivalent.
1. f is fully faithful.
2. The comma cone (X1, dy, 7.1, ¢:) exhibits X; as the comma object of fy.
3. The comma cone (X1, dy, naf1, ) exhibits X as the higher kernel of fj.

Proof. (1 < 2) As Kat(C) is a full sub 2-category of Cat(UC) f is fully faithful in Kat(C) if and only if
it is fully faithful in Cat(UC). Suppose then that f is fully faithful. By Proposition 2.59 f is fully faithful
precisely if the triple of maps (d, f1,¢,) exhibits X; as the limit of the double opspan in the centre of the
diagram (as described in Definition 2.55). But the limit of that diagram is equally the triple pullback of
Proposition 3.35 and thus the comma cone (X1, dx, 0o f1, ¢) exhibits X; as the comma object of fj.
Conversely suppose that X is the comma object. We must check that the triple (d,, f1, ¢,;) exhibits X5 as the
limit of the double opspan. Given then an object B and a triple of maps (7 : B—=Xg, s : B—=A2t : B—=X)
constituting a cone to the double opspan we must factor them uniquely through X;. This triple corresponds
uniquely to the triple (r, 7,8 : fr==ft,t) by the universal property of A2. By the universal property of the
comma object we then obtain a unique arrow h : B — X such that d,h = 7, n,f1h = 1,5 and c h = t.
By the universal property of A2 it follows then that fih = s so that we have the required factorisation. If
another factorisation hs existed then we would have d he = d;h, c,ho = c,h and 1, f1h = 1, f1he but then
we would have h = hy by the universal property of the comma object. Therefore the factorisation h is the
unique such. The two dimensional universal property of the limit is straightforward to verify.

(2 <= 3) By definition (3) implies (2) so that it suffices now to show, assuming (2), that X is the higher
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kernel of fy. It remains to verify that the structure maps m, and i, for X are those specified in the
construction of the higher kernel. In particular we must show that (7,f1)i, = 17,. By definition of i, we
have 7%, = 1. Therefore (74f1)iz = Nalefo = 1y,. Similar reason shows that m, is the correct structure
map. Thus (2) implies (3). O

Proposition 3.47. Let C be a representable 2-category. The 2-functor A C— Kat(C) has a left 2-adjoint
if and only if C has codescent objects of cateads. Furthermore cateads are effective in C precisely when the
unit of the adjunction is pointwise fully faithful.

Proof. The 2-functor Aisa morphism of Rep. In particular it preserve cotensors with 2. By Proposition 3.1
of [8] it consequently has a left 2-adjoint if and only if its underlying functor has a left adjoint. We saw in
Corollary 3.11 that its underlying functor has a left adjoint if and only if C has codescent objects of cateads.
This completes the first part of the result. Suppose then that we have a 2-adjunction:

Q
C L Kat(C)
A

Given a catead X consider the unit at X, an internal functor: f : X —= AQ(X):

X2 i> QX3 Xo )
il N
Pa Ma G pPQx qQx N :

¢ f1 /dg\ \ dox \Lfo
(1) X3 —QXx? (2) X; ‘>QX2 {rex QX (3) e 0xX2% QX
dy \Lﬁlcap dox iT\LcQX / CQX\L WQXL// \Ll
e . b b

Xo 777 QX fo 1

Then QX is the codescent object of X with codescent morphism fy : Xg —= QX and exhibiting 2-cell as
in diagram (2). To say that cateads are effective is to say that for each X the comma cone of diagram (2)
exhibits X; as the comma object of the codescent morphism fy : Xo —=@QX. The third diagram equals the
second and so it follows from Lemma 3.46 that this is the case precisely if f is fully faithful. O

Notation 3.48. We will abbreviate the 2-functors Kat(—) : Rep : —Rep and Cat(—) : Catp, —Rep as
K : Rep —Rep and C' : Cat,, — Rep where expedient.

Remark 3.49. In Proposition 3.45 we defined K : Rep — Rep by factoring A’ : 1ge, = CU through its
image; thus obtaining a 2-functor K and a factorisation of A’ as:

lpep =2 K =25 CU

with j 2-natural. Since for each A € Rep the inclusion j 4 : K A—=CU A exhibits A as closed under cotensors
with 2 and pullbacks (by Proposition 3.44) we may define the component A% , : K A—CU.A by restricting
Aryya i CUA— CUCUA so that we have a commutative diagram:

’

KA CUK A
ul A =1 lcuu
CUA CUCUA

CUA

We suppose in what follows that this choice has been made. Upon this choice being made the following
equalities are easily seen to hold, and are direct consequences of the equalities of Lemma 3.31.
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Lemma 3.50. 1. For a representable 2-category A we have the equality:

KA RRA-TAS cuk A= cucuA -S4 cuA = KA—2-cuA
2. Consider F': A—B € Rep. The composite 2-cells in Rep:
Aka
1) KA KKA
KFJ/ JAkr iKKF
KB———F> KKB , CUKB———— CUCUB ————— CUB
Akg JKB CUjs Cobun
and
A
2) A = KA
AAl ‘U’AAA lKAA
KA - KKA , CUKA ; CUCUA ————CUA
Axa JKA CUja Cobya
are identity 2-cells.
Proof. 1. We have a commuting diagram:
A j CUj Cob
KA WCUKA — A cucUA - cua
~_ N S
ja

CUA

the top left triangle commuting as jA = A’. The centre square commutes by Remark 3.49. The
rightmost triangle commutes by Lemma 3.31 Part 1.

2. We have jo A = A’ so that the composite (1) equals the left composite below:

A cuj j A
KA —"% cuK A% cucuA KA—"2> CUAA cucuA
KFi A% lCUKF J/cuch = KF\L CZ/{F\L Jatur J(CMCUF
KB - C’Z/lKBCT> CUCUB —— CUB KB - CUB — CUCUB —— CUB
%8B iB Cobys JB cus Cobus

Now consider the component of A’ at the arrow CUF o j4 = jgo KF : KA— CUB. We have
Atyroj, = Aoyriao CUCUFA), = Ay pja. The first equation is by pseudonaturality of A’. The
second uses the fact that A}  is an identity 2-cell, as described in Remark 3.49. Similarly we have
Al oxr = AL KFoCUjpAp = CUjpAlp, this time using that A’ is an identity 2-cell. Therefore
the composite 2-cell on the left above equals that on the right. Now Coby Ay, is an identity 2-cell
by Lemma 3.31 Part 2.
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Using that j o A = A’ we see that the composite (2) equals the left hand side below:

Na Al
A——CUA A CUA
AAl V25, lcum = A’/«l A%, lcm;\
KA—— CUKA ——> CUCUA —— CUA CUA — CUCUA —— CUA
Al CUja Cobya Atya Coby 4
k /’CMA
CUA

Observe the lower square on the left hand side composite above. This is the component of A’ at ja
which is an identity by Remark 3.49. Therefore we may compose these pseudonaturality components
to obtain A'A;‘ since A’y = j4 0 A 4. Consequently the left hand side equals the right hand side. The
right hand composite is an identity by Lemma 3.31 Part 2.

O

Remark 3.51. In Section 4 of this chapter we will construct the left adjoint of Proposition 3.47 above in
the case C = Cat(€) for a category £ with pullbacks and prove the unit is pointwise fully faithful as claimed.
Since this will involve consideration of fully faithful morphisms in representable 2-categories, specifically
Kat(Cat(€)), it will be useful to have a finite limit characterisation of fully faithful morphisms in such
2-categories, which we provide in the following proposition and its corollary.

Proposition 3.52. Let C be a 2-category and f : A— B an arrow of C. Suppose that the comma object
flf and cotensor with 2, A2 exist. Consider as below the universal cone for the comma object, and the
universal 2-cell for A% postcomposed with f:

i, s da
17N P ;

filf  n B and A2 e A——B
DN s A7 ~—"

By the universal property of f|f there exists a unique 1-cell: k : A2 — f|f such that: d, = dok, c, =cok
and nok = fon,.
The morphism k : A2 — f|f is an isomorphism if and only if f : A— B is fully faithful.

Proof. The notion of fully faithful arrow is representable so that it suffices, as for the case of two sided
discrete fibrations described in detail in Proposition 3.40, to verify the claim in the case of Cat.
In the case of Cat the morphism k : A2— f|f acts on an object of A% by k(o : a—=b) = (a, fa : fa—fb,b)
and on an arrow by:

a

c

Now k is clearly bijective on objects if and only if f is fully faithful. If k£ is an isomorphism it is certainly
bijective on objects so that f is fully faithful. Conversely if f is fully faithful then k is bijective on objects.
Certainly, as is clear from the above diagram, k is always faithful. Furthermore given a morphism of f|f as
on the right above we have f(so«a) = fao fs= fBo fr = f(for) so that by faithfulness of f the square
on the left commutes and k is full. Thus k is an isomorphism. O

e« . . (a, fa&fb, b)
P T‘\L \Lfr /s fsi/ sl/
(C’ f0*>fd7 d)

B ——

B

Q=<—
»

Corollary 3.53. Let C be a 2-category with comma objects.

1. Let F : C— D be a comma object preserving 2-functor. Then F' preserves fully faithful arrows. In
particular every morphism of Rep preserves fully faithful arrows.
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2. Consider a family {F;};c; : C — D of comma object preserving 2-functors. If they jointly reflect
isomorphisms then they jointly reflect fully faithful arrows.

Proof. The details here are essentially the same as for the case of two sided discrete fibrations described in
more detail, in Corollary 3.41.

1. Having characterised fully faithful arrows in terms of comma objects (bearing in mind that cotensors
with 2 are comma objects) it is clear that if C has comma objects the above characterisation applies,
and furthermore that any comma object preserving 2-functor preserves fully faithfuls.

2. By the first part of the proposition each F; : C — D preserves fully faithful arrows. As fully faithful
arrows are characterised by certain maps being isomorphisms any such family jointly reflects fully
faithfulness.

O

3.4 Cateads effective in Cat(E)

In the preceding section we proved that Kat(—) : Rep—=Rep is a 2-functor and exhibited the pseudonatural
transformation A : 1 => Kat. The main work of this section is to prove that we have a 2-adjunction:

Q
Cat(€) L Kat(Cat(€))
A

whenever £ is a category with pullbacks. The left 2-adjoint will be the composite:

Jcat(e) Cat(obg)

Kat(Cat(E)) Cat(UCat(€)) Cat(€)

It is clear, and will be justified again, that precomposing this 2-functor by A gives the identity on Cat(&);
thus we need only construct the unit of the adjunction and verify the triangle equations. Essentially three
steps are required to achieve this goal and we begin with a summary of those steps.

1. For each representable 2-category A we prove that UA : UA—=UK A, is the left adjoint of the objects
functor, which assigns to a catead X its object of objects Xy (Proposition 3.60).

2. This enables us to construct a modification:

satisfying certain special properties (Proposition 3.63).

3. We use the modification to the construct the unit of the adjunction. We then apply a straightforward
analogue (Proposition 3.58) of the most basic result of the theory of KZ-doctrines [32], Proposition
3.56, to deduce the triangle equations.

As the approach is based on an idea from the theory of KZ-doctrines we begin by describing what this is,
thereafter proceeding in the order described.

Remark 3.54. There are several notions of KZ-doctrine, allowing varying degrees of pseudonaturality.
There is the notion introduced by Kock [32] and the weaker KZ-doctrines of Marmolejo [43]. The present
situation will not fit into either framework exactly, and though related to both, is most easily seen to be
related to the KZ-doctrines of Kock. We begin by recalling the relevant definition of KZ-doctrine and the
most basic result about them.
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Definition 3.55. A KZ-doctrine [32] on a 2-category C consists of a 2-functor T : C — C, 2-natural
transformations y : 1 =>T and m : T? =>T, and a modification:

Ty
T
T Ir 12
\w/
yT
satisfying the following axioms:
1. moTy=moyT = 1.
2. For each A of C the 2-cell:
Tya A—">1A
YA TN . .
A TA Jra T24 equals the identity 2-cell: ya Tya
\_‘_'/
Yyra
TA wra T2A
3. For each A of C the 2-cells:
Tya Tya
T ma T Tma ma
TA ra 124——TA and TA JrAra T2A TA A
SN~ T S~ T
YT A YyrA
are identities.
The basic result about KZ-doctrines is:
Proposition 3.56. For each A of C we have an adjunction:
ma
- mA
TA L T24
—_—
YyrA
with identity counit.
Proof. See [32]. O

Remark 3.57. In the present case the 2-functor of interest is K : Rep —Rep. We have already described
a pseudonatural transformation A : 1 => K but will not give a transformation K? => K. We do however
have, for each category £ with pullbacks, the composite morphism of Rep:

KCE 5 cuce %5 ce

which we will prove to be the left adjoint of Acg : CE —=KCE. The appropriate context for proving that
this is the left adjoint is described in the following proposition.

Proposition 3.58. Consider a 2-category C, a 2-functor T : C — C equipped with a pseudonatural trans-
formation y : 1 =>T and modification:
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such that for each A of C we have:

Tya A—">TA
ya ST
A TA ‘U')‘A T2 A = yAlyyA\U, lTyA
S~ T
YrA TA ﬁ T2A

Consider a morphism k : TA—s A which satisfies the following equations:
1. k oy, is the identity on A.
2. The 2-cell:
Tya

e Tk k
TA raT2A TA A
S~ 7

YT A

is an identity.

3. The 2-cell:
TA =124
kl k) lTk

A?TAT)A

is an identity.

Then we have an adjunction
k

with identity counit, and unit given by:

Tya
TA ra 724 BT TA
\j /4
A yra ‘U’yk
A ya

Proof. By assumption (1) we have koys = 14 and so take the counit to be the identity. In order to verify
the triangle equations for the adjunction it now suffices to show that the above 2-cell, the proposed unit,
becomes an identity 2-cell upon precomposition with y4 : A—=T A and postcomposition with k : TA— A.

Consider firstly the case of postcomposition with k : TA—s A. This gives the 2-cell:

Tya
TN
TA ra T24 Th TA . A
\/ 7’
. YT A ‘U’yk
A YA
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which is clearly an identity since k oy is an identity 2-cell by (3) and koTko A4 is an identity 2-cell by (2).
Precomposition of the unit with y4 yields

1 A—">TA
TyA yAl Yual) \LT?M A — s TA
A oA TA \U)\A T2A T TA = TA oA T2 A = kya l yk‘yA\U/ lT(kyA)

\-/ TA
/ ki ) iTk: A—p>TA
A T>TA

the first equality holding since Aq o y4 = y,, by assumption. The second equation holds as y is a pseudo-
natural transformation. As k oy, is the identity on A, we have that yx,, = y1,. This is an identity as y is
pseudonatural; thus the final 2-cell above is an identity. O

Remark 3.59. In order to apply Proposition 3.58 we must construct a suitable modification:

The existence of such a modification will follow from the following result of [10].
Proposition 3.60 (Bourn, Penon). 1. Given a 2-category A € Rep the functor underlying A, UA :
UA—UKA, is the left adjoint of the objects functor, the composite:

UK A UCUA A 1 A

Furthermore the adjunction lies in Catpy,.

2. Given A and B of Rep denote the respective counits of the adjunction of the previous part by €4 and
eg. Given a 2-functor F' : A— B of Rep we have the equality:

UA
ObuAZx{/ \ OW ‘ XAA
UFr
UK A - UK A UK A ¢ udrl UK A
Z/{KF\L luKF = l OW UAg lL{KF
UKB L UKB UKB UKB

Remark 3.61. Before proving this proposition we observe that it is a generalisation of a better known
adjunction. As described in Example 3.43 if we view a category £ as a locally discrete 2-category then
Kat(€) = Cat(€). If £ has pullbacks then it becomes a representable 2-category: we have A2 = A for A € £
since all 2-cells are identites. Then UA’ : £ —UK at(E) = UCat(E) becomes the functor which assigns to
an object A € £ the canonical “discrete internal category” upon it:

1 1
—_— —_—
ASIEA=IZA

The right adjoint proposed in Proposition 3.60 is just the objects functor: obg : UCat(E) —=E. In this case
the adjunction is well known and easily verified.
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Proof. 1. For the purposes of the first part of this proposition only, we denote the composite oby4U7j 4 :
UK A—UA simply by ob : UK A—UA. Given a catead X we have ob(X) = X and given f : X—Y
of UK A we have ob(f) = fo: Xo—=Yp. Given f: A— B of A we have A(f)o = f; thus we certainly
have 1y 4 = obold A. We therefore take the unit of the adjunction to be the identity, so that it suffices
to describe the counit € : UA 0 ob=>1yx 4 and verify the triangle equations. As the unit is the identity
these reduce to oboe =1 and €3 = 1.

Given a catead X we need to describe an internal functor (e;) : A(Xy) —= X of UKat(A). Since
A(Xg)o = Xo we take this to be the identity on objects: (ey)o = lx,. Thus we will describe an
identity on objects internal functor:

(ex)2
(Xo0)® X
pl’fblq pml”mlq»t
(ex)1=¢€x ¢
(Xo0)? Xy

where we simply write p,q,... for the defining arrows of the catead A(XO) to avoid confusion. To
give the data for an internal functor it then remains to define the arrow map (ex); = €,. In order to
construct this map we consider the universal 2-cell 1 : d => ¢ exhibiting (X()? as the cotensor of Xj
with 2. This equals the composite:

d

P XL X,

N

Using the lifting property of the fibration d, there exists a unique d,-lift (e,, 6):

€x

TN

(X0)? Yo Xu
~_ 7

izC

such that postcomposition with d, yields the original 2-cell n and such that postcomposition with ¢,
gives an identity 2-cell. In particular we then have d, o€, = d and ¢, o€, = ¢, 04, 0o c = c. In the
diagram of the internal functor above we have thus constructed the 1-cell €, and shown that we have
a morphism of the underlying graphs.

We will show that we have a morphism of reflexive graphs by showing the 2-cell 6 o i is an identity;
its domain and codomain €, o4 and i, o c o4 = i, will then agree. In order to verify that 6 o7 is an
identity it suffices to show that it becomes one upon postcomposition with each of d, and ¢, since two
sided discrete fibrations reflect identities (Proposition 2.76). Now certainly postcomposition with ¢,
gives an identity since ¢, o 6 is an identity 2-cell. Postcomposition with d, gives d, o8 o¢ = n o which
is an identity by definition of . Therefore we have a reflexive graph morphism.

The morphism of graphs induces the canonical arrow (e,p, €.q) : (Xo)® —= Xo into the pullback X:
the unique one which becomes €,p and €,q upon postcomposition with p, and g, respectively so that
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this of course must equal (e,)2. It remains to show that the square:

(X0)3 (expr€2q) X2

n e

(Xo)2 —— Xi

commutes. We will show they are both equally the unique lifting of a certain 2-cell along the 2-sided
discrete fibration. We now go about constructing the requisite 2-cells to witness the claim. Consider
the two cells:

(Xo)" = (Xo)? == Xy (Xo)* * (Xo)2 —— X,
(1) ql d C\L y and (2) C\\U/QZT
PN p XO
(X0)? Y Xo ’
~ T

c

Postcomposing the left 2-cell with ¢, : X1 — X yields 7o ¢ since ¢, 00 is an identity 2-cell. Postcom-
posing the right 2-cell with d, : X; — X equally gives 7 o ¢, since d, o § = 1. By the 2-dimensional
aspect of the universal property of the pullback:

Xy —> X,

1) e

X1 T>X0

we obtain a unique 2-cell:

XS’ xUAﬁ X5
(izcq,izcq)

such that postcomposition with p, and g, respectively give the left and right 2-cells (1) and (2) above.
Now we have a pair of 2-cells with common codomain:

(Empaem(I)
/’\ m €
X3 e X (Xo)® = (X0)? —= X,

(3) qlmlm and  (4) qi iy

X3 e X (X0)? = Xo
where the commutativity of the square on the left hand side follows from the identity axiom for X to be
an internal category. Our goal is to show that the 1-cells which form the domains of the 2-cells (3) and
(4) agree. To do so it will suffice to show that these 2-cells agree upon postcomposition with d, and
become identity 2-cells upon postcomposition with ¢, by virtue of the fact that this pair form a two-
sided discrete fibration. We see that upon postcomposition with d, (3) becomes d,om o0¢ = d,op, 0.
By definition of ¢ this equals the left composite below:

(Xo)* £ (X0)2 > i (X0)* > (X)?
ql d cl % / | de which equals ; C/ é\; J
N P d \’7/
<X0)2 \Uﬂ? Xo /ﬁ'XO TN
~7 (Xo0)* In Xo
c ~—__ 7
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the latter equality holding because d, o€, = d and d; o 8 = 1. On the other hand postcomposing
(4) with d, gives d, 0 § o m = 1 om which equals the composite above. Thus (3) and (4) agree upon
postcomposition with d,..

Postcomposing (3) with ¢, gives ¢, omg 0 ¢ = ¢, 0 g, 0 ¢ which equals (2) postcomposed with ¢,. This
is an identity as ¢, o 6 is an identity. Postcomposing (4) with ¢, again gives an identity for the same
reason. Consequently we have an internal functor.

It is straightforward to verify, by the uniqueness of the construction of the morphism ¢, that this is
natural in X, so that we have a natural transformation € as required.

The triangle equation oboe = 1 is immediate since for a catead X we have, by definition, (ex)o = 1x,.
It remains to to show that given A in A, the component €z (4) is the identity. Since its objects map is
certainly the identity we need only show that the arrow component is the identity.

Recall its construction above. The arrow map € A4 A? — A2 is constructed together with a 2-cell:

/E_a\
A2 ‘U’H A2
A 4

taCa

This 2-cell is the unique one with codomain i,c, which postcomposes with ¢, to give an identity, and
which postcomposed by d, equals the universal 2-cell:

da
TN
A2 na A
~_ 7
Ca
Consequently it suffices to construct a 2-cell:

1
RN
A2 42
\_,/
1aCqa

which satisfies the equations which uniquely characterise §. To give such a 2-cell amounts, by the
2-dimensional universal property of A2 to giving a pair of 2-cells d,1=>d,i,Cq = ¢o and ¢, = CqiqCq
such that the square:

dy, => dgi4Ca

na\u/ \Unaia Ca

Ca = CalqCq

is commutative. Now the 2-cell on the right hand side is the identity 2-cell on ¢, since 7,i, is, by
definition of i, the identity. Thus taking the top 2-cell to be 1, : dy => ¢, = d,isc, and the bottom
one to be the identity 2-cell on ¢, we obtain the commutative square:

17@
d, =—— Ca

w| ﬂl

Cq :1>Ca

which induces a 2-cell ¢ : 1 =>1i,c, such that dq¢ = 1, and c,¢ = 1 as required.* Therefore e A4) is
the identity.

41n fact cq is left adjoint to iq the 2-cell ¢ : 1 = i4c, constructed here is the unit of that adjunction. Though we do not
consider this perspective here this adjunction, and many involved in the internal category structure, comes from the 2-categorical
structure of A as a 2-category [51]. The internal category A(A) is a “Kock-Zoberlein category”.
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2. This routinely follows from the definition of the respective counits which were constructed via the same
lifting property.
O

Corollary 3.62. For each representable 2-category A, A : A—= K A is 2-fully faithful.

Proof. Tts underlying functor is certainly fully faithful as, by Proposition 3.60, it has a right adjoint and
the unit of the adjunction is an isomorphism. It suffices to check then that A 4 is locally fully faithful. But
given o : f=>g € A(X,Y) the induced internal natural transformation A 4() has arrow component the
unique arrow X — Y2 corresponding to it upon postcomposition with 7,. Therefore it is clearly locally
fully faithful. O

Proposition 3.63. There exists a modification:

satisfying Ay o A A=A A for each representable 2-category A.
Proof. The data for such a modification A will consist of 2-cells:
KA
/""\
KA ra K24
\J
Aka

one such for each representable 2-category A. For each A we have the counit of the adjunction of Proposition
3.60(1):

Uja oby A

UCUA —UA
1 JE.A iUAA
UKA
which is a 2-cell in Catpy,. Taking the image of this 2-cell under C : Catp, — Rep gives a 2-cell:

UKA

KA 4
(1) — KKA
KA CUA
Alea Alia :
Axa |
CuUj oby
CUK A & CUCUA Colua CUA [
//CE_A ‘
{ CUA 4
\» 1
Kk |
JKA CUKA

The top left square commutes by Remark 3.49. The triangle to its right commutes by Lemma 3.31(1). The
region to the right above that triangle commutes by naturality of j : K =>CU. The bottom left square
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commutes since j o A = A’. As the inclusion jr4 : KKA—= CUKA is 2-fully faithful this 2-cell factors
uniquely through jx 4 to give a 2-cell:
KA
/""\
KA ra K24
\_‘___,/
Axa

as required. We claim these 2-cells form a modification. We must show that for each F' : A—B of Rep the
following 2-cells agree:

KA,
/—\ A
(2) KA Jra KKA (3) KA K24 KKA
\_/ .
AKA - \U/KAF
KF KKF KF . KKF
‘U’AKF KAp
m
KB R KKB KB s KKB
KA \/
Axs

It suffices to verify that both sides agree upon postcomposition with the fully faithful 2-functor jxp :
KKB— CUKB. Upon composition with this 2-functor (2) becomes the diagram below:

CUA
Cob
y CZ/{AA
CZ/{jA CZ/[CUA \U/CC.A
N P

KA——CUKA T CUKA
KFl Al cuKFi lCZ/lKF

KB———> CUKB ! CUKB

KB

To see this observe firstly that jxp o KKF = CUKF o jk 4 by naturality of j. Now CUKF o (jxka0Aa) =
CUKF o(C(eq)oAy 4) by definition of the 2-cell A 4. Therefore jxpo KKFoAq = CUKFo(C(eq)o A 4).

Certainly jxp o Axr = Agr and consequently (2) does indeed equal the above diagram. Recall the 2-cell
equation in Catp, of Proposition 3.60(2). Applying C' : Catp, —Rep to that equation enables us to rewrite

the above composite as:
CUA
Cob,
A" CuAL
cui CUCUA CYF
/ Uin— y

Al .
KA “> CUK A cu{fw Cobun > CUB currl) CUKA
, / CZ/[AB
KF| Akl Cukr CU/JB7CUCL{B Ie CUKF
€B
KB——— CUKB - CUKB
KB
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which equals:

JjA CUA

|

KA Cobus CuB CUAF\U/ CUKA
KFl CL[C’L{B/ w\ iCMKF
CUjs
/ \U/Ceg
KB ~ CUKB I CUKB

KB

This latter equality holds upon using the equation jo A = A’ and then applying Parts (1) and (2) of Lemma
3.50. Now CUAp 0 j4 = jxn o KAgr by naturality of j whilst (Cep o Alyp) o KF = (jxpo Ag) o KF
by definition of Ag. Therefore this composite equals (3) postcomposed with jxp as required and so A is a
modification.

It remains to verify that for each representable 2-category A we have the equality:

(4) KA (5) A = KA
A T~ .
A 24 KA Jra KKA = AAl Ax ) lKAA
c~N
Aga KA " KKA
Axa

For this it suffices to verify that (4) and (5) agree upon postcomposition with the fully faithful inclusion
jrxa: KKA— CUKA. Postcomposing (4) with jx 4 gives the composite:

A A CUuj o
A—2A AR ok A —4 L cyoua —SM A cua
Ceqg
7 14 CUA 4
CUK A

which may be rewritten as:

Ay
A = CUA
\ CZ/{AA
Aa
CUCUA

using that jg .4 o Ak A = A% 4 and adding in a mutually inverse pair of 2-cells. This equals the vertical

86



composite of the following 2-cells:

KA
A
7 as
A K(A i i Ccuj o
A Ba LA B ek I ok A —YA cuoua S cua
CUA 4
o CUK A
A A j K cuj Coby
A A KA L RRA—T s cuRA—A s cur A S cuA
CE_A/
- &z CUA 4
o CUKA
A 24 L RA— R R RA—T S cuR A
. UAAA -
A Axa 1
KA CUK A

The lowest of the three vertically composable 2-cells is exactly (5) postcomposed with jx 4 : KKA—CUK A.
Thus it will suffice to show that the top two of the three are identity 2-cells. Consider the top of these three.
We will show that Coby g o CUj4 0 jra © (AAA)*1 is an identity 2-cell. This is equivalent to its inverse,

CobyaoCUja0jrA© AA , being an identity, which was shown in Lemma 3.50 Part 2.

In order to show that the middle of the three is an identity it will suffice to show that C'eq 0 jxa © KAy is
an identity. By 2-naturality of j, and 2-functoriality of C, this equals Ce 40 CUA 4 oja=Cleq OZ/{AA) ojA.
Now €4 0UA 4 is an identity as this is one of the triangle equations for the adjunction of Proposition 3.60(1).
Therefore the composite 2-cell is an identity completing the proof. O

Proposition 3.64. Let £ be a category with pullbacks.
1. The 2-functor Acg : C& — KCE has left 2-adjoint the composite:

Jjce Cobg
cE

KC¢& CUuce

2. For each & of Catpy, let Q¢ : KCE — C& denote the composite left 2-adjoint of the first part of the
proposition and pg the unit of that adjunction. Given F': A — B of Caty, we have the equality of

2-cells:
(1) KCA U KCA (2) KCA KCA
pPA
l m /Ac: lKC’F = KCF\L lKCF
KCB ACFU KCB KCB i KCB
PB
P ¢ e P

CB
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Proof. 1. Having established in Proposition 3.63 the existence of a suitable modification A it suffices to
show that the composite:

KCE s cuce —£%% 5 c¢

satisfies the properties (1), (2) and (3) of Proposition 3.58.
Property (1) asserts that:

Ace joe CUCE Cobg CcE

ce KC€&

is the identity on C'E. The composite of the two leftmost 1-cells is simply A : CE — CUCE and
the claim now follows from Lemma 3.31(1).
Property (2) asserts that the composite:

KAce
K(Cobgojce) Cobgojce

T
KcCE Jree KKCE KCE ce
w

Axce

is an identity 2-cell. The composite 1-cells to the right of the 2-cell may be rewritten as:

Ki KCob j Cob
KKCE — > Kouce ——>*—> KC¢ e o

cuce ce
JKCe Jcuce CUCobg Cobg
CUKCE W cuce

C(obuceoUjce)

where the two left squares are rewritten using naturality of j : K => CU and the right square by
naturality of ob : YC =>1. Now by definition of Ace we have jxce 0 Acg = Cecg 0 Alpe. It
suffices therefore, traversing the lower path, to verify that C(obycs ocUjce) o Cece is an identity. But
obycg oUjce o ece is an identity; this equation being one of the triangle equations for the adjunction
of Proposition 3.60(1) in the case of C€&.

It remains to verify that Property (3) is satisfied. We must show that the 2-cell:

Akce

KC€& KKCE
Cobe Ojcsi Acon, Ojcg\U/ iK(COI’S ojce)
ce - KCE — CUCE ———=C¢&
Ace Joe Cobe

is an identity. As jo A = A’ this is equal to the left composite below:

Al N
KCE — > CUKCE KCE —— = CUKCE
CobSOjcsi At (obgrojoe LCU(Cobsojcs) = jch{ Al lcujcs
CUjce
cE - CUCE ——C¢& CUCE ——————— CUCUCE
ALg C(obe)
Cobgi A’cf,bgi} lcumbg
CcE - CUCE ——C&
ACS Cobge
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which equals the right composite by pseudonaturality of A" : 1= CU. Now A’ __ is an identity by
Remark 3.49 whilst Cobg o Ag,. is an identity by Lemma 3.31(2). Thus the rightmost composite is
an identity 2-cell.

2. Firstly observe that the commuting square on the left of the composite (1) of the proposition does
indeed commute; that is: C(F)Q4 = QKC(F). For Qg = Cobgjcp and similarly for A. Thus “Q”
is the composite 2-natural transformation Cob o jo : KC =>C in Catp,: the commutativity of the
square is now an instance of its naturality.

By definition of the unit p4 as given in Proposition 3.58, (1) equals the left composite below:

KACA KACA
T~ KQua T
KCA rea KKCA KCA KCA Wrea KKCA
\—/ v
KCF Axca  Ag,l <. iKC’F = KeF Axca KKOP
KCB @4 CA KCB Yaxer
‘ Acrl KCB——— KKCB
Axcs
CF -
2 [ e o Vaoy  |Kan
CB
CB - KCB
Acs
KCA—22%% L gRCA
= Jrdcr
KCF R KKCF
KAcn

T~
KCB Jres KKCB
~

QB AKCAB KQs
\U’AQB
CB - KCB

Acs

Now Qo KC(F) = C(F)oQa, and taking components of A at this composite, and using its pseudo-
naturality gives the first equation above. The second equation holds as A is a modification. Now
KQsKAcr = K(QsAcr) and QsAcr = CobgjosAcr = CobsAl which is an identity by Lemma
3.31(1). Therefore KQpK A¢p is an identity and the final composite equals (2) by definition of pg.
O

Theorem 3.65. Let £ be a category with pullbacks. Then Cat(€) has codescent objects of cateads and
cateads are effective.

Proof. We saw in Proposition 3.64(1) that Acg : CE&—= KCE¢ has a left 2-adjoint Q¢ = Cobg o joe, so that
by Proposition 3.47 C& has codescent objects of cateads. To show that cateads are effective is to show, by
that same proposition, that the unit of the adjunction is pointwise fully faithful. We know from Proposition
2.83 that cateads are effective in Cat = C(Set) and will use this to deduce the case for general £. For
each object A of £ we have the representable £(A, —) = A : &€ —>Set which induces the morphism of Rep:
KCA : KCE — KC(Set). We will show that these 2-functors jointly reflect isomorphisms (for A in £).

Now an internal functor f : X —Y between internal categories is an isomorphism precisely when its arrow
component f; : X;—Y] is an isomorphism (as any such internal functor is clearly an isomorphism on objects
upon identifying them with identity morphisms). Consider a morphism of f : X —Y of KCE. As KC¢ is
a full sub 2-category of CUCE the morphism f is an isomorphism precisely if it is an isomorphism in CUCE
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which we have just observed is the case precisely if f; : X7 —=Y7 is an isomorphism in C(£). Using the same
logic again this internal functor f; is an isomorphism precisely if its arrow component (f1)1 : (X1)1 —=(Y1)1
is an isomorphism in £. Suppose that for each A the catead morphism K C’A( f) is an isomorphism. Now
we have (KCA(f)1)1 = E(A, (f1)1) : E(A, (X1)1) — E(A, (Y1)1) and this arrow is an isomorphism by
assumption. Since the representables A jointly reflect isomorphisms it follows that (f1); is an isomorphism.
Therefore f is an isomorphism so that the 2-functors K CA jointly reflect isomorphisms as claimed.

Since each KCA : KCE —= K C(Set) is a morphism of Rep it preserves fully faithful arrows by Corollary
3.53(1). Since they jointly reflects isomorphisms it follows from the same corollary that they jointly reflect
fully faithful arrows. Now given a catead X € KC& we must show that the component of the unit at X,
pe(X): X%Achg(X), is fully faithful. It suffices therefore to show that its image under KCA is so for
each A. Applying Proposition 3.64(2) in the case of the representable A we have:

KCA(pe(X))

KCA(X) KC(A)Achg(X) = AC(Set)CAQg(X) = AC(Set)QSetKCA(X)

A W(KCA(X)) .
= KCA(X)- s Ac(set)@set KCA(X)
where the unlabelled isomorphism is the component of AC 4 at Q¢ X. This latter arrow is fully faithful since

cateads are effective in C(Set) = Cat. Therefore KCA(pg(X)) is fully faithful since its composite with an
isomorphism is so. We deduce that pg(X) is fully faithful as required. O

Theorem 3.66. Let F' : A— B be a morphism of Catp,. Then Cat(F') : Cat(A) — Cat(B) preserves
codescent objects of cateads.

Proof. This is the essential content of Proposition 3.64(2). We have seen already that Qg o KC(F) =
C(F) o Q4 which is to say that C(F) preserves codescent “objects” of cateads but we must verify that the
universal cocones are also preserved. Given a catead X € KCA the equality of the 2-natural transformations
of that Proposition, at X, asserts the equality of the morphisms of KCB:

CFX, CF(Q4X)3 (CFQ4X)3 CFXy —— > (QgKCFX)3
crx, A opax)2 — P o (CFQax)? = cFx, RO QK COFX)?
CFd, ”J{cm CFd(q 4x) J{T\LCFC(QAX) d(CFQ 4 X) \H\lc(C‘FQAX) CFd, l/H/CF% d(QpKrOFX) \H\lc(QB KCFX)
L CFO.X FQ X L QgKCFX
CFXo —crpamn ¢FQa 1 CFQa CFXo — orn, 98KC

where we have only labelled the relevant arrows, and written k; for the evident comparison isomorphism.
On the left hand side of both diagrams we have the catead KCFX. The cocones:

(QuaX,pa(X)o;ngax 0 pa(X)1) and (QsKCFX,ps(KCFX)o,nosxcrx)© ps(KCOFX)1)

associated to the unit p4 and pg at X and KCFX exhibit Q4 X and QpKCFX as the codescent objects
of the cateads X and KCFX respectively, as described in Proposition 3.47. In order to show that CF
preserves codescent objects of cateads we must show therefore that the image under C'F' of the first cocone:

(CFQAX,CFpa(X)o, CFng x © CFpa(X)1)
exhibits CFQ 4 X as the codescent object of KC'FX. In fact it equals the second cocone:
(@BKCFX, ppg(KCFX)o,n@srcrx) © pa(KCFX)1)
exactly since we have CFQaX = Qe KCFX,CFpa(X)o = p(KCFX)( and
CFng,ux 0 CFpa(X)1) = ngurcrx) © k10 CFpa(X)1) = ngsrcrx) © pp(KCFX),

Therefore C'F preserves codescent objects of cateads. O
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Theorem 3.67. Let £ be a category with pullbacks. The factorisation of an internal functor through the
codescent morphism of its higher kernel agrees with its factorisation as bijective on objects followed by fully
faithful.

Proof. We proved this to be true in the case of £ = Set in Proposition 2.67. We begin the proof in the same
manner. Given an internal functor f : X —Y consider its higher kernel in Cat(£):

d X f
p d o7 \

UL == flf <—i— X fif o Y
q c C\AX/;

together with its comma cone on the right above. Consider the factorisation of f as internally bijective on
objects followed by fully faithful as on the left below:

X—f>Z
\Y/ “‘\X/’“

Since s is fully faithful the natural transformation « factors uniquely through it to give a natural transfor-
mation 6 as on the right above. Now the triple (Y, f,a) is a codescent cocone from the higher kernel. As
s is faithful it follows that the triple (Z,r,6) is a codescent cocone. As in Proposition 2.67 it will suffice to
show that it is the universal such cocone.

We know this to be true in the case of £ = Set and will deduce the general case using the jointly conservative
representables £(A, —) : E—>Set. As E(A, —) = A preserves pullbacks we may consider CA : C& —=C/(Set).
As a morphism of Rep each such 2-functor preserves comma objects and pullbacks and therefore higher ker-
nels. Furthermore by Theorem 3.66 each such 2-functor preserves codescent objects of cateads. We would
like to show that the 2-functors C'A jointly reflect codescent objects of cateads. As each preserves them,
and C€ has codescent objects of cateads it will suffice to show that the 2-functors C'A jointly reflect isomor-
phisms.

This is clear: An internal functor g : C'— D is an isomorphism precisely when g¢; is an isomorphism. Now
(CA(g))1 = E(A, g1). Therefore if each C'A(g) is an isomorphism then £(A, g;) must be an isomorphism.
As the representables £(A, —) reflect isomorphisms g1, and thus g, must be an isomorphism. Therefore the
2-functors C'A jointly reflect codescent objects of cateads. It consequently suffices to check that the cocone
(CAZ,CAr,CAf) is the universal cocone in Cat(Set) = Cat. Since r : X — Z is bijective on objects so is
C’flr, its object map simply being (A, rg). Now s : Z—=Y is fully faithful. As CAis a morphism of Rep
it preserves fully faithfulness by Corollary 3.53(1). Therefore CAs is fully faithful and the factorisation:

. CA(f) .
CA(X) CA(Y)
cm CA(s)
CA(Z)

is the (bijective on objects/ fully faithful) factorisation of f in Cat. Since C A preserves higher kernels the
cocone (CAr,CA0,CAZ) is indeed the unique cocone induced by the (bijective on objects/fully faithful)
factorisation of CAf in Cat. Therefore it follows from Proposition 2.67 that this cocone is the universal
one. O

Theorem 3.68. Let £ be a category with pullbacks. The codescent morphisms in Cat(€) are precisely the
internal bijections on objects and codescent morphisms are effective.
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Proof. (Bijections on objects/fully faithfuls) form an orthogonal factorisation system on Cat(€). By Propo-
sition 2.34 each codescent morphism is orthogonal to fully faithful morphisms. Therefore each codescent
morphism is bijective on objects by Proposition 2.37. Conversely given a bijective on objects internal func-
tor f: X —=Y consider its factorisation through the codescent object of its higher kernel as f = rs. By
Theorem 3.67 this agrees with its bijective on objects/fully faithful factorisation and so s is an isomorphism.
Therefore f exhibits its codomain as the codescent object of its higher kernel. O

Corollary 3.69. Let £ € Catpp,. The (Bijective on objects/fully faithful)-factorisation system on Cat(€) is
enhanced.

Proof. We need only show that the bijections on objects are strongly orthogonal to the fully faithful internal
functors. Of course it is not difficult to prove this directly, but having shown in Theorem 3.68 that the
bijections on objects are precisely the codescent morphisms observe that we can apply Proposition 2.34 to
deduce the result immediately. O
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Chapter 4

A characterisation of 2-categories of
internal categories

In Chapter 3 we established various properties of 2-categories of the form Cat(£) where £ is a category with
pullbacks. Namely if £ has pullbacks then:

1. Cat(€) is a representable 2-category; that is Cat(€) has pullbacks and cotensors with 2.
2. Cat(€) has codescent objects of cateads and they are effective.
3. Codescent morphisms are effective in Cat(E).
Furthermore we showed that if F': A—B is a pullback preserving functor then:
1. Cat(F') preserves pullbacks and cotensors with 2.
2. Cat(F) preserves codescent objects of cateads.

In this chapter we extend this list of 2-categorical properties of 2-categories of the form Cat(€) to a set of
axioms characterising such 2-categories up to 2-equivalence, and furthermore identify those 2-functors of the
form Cat(F) up to 2-natural isomorphism. The two key properties will be the notion of discreteness and a
2-categorical notion of projectivity. The final result will be expressed in terms of a biequivalence between
Catpy, and a sub 2-category of Rep.

One aspect of the present chapter was considered by Bourn and Penon in [10]. Namely they consider the
notion of discreteness. Under certain conditions related to those of Chapter 2 and the concept of “aneade”
not relevant to us, they obtain, for a 2-category A, a right adjoint to the inclusion Disc(A) —U.A. This
enables them to obtain a 2-adjunction:

A L Cat(Disc(A))

much as used in our proof of Theorem 4.18. Their interests are not however related to ours and they do not
consider the main aspects of the present chapter, namely the characterisation of Theorem 4.18, codescent
morphisms and projectivity, and the biequivalence of Theorem 4.28.
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4.1 Discrete objects

Definition 4.1. An object A of a 2-category A is discrete if for each B € A the category A(B, A) is discrete.
Thus discreteness is defined representably. In elementary terms, each 2-cell with codomain A is an identity
2-cell.

Lemma 4.2. Let A be any 2-category and A € A.
1. A is discrete if and only if the identity 2-cell:
1
PN
A 1 A
ST
1
exhibits A as A2.
2. If A2 exists then A is discrete if and only if the diagonal map i, : A— A2 is an isomorphism.

Proof. 1. Tt is clear that the identity 2-cell on A above is the universal such if and only if all 2-cells with
codomain A are themselves identities.

2. The diagonal i, : A—=A? is that induced by the identity 2-cell on A. Consequently i, is an isomorphism
if and only if the identity 2-cell on A is the universal such 2-cell.

O
Corollary 4.3. Let A be any 2-category and F' : A— B a 2-functor preserving cotensors with 2.
1. Then F preserves discreteness. In particular any morphism of Rep preserves discreteness.
2. If A has cotensors with 2 and F' additionally reflects isomorphisms then F reflects discreteness.
Proof. 1. Discrete objects were characterised in terms of cotensors with 2 in Lemma 4.2(1), this charac-

terisation not requiring the existence of cotensors in A. The result follows.

2. A has cotensors with 2 and F preserves them. As F' reflects isomorphisms it therefore reflects cotensors
with 2. Therefore using the characterisation of Lemma 4.2(1) (or equally part (2) of that lemma) we

see that F reflects discreteness.
O

Corollary 4.4. Let £ € Catpp. An internal category X € Cat(€) is discrete if and only if i, : Xo — X7 is
an isomorphism.

Proof. By Lemma 4.2 X is discrete if and only if the identity 2-cell on X:

1
2N
X X
S~
1

exhibits X as X2. This identity internal natural transformation has arrow component 4, : Xg —> X;. Now
by Proposition 3.19(2) this internal natural transformation exhibits X as X2 if and only if both its arrow
component i, : Xg— X7 is an isomorphism and the naturality square:

(inda,1)
X1 —_— X2

(Lizcz)i/ imz

Xo TI>X1
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is a pullback; thus X is discrete if and only if these conditions are verified. If both conditions are satisfied
then i, : Xo — X is certainly an isomorphism.

Conversely supposing i, is an isomorphism we see that its inverse is necessarily d, = ¢, since it splits both
of these. Thus the pullback maps p, and ¢, are equal and both isomorphisms and since d,p, = d;m, we
see that m, = p; = ¢, too. As m, is an isomorphism the commutativity of the naturality square above
implies that (iydz,1) = (1,iz¢;). Furthermore the map (iyd;, 1) : X3 — X5 is itself an isomorphism since
Gz (izdz, 1) = 1 and g, is an isomorphism. As m, is itself an isomorphism any commutative square, such as
the one above, with top and left arrows equal and isomorphisms necessarily exhibits the square as a pullback.
Therefore the naturality square is a pullback. O

Definition 4.5. For a 2-category A we denote by Disc(A) the full sub 2-category of A containing the
discrete objects.

Remark 4.6. Observe that although we have defined Disc(A) as a 2-category it is a locally discrete 2-
category, for all 2-cells between discrete objects are necessarily identites. Thus we may equally think of
Disc(A) as simply a category without any loss of information.

Remark 4.7. Consider an internal category X in A with each of Xy, X; discrete. The domain and
codomain maps d;,c, : X1 — Xy automatically form a two-sided discrete fibration; the lifting properties
for a two sided discrete fibration automatically verified in the absence of any non-trivial 2-cells. Therefore
X is automatically a catead.

Remark 4.8. Consider a category £ € Catpp. Given X € Cat(€) Corollary 4.4 shows that X € Disc(Cat(E))
if and only if its identity map i, : Xo —= X7 is an isomorphism. Using this fact it is straightforward to see
that £ is equivalent to Disc(Cat(€)) and we describe this equivalence explicitly now. There is a well known
adjunction:
(-]
UCat(E) 1 &
ob

The right adjoint assigns to an internal category X its object of objects Xp; the left adjoint assigning to an
object A of £ the canonical discrete internal category:

[A]: Ail%AeliA
1 1
with both functors defined on morphisms in the obvious manner. The functor [—] is fully faithful and the

unit of the adjunction is the identity. The counit at X is given by the internal functor:

(i ia)
Xo7 T X

[t

X()%Xl

' l?l ' dl l’ﬂ%l -
1
X() - Xo
Now any adjunction restricts to an adjoint equivalence between the full subcategories whose objects are
those at which the unit and counit components are respectively isomorphisms. In this case the unit is

always an isomorphism; the counit is an isomorphism precisely if X is discrete. Therefore the left adjoint
[] : E—=UCat(E) restricts to an equivalence [—] : £ — Disc(Cat(E)).
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We will require an understanding of the extent to which the discrete objects in a 2-category are closed
under limits.

Proposition 4.9. Let A be any 2-category.

1. Consider a weight W : J — Cat and a diagram F : J — A. Suppose that the limit of F
weighted by W, lim(F), exists. Then lim(F') is discrete if and only if for each C € A the category
[T, Cat](W, A(C, F—)) is discrete.

2. Disc(A) is closed in A under limits.

3. Consider an opspan in A:
B

C

with B and C discrete. If the comma object f|g exists then it is also discrete.

\f*D
-7

Proof. 1. By the definition of limit we have for each C' € A an isomorphism of categories: A(C,lim(F')) =
[T, Cat](W, A(C, F—)). As discreteness is an isomorphism invariant of categories the result is imme-
diate.

2. Suppose then that the diagram F' : J — A takes its values in Disc(A). By the first part of the
proposition it suffices to show that [7, Cat](W, A(C, F—)) is a discrete category, the limit must then
be discrete if it exists. An arrow of this category is a modification 6 : @« => (3, consisting of natural
transformations:

Q;
N
wi e A(C, Fi)
S~ 7
Bi
one for each ¢ € J. Each natural transformation 6; is determined by its components: arrows of
A(C, Fi). But for each i € J the category A(C, Fi) is discrete by assumption. Therefore 6 is an

identity modification. Consequently [ 7, Cat](W, A(C, F—)) is discrete.

3. Let W : J — Cat be the weight for comma objects described in Chapter 2. Identifying the above
opspan with the corresponding diagram F' : 7 — A we must show, using the first part of the present
proposition, that for each A € A the category [J, Cat](W, A(A, F—)) is discrete. An arrow of this
category is a diagram of the form:

serially commutative. Now A(A, B) and A(A, C) are discrete by assumption. Therefore s and ¢ are
both identities. We must show that r is also an identity. Now 2 has two objects 0 and 1. We have
r(0) = fs and r(1) = gt. Therefore both r(0) and r(1) are identities and so r itself is an identity.
Therefore [J, Cat](W, A(A, F—)) is discrete. Consequently the limit, the comma object in this case, is
discrete if it exists.

O

Proposition 4.10. We have a 2-functor Disc(—) : Rep — Caty, sending a representable 2-category to its
category of discrete objects, and acting on 1 and 2-cells by restriction.
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Proof. Any representable 2-category A has pullbacks. By Proposition 4.9(2) Disc(.A) is closed under limits
in A and therefore has pullbacks. Thus Disc(A) € Catpp.

Any 2-functor F' : A— B of Rep preserves cotensors with 2. By Corollary 4.3(1) any morphism of Rep
preserves discreteness so that we obtain a functor Disc(F) : Disc(A) — Disc(B) by restriction. This
preserves pullbacks since F' does so. The extension of Disc(—) to 2-cells of Rep is by restriction again. [

Notation 4.11. If A is a representable 2-category it follows that the category Disc(A) has pullbacks and so
we may consider Cat(Disc(A)) the 2-category of categories internal to Disc(A). An object of Cat(Disc(A))
is an internal category in A each component of which is discrete. Consequently we refer to the objects of
Cat(Disc(A)) as pointwise discrete categories in A.

Remark 4.12. Each pointwise discrete category in A is a catead by Remark 4.7.

4.2 Projectives

In this section we define a 2-categorical notion of projectivity analogous to the notion of “regular projective”
in ordinary category theory. Recall that an object a of a category A is regular projective if the representable
A(a,—) : A— Set preserves regular epis. As regular epimorphisms in Set are precisely the surjective
functions this may be rephrased as follows:

Given a regular epi f : b—c¢ the function A(a, f) : A(a,b) — A(a, ¢) is surjective. In other words for each

arrow ¢ : a —> c there exists a factorisation:
a
g
AN
—_—
b !

We now consider the corresponding 2-categorical notion obtained upon replacing the regular epis by codescent
morphisms.

c

Definition 4.13. An object A of a 2-category A is said to be projective if the representable A(A, —) :
A — Cat preserves codescent morphisms.

Remark 4.14. Codescent morphisms in Cat are precisely the bijections on objects by Corollary 2.68.
Therefore an object A € A is projective if and only if given a codescent morphism f : B—= C € A the
functor A(A, f) : A(A, B) — A(A, C) is bijective on objects. In other words for each arrow g : A —C
there exists a unique factorisation:

A

|\

B - C
Definition 4.15. Let A be a 2-category. A full subcategory P of the underlying category U.A is said to be
a projective cover of A if:
1. Each object of P is projective.
2. For each object A € A there exists an object P € P and a codescent morphism P — A.
We say that P covers A and that P covers A.
Proposition 4.16. Let A be a 2-category.

1. Consider A € A and suppose that Pj, P, are projectives which cover A via codescent morphisms
f:PL—=Aand g: P,—> A. Then there exists a unique arrow h : P; — P, such that gh = f and
furthermore h is an isomorphism.
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2. Suppose that A has a projective cover P. Then it has a maximal projective cover P which is the unique
replete projective cover of A. The inclusion P —P is an equivalence of categories; in particular any
two projective covers are equivalent.

3. Let P be a full subcategory of U.A with each object projective. Then P is a projective cover of A
if and only if the inclusion ¢ : P —U.A has a right adjoint whose counit components are codescent
morphisms.

Proof. 1. Consider the codescent morphisms f: P — A and g : P, —= A. As P; is projective and g a
codescent morphism there exists a unique arrow P, — P5 such that the triangle below commutes:

Py
3!//3&
PQ T>A

Similarly there exists a unique arrow P, — P; making the triangle commute. That these are inverse
follows from the uniqueness of factorisations.

2. Let P be a projective cover of A. Then A has a maximal projective cover P with objects all projectives
in A. As projectivity is an isomorphism invariant P is replete. The inclusion ¢ : P—=7P is fully faithful
as both P and P are by definition full subcategories of /4. Given an object Q of P the identity
morphism 1 : @ — @ is a codescent morphism. For observe that @ is the codescent object of the
coherence data:

1 1
Q;H)Qﬁcg
1 1

with universal cocone (Q,1,1). As @ is projective the identity morphism 1: @ — @ is a cover of Q.
Since P is a projective cover there exists some P € P covering (). Part 1 of the present proposition
thus implies P and Q are isomorphic. Therefore the inclusion ¢ : P — P is essentially surjective and
so an equivalence of categories. As equivalence of categories is an equivalence relation we see that any
two projective covers are equivalent.

3. The inclusion P —=UA has a right adjoint if and only if for each A € A there exists some P € P and
morphism P —> A with the universal property that any other morphism QQ — A with @ € P factors
uniquely through it.

Suppose that P is a projective cover of A. Then there exists such a P € P, namely the cover of A, and
the covering codescent morphism P — A has the required universal property. Therefore the inclusion
has a right adjoint R : YA — P with R(A) = P and the counit component at A is precisely the
covering codescent morphism P — A.
Conversely suppose that the inclusion has such a right adjoint. Then the codescent morphisms of the
counit exhibit P as a projective cover of A.

O

Proposition 4.17. Let £ € Catp,. Then each discrete object in Cat(£) is projective and Disc(Cat(€)) is
a projective cover of Cat(€). Furthermore it is the maximal such.

Proof. Each discrete object in Cat(€) is isomorphic to one of the form [A] for some A € £ by Remark 4.8.
Projectivity is an isomorphism invariant and so it suffices to verify that [A] is projective for each A € £. By
Theorem 3.68 the codescent morphisms in Cat(€) are precisely the bijections on objects. Consider such an
internal functor f : X —Y, so that fy : Xo — Y an isomorphism, and an internal functor g : [A] — Y.
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We must show that there exists a unique arrow [A] — X rendering the triangle:

commutative. Transposing across the adjunction:

UCat(€) 1 &

we see this is equally to give a factorisation in &£:

A

A\

Xo —_ YO
Jo

As fy is an isomorphism the arrow f; Ygo : A—= X, gives a unique factorisation in £. Transposing back
across the adjunction gives the unique factorisation in Cat(£). Thus each discrete object is projective.

At an internal category X € Cat(€) the counit component of the above adjunction [Xo] — X, as described
in Remark 4.8, is internally bijective on objects and so a codescent morphism. Thus Disc(Cat(£)) is a
projective cover of Cat(£). As discreteness is an isomorphism invariant Disc(Cat(£)) is replete and so the
maximal projective cover of Cat(£) by Proposition 4.16(2). O

4.3 A characterisation of Cat(&)

Theorem 4.18. Let A be a 2-category. Then A is 2-equivalent to Cat(€) for some category £ with pullbacks
if and only if:

1. A is a representable 2-category.

2. A has codescent objects of cateads and they are effective.

3. Codescent morphisms are effective in A.

4. Discrete objects in A are projective.

5. For each object A € A there exists a discrete object P and a codescent morphism P — A.
In particular A ~ Cat(Disc(A)).

Proof. Firstly consider Cat(€) for some £ with pullbacks. In Chapter 3 we verified the first three condi-
tions of the theorem. By Proposition 4.17 the discrete objects are a projective cover of Cat(£) thereby
verifying the fourth and fifth conditions. Furthermore by Remark 4.8 we have an equivalence of categories
& ~ Disc(Cat(€)). Both £ and Disc(Cat(€)) have pullbacks and any equivalence of categories preserves
pullbacks. Therefore the equivalence lies in Catp,. Any 2-functor preserves equivalences. Therefore the
2-functor Cat(—) : Catp, — Rep takes the equivalence £ ~ Disc(Cat(€)) in Catpy to an equivalence
Cat(€) ~ Cat(Disc(Cat(£))) in Rep; a 2-equivalence of 2-categories.

Conversely let A be a 2-category satisfying the above conditions. (4) and (5) together assert that Disc(A)
is a projective cover of A. By Proposition 4.16(3) we have an adjunction:

UA 1 Disc(A)
R
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with counit a pointwise codescent morphism. We denote the counit by p : tR=>1. Now A is a representable
2-category so that U.A has pullbacks. By Proposition 4.9(2) Disc(.A) also has pullbacks and the inclusion ¢
preserves them. The right adjoint R necessarily preserves pullbacks; thus the adjunction lies in Catpy. Since
the inclusion ¢ is injective on objects and fully faithful we may choose the unit to be the identity. Applying
Cat(—) : Catp, — Rep to it gives an adjunction in Rep:

Cat(c)
Cat(UA) L Cat(Disc(A))
Cat(R)

where the left adjoint is again just the inclusion and the counit is now the map Cat(u). The objects of
Cat(Disc(A)) are of course the pointwise discrete categories in .A. By Remark 4.12 these are cateads in A.
Thus the inclusion Cat(c) : Cat(Disc(A)) — Cat(UA) factors through its image in Kat(A) via inclusions:

Cat(Disc(A)) —= Kat(A) s Cat(UA)

Both inclusions are again morphisms of Rep since Kat(.A) is closed in Cat(U.A) upon pullbacks and cotensors
with 2 by Proposition 3.44. Having factored the inclusion through its image, we rephrase to obtain another
2-adjunction in Rep:

L

Kat(A) L Cat(Disc(A))
Cat(R)j

Properties (1) and (2) of the Theorem ensure, by Proposition 3.47, that we have the 2-functor A : A—=Kat(A)
in Rep and that it is has a left 2-adjoint @ : Kat(A)—.A given by taking codescent objects and furthermore
the unit p: 1 = AQ of that adjunction is pointwise fully faithful. The counit is an isomorphism as A is
2-fully faithful by Corollary 3.62. Thus we have a composite 2-adjunction:

Q .
A L Kat(A) L Cat(Disc(A))
A Cat(R)j

which we will show to be an adjoint 2-equivalence. We must show then that the unit and counit of the
composite adjunction are isomorphisms. In the following, for simplicity of notation, we omit to mention
the inclusion j : Kat(A) — Cat(U.A) which simply views each catead as a internal category in 4. Since
each internal category in A4 which appears is a catead this will be unnecessary. We continue to mention the
inclusion ¢ : Cat(Disc(A))—=Kat(A) as not all cateads which appear are pointwise discrete categories. The
unit and counit are respectively the composites:

Cat(R)p, QCat(w)

1=_Cat(R) Cat(R)AQ: and QuCat(R)A QA =1

using that the unit of the right 2-adjunction is the identity and the counit of the left one an isomorphism.
Consequently it suffices to show that both:

Cat(R)p, QCat(p) A N

(1) Cat(R) Cat(R)AQ. and (2)  QuCat(R)A ——==QA

are isomorphisms.
Consider (1). We must show that given a pointwise discrete category X the internal functor:

Cat(R)p,(x) : Cat(R)i(X) — Cat(R)AQu(X)

is invertible. It suffices to show that this internal functor is both bijective on objects and fully faithful, since
these form orthogonal classes of a factorisation system on Cat(Disc(A)). Now p,(x) is fully faithful as p is
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pointwise fully faithful. As Cat(R) is a morphism of Rep it preserves fully faithful arrows by Corollary 3.53.
Thus Cat(R)p,(x) is indeed fully faithful. It remains to show that it is bijective on objects. To see this we
need to consider the action of R, and thus Cat(R), in more detail. Consider again then the adjunction:

UA = Disc(A)
R

Given A € A R(A) is the discrete, equally projective, object of A covering A by the codescent morphism
wa: R(A)— A. Given f: A— B of A its image under R is the unique arrow rendering commutative the
square on the left below:

HA

R(A)—= A . A Xo
R f ‘ (j)/ if y J/PMX)O
R(B) - B R(B) —~ B R(QX), QX

induced by the projectivity of R(A) and the codescent morphism pp. We chose that Rt = 1 with identity
unit from which it follows that the counit at each object in Disc(A) is also the identity (each discrete object
is covered by the identity morphism upon it). Therefore it follows that given f : A— B with A discrete, the
arrow R(f): R(A) — R(B) is the unique one such that the middle triangle above commutes. Now Cat(R)
simply acts as R pointwise. Since X is a pointwise discrete category we therefore have Cat(R)X = X and
in particular (Cat(R)p,(x))o = R(p.(x),) : B(Xo) —=R(Qu(X)) is the unique arrow such that the rightmost
triangle above commutes. But as described in Proposition 3.47 p,(x), : Xo—>QX is the codescent morphism
exhibiting Q¢ X as the codescent object of the catead X. Now as X is a pointwise discrete category X is
discrete and thus projective. Consequently by Proposition 4.16(1) (Cat(R)p,(x))o is an isomorphism which
is to say that Cat(R)p,(x) is bijective on objects. Therefore it is both bijective on objects and fully faithful.
As these form orthogonal classes it is an isomorphism.

Consider (2). We must show for each object A € A that:

QCat(p) ) : QuCat(R)A(4) — QA(A)

is an isomorphism. In other words that @ inverts the internal functor Cat(u) 5 (4 : 1Cat(R)A(A)—A(A).
This is the internal functor below:

(3) R(A%) — > 43

R(d,) NR(CGLA dalﬁrlw

R(A)— A

with components the covering codescent morphisms. In particular pg : R(A) — A is a codescent morphism

and we claim furthermore that :Cat(R)A(A) is the higher kernel of p4 exhibited by the comma cone:

R(A)

R(da) &
e PN

R(A2%) haz> A2 |n. A

~ 7
R HA

(4)
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By Lemma 3.46 this amounts to showing that the above internal functor is fully faithful, which is to say
that the diagram on the left below:

A /:A

R(A)

R(A) R(4)
na na
R(da) \ 4 f \ 4
da da
“AZ / g
R(A?) —— palpa ——= A2
ch \
R(ca)
i
A)

exhibits R(A?) as the limit of the double opspan. The actual limit of that double opspan is the comma
object palpwa, drawn on the right. By Proposition 4.9(3) the comma object is discrete since R(A) is, and
therefore projective. The above cone on the left induces a unique arrow k& : R(A%) —= palua into the
limit which recovers that cone upon precomposing the limiting cone by k. It will suffice to show that k is
invertible. Since 42 : R(A2) —= A2 is a codescent morphism and pi4|pua projective there exists a unique
arrow [ : pa|pa — R(A?) such that the triangle:

falpa
2

R(A2) eI A2
commutes. We will show that [ is inverse to k. To see that kl : pa|pa —> palpa is the identity it suffices
to show that postcomposing with the limiting cone we have fkl = f, gkl = g and hkl = h. By definition
of k we have fk = R(d,), gk = pa2 and hk = R(c,). By definition of [ we then have gkl = pj2l = g as
desired. Now fkl is then the morphism R(d,)l : palpa —= R(A). Since pa : R(A) — A is a codescent
morphism and p14|pa projective the functor A(palpa, pa) : A(palpa, R(A))—=A(palpa, A) is bijective on
objects. Thus to show that R(d,)l = f it suffices to show that paR(da)l = paf. But paf = d,g whilst
waR(dy)l = dopuazl = dyg. Similarly pahkl = pal and so hkl = 1. Thus we have kl = 1. We need finally
to show that Ik : R(A?) —= R(A?) is the identity. Since R(A?) is projective and j42 : R(A%) — R(A)
a codescent morphism it suffices to show that pa2lk = pa2. We have pa2lk = gk = pa= first using the
definition of [ and then that of k. Therefore k is invertible.
Consequently R(A2) = 4|4 with the claimed comma cone above, and this comma cone exhibits :Cat(R)A(A)
as the higher kernel of g : R(A) — A. Now u4 is a codescent morphism. As codescent morphisms are
effective in A, the triple (A, pa, nepaz) exhibits A as the codescent object of Cat(R)A(A). A is fully faithful
so that A = QA(A) and furthermore A is the canonical codescent object of A(A) with exhibiting cocone
(A,14,7m4). Now @ assigns to the catead morphism Cat(u)A(A) of diagram (3) the unique map between the
codescent objects taking the respective codescent cones onto one another. Taking these canonical choices of
codescent objects and codescent cocones (A, 14, Napta2) and (4, 1,4,7,) the induced map s : A— A between
the codescent objects is the unique one satisfying sous = 1o pus and son, o ugz = 1, © 142 so that s is
the identity on A, in particular an isomorphism. Whilst @ is only defined up isomorphism the fact that the
unique induced map Q(Cat(u) ) A A)) between the codescent objects is an isomorphism is independent of the
particular choice taken by Q. Therefore QCat ()5 A(4) is an isomorphism.

Consequently A is 2-equivalent to Cat(Disc(A)). O

Example 4.19. In Theorem 4.18 we characterised up to 2-equivalence those 2-categories of the form Cat(E)
for a category £ with pullbacks. We did so by means of constructing an adjoint 2-equivalence. We now
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examine that adjoint 2-equivalence in the case of Cat(€) itself and the canonical presentation of an internal
category as a codescent object witnessed by it. Given a category £ with pullbacks we have the adjoint
2-equivalence:

Qcat(e)

- L
Cat(€) 1 Kat(Cat(€)) ~ L Cat(Disc(Cat(€)))
Acare) Cat(R)jcat(s)

constructed in Theorem 4.18. The functor R : UCat(E) — Disc(Cat(E)) sending an internal category to its
projective cover is the composite:
Obg [*]8 .
Cat(£) —— E ——— Disc(Cat(£))
which assigns to an internal category X the canonical discrete internal category [Xo]. Therefore the right
2-adjoint of the equivalence is the composite:

Acm(s) Jcat(€) Cat(obg)

Cat(€) —=C o Kat(Cat(€)) _Cete)

Cat(UCat(E)) Cat(€) Cat(Disc(Cat(E))

Now jear(e) © Acat(g) = A/Cat(é') by definition of A and the composite Cat(obg) o AlCat(E) is the identity
2-functor on Cat(€) by Lemma 3.31(1). Therefore the composite right 2-adjoint is simply Cat([—]¢) :
Cat(E) — Cat(Disc(Cat(£))).

Applied at an internal category X we have:

[pm] [d'r]
Cat([-]e)X = [X3] —Ima]— [X1] =—liz]— [X0]
[qﬂv] [CL]

The left 2-adjoint also admits a simple description. We saw in Proposition 3.64(1) that the left 2-adjoint to
A Cat(€E) — Kat(Cat(£)) is the composite:

Jcat(e) Cat(obg)

Kat(Cat(E)) Cat(UCat(E)) Cat(&)

Therefore writing obg : Disc(Cat(E)) —= & for the restriction of obg : UCat(E) —=E& to the discrete internal
categories in £ we see that the composite left 2-adjoint is simply Cat(obg) : Cat(Disc(Cat(E)) —= Cat(E).
Consequently the above adjoint 2-equivalence simply reduces to:

Cat(obg)
Cat(€) L Cat(Disc(Cat(E))
Cat([-]e)

As the unit is an isomorphism this asserts that X is the codescent object of the above pointwise discrete
category in Cat(€). The exhibiting codescent cocone admits a simple description. We denote the codescent
cocone by ([Xo], €z,0.). The codescent morphism €, : [Xo] —= X is the counit of the adjunction:

(-]

UCat(€) L &

obg

described explicitly in Remark 4.8. The exhibiting internal natural transformation:
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has arrow component 0, = 1: [X;]o = X; — X the identity morphism.
That the counit is an isomorphism of course asserts that each pointwise discrete category in Cat(€) is
isomorphic to Cat([—]¢)X for some X € Cat(E).

4.4 2-functors of the form Cat(F)

In the previous section we characterised those 2-categories of the form Cat(€) for a category £ with pullbacks
up to 2-equivalence. In this section we characterise those 2-functors of the form Cat(F) : Cat(A)—=Cat(B),
for a pullback preserving functor ' : A—B € Cat,y,, by means of a biequivalence of 2-categories. We begin
by summarising what we have learnt thus far about such 2-functors.

In Chapter 3 we proved that given F': A—B € Catpp:

o Cat(F) : Cat(A) — Cat(B) preserves cotensors with 2 and pullbacks (is a morphism of Rep).
o Cat(F) : Cat(A) — Cat(B) preserves codescent objects of cateads.

These two properties are equivalent to a set of properties which at first glance appear weaker, as shown by
Part 2 of Corollary 4.21 below.

Proposition 4.20. Let A, B € Rep have codescent objects of cateads and suppose that both cateads and
codescent morphisms are effective in each. Consider a 2-functor H : A — B.

1. If H preserves codescent objects of cateads then H preserves codescent morphisms.

2. If H is a morphism of Rep and preserves codescent morphisms then it preserves codescent objects of
cateads.

3. If H is a morphism of Rep then H preserves codescent objects of cateads if and only if it preserves
codescent morphisms.

Proof. 1. Consider a codescent morphism f : X —Y of A. As codescent morphisms are effective f is
the codescent morphism of its higher kernel:

p d f
FIAf == flf === X Y
q c

Each higher kernel is a catead. Therefore H preserves this codescent object; in particular Hf :
HX — HY is the codescent morphism exhibiting HY as the codescent object of the image of the
higher kernel under H.

2. Cateads are effective in A by assumption and so each catead is the higher kernel of its codescent object.
Consider then a catead X in A together with its codescent object and universal cocone:

, ) / \

X m X1 i Xo X)

‘ ‘ \ /

The catead is the higher kernel of f exhibited by the comma cone (X71,d,c,n). As H preserves comma
objects and pullbacks (as does any morphism of Rep) it preserves higher kernels. Thus H preserves
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the above higher kernel so that the comma cone (HX;, Hd, He, Hn) on the right below:

Hp Hd }y «
HXy —tm> HX, <Hi— HX, HX, JHn HQ(X)
Hq Hc I% T
HX,

exhibits the catead HX as the higher kernel of H f. H f is a codescent morphism by assumption since
f is one. As codescent morphisms are effective in B the codescent cocone (Q(X), H f, Hn) exhibits QX
as the codescent object of its higher kernel HX. Thus H preserves codescent objects of cateads.

3. This combines the results of the previous two parts.

Corollary 4.21. Consider A, B € Catp, and H : Cat(A) — Cat(B).
1. If H preserves codescent objects of cateads then H preserves bijections on objects.

2. If H € Rep then H preserves codescent objects of cateads if and only it preserves codescent morphisms
(bijections on objects).

Proof. Observe firstly that by Theorem 4.18 both Cat(.A) and Cat(B) satisfy the hypotheses of Proposition
4.20 and that by Theorem 3.68 codescent morphisms in Cat(A) and Cat(B) are precisely the bijections on
objects.

1. The result now follows immediately from Proposition 4.20(1).
2. The result follows immediately from Proposition 4.20(3).
O

Remark 4.22. Given F' : A— B € Catpy, the 2-functor Cat(F) € Rep preserves codescent objects of
cateads and thus codescent morphisms by Corollary 4.21(1). (Alternatively note that it is obvious Cat(F)
preserves codescent morphisms as they are just the internal bijections on objects and Cat(F') acts pointwise.)
We will show these two properties suffice to characterise the 2-functors of this form. We will prove this claim
by means of a biequivalence of 2-categories and we recall that notion, and the basic facts about biequivalences
now.

Definition 4.23. A pair of pseudofunctors

A B

_—
G

form a biequivalence of 2-categories if there exist equivalences 14 ~ F'G and 1z ~ GF in the 2-categories
Hom(A, A) and Hom(B, B) respectively.

Remark 4.24. The following characterisation of biequivalences of 2-categories is standard and may be found
for instance in [51].

Proposition 4.25. 1. A pair of pseudofunctors, as above, form a biequivalence if and only if there exist
pseudonatural transformations € : 1 4 => F'G and 1z =—> GF whose components €4 : A—= FGA and
np : B—= GF B are equivalences in A and B respectively.

2. A pseudofunctor F' : A— B is a biequivalence of 2-categories (has a biequivalence inverse) if and only
if:
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(a) F is bi-essentially surjective on objects: For each B € B there exists some A € A and an
equivalence F'A = B in B.

(b) F islocally an equivalence: Given Ay, Ay € A the functor Fy, 4, : A(A1, Ay) —B(F A1, FA) is
an equivalence of categories.

Its biequivalence inverse is unique up to equivalence in Hom(B, A).

Proof. 1. Given 2-categories C and D the evaluation 2-functors eve : Hom(C,D) —= D jointly re-
flect the “property” of being an equivalence. Thus pseudonatural transformations FG =14 and
GF=>1p which are “pointwise equivalences” are necessarily equivalences in the respective 2-categories
Hom(A, A) and Hom(B, B).

2. This is a 2-categorical analogue of the characterisation of equivalences of categories (equivalences in the
2-category Cat). As F is bi-essentially surjective one can define the object function of a pseudofunctor G
in the opposite direction. As F'is only locally an equivalence one can only extend G to a pseudofunctor,
even if F is a 2-functor, in contrast to the 1-categorical case, in which the functoriality of the equivalence

inverse arises from the fact that F' is fully faithful (locally an isomorphism).
O

Definition 4.26. We denote by B the following locally full sub 2-category of Rep.
e Objects: those 2-categories satisfying the conditions (1-5) of Theorem 4.18.
e 1-cells: 2-functors F': A— B of Rep which preserve codescent morphisms.
e 2-cells: 2-natural transformations.

Remark 4.27. Each 2-category of the form Cat(£) lies in B by Theorem 4.18. Given F' € Catp, we have
Cuat(F') € B by Remark 4.22. Thus Cat(—) : Catp, —> Rep takes its image in B and we obtain Cat(—) :
Catp, —B. Restricting Disc(—) : Rep—Catpy, to the sub 2-category B we obtain Disc(—) : B—Catpp,.
We show in the following theorem that these 2-functors form a biequivalence.

Theorem 4.28. We have a biequivalence of 2-categories:
Disc(—)

Catpb B
Cat(—)

Proof. For each £ € Catp, we have the equivalence of categories [—]g : € — Disc(Cat(€)) described in
Remark 4.8 which assigns to an object of £ the canonical discrete internal category in £ upon it. This
is clearly 2-natural in £ € Catpy; therefore it is a pseudonatural equivalence [—] : 1 = Disc(Cat(—)) by
Proposition 4.25(1). It remains therefore to describe a pseudonatural equivalence 1=>Cat(Disc(—)). We
take the arrow components, at A € B, to be those right adjoint 2-equivalences:

Aa Cat(Ra)ja

A Kat(A) Cat(Disc(A))

constructed in Theorem 4.18, where we now reindex by the objects of B. Each 2-equivalence certainly
preserves all limits and colimits. Thus each such 2-equivalence is a morphism of B as required. ! We need
to extend these components to a pseudonatural equivalence. We have for each F' : A — B the components

1We have not any need to consider whether the two components of each 2-equivalence themselves lie in B, and shall not do
SO.
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of A : 1=>K and will combine these with 2-natural isomorphisms as in the right square of the diagram
below:

Aa Cat(Ra)ja

A Kat(A) Cat(Disc(A))
F VAr Kat(F) {2 Cat(Disc(F))

to give the required pseudonatural transformation. Consider the adjunction (for A and equally all other
objects of B):
LA
Kat(A) L Cat(Disc(A))
_—
Cat(Ra)ja

At a catead X this has counit component Cat(pa)X : taCat(Ra)jaX — X where we omit to mention
the inclusions. Cat(R4)jaX is the pointwise discrete category with components (Cat(R4)X); = RaX;
and the components of the internal functor constituting that counit component are the covering codescent
morphisms: 14 x, : RaX; —= X;. We name the counit globally as € .4:

Kat(A) Catliia)ia Cat(Disc(A))
—
1l B
LA
Kat(A)

as opposed to Cat(u4) since, though it acts as such, it is not in the image of Cat(—). Declaring, as in the
case of Theorem 4.18, that the unit of this adjunction is an identity, and equally for every object of B, we
obtain the composite 2-cell of B:

A = Kat(A) —CMEAIA_ 0o (Dise(A))
) % Cat(Disc(F))
“ Cat(Disc(B))
F VAr
Kat(A)
1
Kat(F) =
K B —— D1
B A at(B) CatFmin Cat(Disc(B))

The middle square on the right clearly commutes. The lower triangle commutes as the unit of the adjunction
is an identity. It is easy to see that the composite 2-cell is the component of a lax natural transformation.
For if we are also given G : B—C € B and stack the composite components for F' and G vertically then
we obtain a diagram of four squares, with the components of A at F and G stacked vertically on the left.
These compose by pseudonaturality of A. The vertically stacked squares on the right will compose since the
triangle equation egtg = 1 will cancel out the 2-cell ez appearing in the middle of the right stack. Naturality
of the composite at 2-cells of B follows from the 2-naturality of the inclusions ¢ 4 : Cat(Disc(A))—= Kat(A)
and the corresponding naturality condition for A. Certainly the composite 2-cell above is an identity if we
take its component at 1 : A — A: this fact is witnessed on the right hand side by the triangle equation
Cat(Ra)jaca = 1 and on the left by the pseudonaturality of A. Consequently these squares do indeed give a
lax natural transformation and it remains to show that it is pseudonatural. We will show that the composite
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2-cell comprising the right hand square above is an isomorphism. Consider again the catead X € Kat(A)
and the image of the counit component € 4 X under the image of Kat(F') as drawn on the left below.

Fpax, KB Fx,
FR_AXQ FX2 RBFX2—>FX2
FRAPa J/uFRAqw Fpa J{\u Fqs RpFpe l\u RpFqa Fpa \ui Fqa
F;/,Axl MBFx,
FRA X, —— ~FXi RpFX, ——  ~FX;
FRad, \LT\LFRACI Fd, lTchz RBFdz\H\lRBFCz Fdw\H\tiz
F/LAXO HBFXx,
FRAXo = ~ FX, RpFXog " FXy

On the right we have the corresponding counit component at Kat(F)X € Kat(B), the domain of that
internal functor precisely the image of Kat(F)X under Cat(Rp)jp : Kat(B)—Cat(Disc(B)). The internal
categories which constitute the domains of both internal functors are pointwise discrete categories in B.
Therefore they are unaltered by the coreflection Cat(Rp)jp : Kat(B) — Cat(Disc(B)) whilst the image of
the internal functor on the left under the coreflection has components for ¢ = 0, 1,2 the unique arrows:

FRAX,

Frax,
s

RBFXZWFXl

induced by the projectivity of FR4X; and the lower covering codescent morphism. Now F' preserves codes-
cent morphisms. Therefore each component Fuq . : F'R4X;—F X, is a covering codescent morphism in B.
Therefore, by Proposition 4.16(1), the unique arrow is an isomorphism for each of i = 0, 1,2. Consequently
the internal functor Cat(Rg)jpKat(F)ea(X) is an isomorphism so that the lax natural transformation

is indeed pseudonatural. As its arrow components are equivalences it gives a pseudonatural equivalence
1g => Cat(Disc(—)) by Proposition 4.25(1). O

Corollary 4.29. Let A, B € Catpy,. A 2-functor H : Cat(A) — Cat(B) is, up to 2-natural isomorphism, of
the form Cat(F) for some pullback preserving functor F' : A—B if and only if it is a morphism of Rep and
preserves bijections on objects. In particular H = Cat(obg o Disc(H) o [—] 4).

Proof. Given F € Catpy, the 2-functor Cat(F') is a morphism of Rep and preserves bijections on objects by
Remark 4.22.

Conversely the biequivalence Cat(—) : Catp, —=B of Theorem 4.28 is locally an equivalence by Proposition
4.25(2). Therefore Cat(—)ap : Catpb(A,B) — B(Cat(A), Cat(B)) is essentially surjective on 1l-cells. A
morphism H : Cat(A) — Cat(B) of B is precisely a 2-functor of Rep which preserves bijections on objects
as these are the codescent morphisms by Theorem 3.68. Consequently given such a 2-functor there exists
some F' : A— B € Catpp, with Cat(F) = H as required.

Consider the arrow component of the pseudonatural equivalence 1 ~ Cat(Disc(—)) of Theorem 4.28 at
Cat(€). This is the composite right adjoint of the 2-equivalence Cat(R)jA : Cat(€) — Cat(Disc(Cat(€))),
which as described in Example 4.19 is simply Cat([—]¢), with equivalence inverse given by Cat(obg). Consider
the composite 2-natural isomorphism:

Cat(A) " Cat(B) —> Cat(B)
Cat([-]a) = Cat([-]s) A:bs)
Cat(Disc(Cat(A)) CatDisclE) Cat(Disc(Cat(B))
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where the 2-cell isomorphism filling the left square is the component of the pseudonatural equivalence 1 ~
Cat(Disc(—)) at H whilst the right triangle commutes exactly. This 2-natural isomorphism witnesses the
claim. O

We conclude this chapter with a few examples and non-examples.

Example 4.30. It is worth explaining how Set, viewed as a locally discrete 2-category, fails to satisfy
the axioms of Theorem 4.18 which characterise those 2-categories of the form Cat(£). Certainly Set is
representable, as it has pullbacks, and in the absence of any non-identity 2-cells, trivial cotensors with 2. As
all 2-cells are identities the codescent object of coherence data is just the coequaliser of the underlying graph;
the higher kernel of a function is simply its kernel pair (extended to an internal category). A catead in Set is
simply an internal category in Set, a small category, the two sided discrete fibration condition immediately
satisfied in the absence of any non-trivial 2-cells. If cateads were effective in Set then each internal category
would be the kernel pair of the coequaliser of its underlying graph. Of course this is not true. Each kernel
pair is an equivalence relation and there are many more small categories than there are equivalence relations.
Another account on which Set fails is that discrete objects are not typically projective. Each object of Set
is certainly discrete as Set is a locally discrete 2-category. However codescent morphisms in Set are just the
regular epis or surjective functions. If discrete objects were projective then for each set X and surjective
function f : Y — Z the induced function Set(X, f) : Set(X,Y) — Set(X, Z) would be bijective. This is
certainly not the case.

Example 4.31. Consider € € Catpp, and X € €. The representable Cat(€)([X], —) : Cat(E) —=Cat(Set) =
Cat preserves codescent morphisms since [X] is discrete and discrete objects are projective in Cat(€). Fur-
thermore it preserves all limits and thus is a morphism of Rep. We therefore have, by Corollary 4.29, a
2-natural isomorphism Cat(E)([X], —) = Cat(ob o Disc(Cat(E)([X],—)) o [-]). Given an internal category
Y € Cat(€) we have (Cat(ob o Disc(Cat(E)([X],—)) o [-](Y)); = Cat(E)([X],[Yi))o = E(X,Y;) the latter
isomorphism holding by virtue of the adjunction:

[-]
-
UCat(Set) L Set

_— >
ob

Therefore we see that Cat(£)([X], —) = Cat(E(X, —)).

Example 4.32. It is well known and straightforward to verify directly that if J is a small category then we
have [J, Cat] = Cat(J,Set). On the other hand this is never true if J is a 2-category which is not locally
discrete. We now explain why not.

For a small 2-category J consider [J, Cat]. Limits and colimits are pointwise therein; consequently all limit,
colimit and exactness properties of Cat carry over immediately to [J, Cat], regardless of whether or not J is
locally discrete. If [, Cat] is not of the form Cat(€) it must be the case, by Theorem 4.18, that the discrete
objects do not form a projective cover. Now the discrete objects in [, Cat] are just the pointwise discrete
ones: presheaves whose values are discrete categories. Similarly codescent morphisms are the pointwise
codescent morphisms: the pointwise bijections on objects. Suppose now that 7 has a non-identity 2-cell:

and consider the representable J (i, —) : J — Cat. Suppose that we had a discrete presheaf F' : J — Cat
and a pointwise bijection on objects 6 : F'=> 7 (i,—). Since each Fj is discrete Flo must be an identity
2-cell. 2-naturality of 6 at the 2-cell a asserts that J(i,a) 0 0; = 6, o F(«). Thus J(i,a) o 6; must be an
identity 2-cell. As 6; : Fi — J(i,1) is bijective on objects this implies that J(i,«) is an identity 2-cell in
Cat. But the component of J(i,a) at 1; € J(i,1) is precisely a and so this is impossible. Therefore the
discrete objects in [J, Cat] cannot form a projective cover.
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Corollary 4.33. Let J be a small category and consider the limit 2-functor lim : [J, Cat] — Cat. This
preserves codescent objects of cateads.

Proof. In Example 4.32 we observed in particular that [J, Cat] is representable, has codescent objects of
cateads and that both cateads and codescent morphisms are effective, these properties inherited from the
corresponding properties for Cat. As limits commute with limits lim : [, Cat] — Cat is a morphism of
Rep. Therefore it suffices by Proposition 4.20(2) to show that lim preserves codescent morphisms. In the
present case this amounts to showing that lim takes pointwise bijections on objects to bijections on objects.
Now o0b : UCat —= Set preserves [J-limits so that we have a commuting diagram:

U(lim
[J,UCat] im) UCat

[J,ob]l lob

[T, Set] —“ > Set

The morphisms inverted by ob are precisely the bijections on objects. Therefore given a pointwise bijective on
objects natural transformation n : F'—G it suffices to show it is inverted by obold(lim). But [J, ob] inverts
pointwise bijections on objects and so limo[J, 0b] = obold (lim) inverts them too. Thus lim : [T, Cat]—=Cat
preserves codescent morphisms and so codescent objects of cateads. O
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Chapter 5

Catpy, 1s cartesian closed

In Chapters 3 and 4 we have considered the 2-category Catpy, as a base for 2-categories of internal categories.
In this chapter we show that its underlying category is cartesian closed, the morphisms of the internal hom
given by cartesian natural transformations. We then show that the 2-category with objects and 1-cells the
same as Catpp,, but 2-cells the cartesian natural transformations, is a cartesian closed 2-category.

A related category is proven to be cartesian closed by Taylor in [56] using a similar technique. In that
paper the author considers a category SDom of stable domains, which are posets with connected meets and
directed joins, such that the former distribute over the latter, and with morphisms the order preserving maps
which preserve each aspect of the described structure. The category SDom is shown to be cartesian closed in
Theorem 4.4.3 of that paper. Given stable domains A and B the set SDom(A, B) becomes a stable domain
upon being equipped with the “Berry order” and this gives the relevant internal hom. The “Berry order”
may be described as follows. If categories with pullbacks A and B are posets then the category Cat,, (A, B)
is a poset and the ordering induced by the cartesian natural transformations is precisely the “Berry order”.
Taylor also informed the author that he was aware those techniques carried over to the case of the present
chapter.
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Notation 5.1. In this chapter we aim to show that the underlying category of Catyy, is cartesian closed. In
order to do so we will need to place some size restrictions upon its objects, which until now we have allowed
to be locally small categories with pullbacks. For this chapter only Catpy, refers to the category of small
categories with pullbacks and pullback preserving functors. As usual the objects of Cat are small categories
but as with Catpp, we temporarily ignore its 2-cells. For this chapter only we therefore denote by Cat the
category of small categories and functors so that Catpy, is now a subcategory of Cat. !

Remark 5.2. Our aim is to show that Catyy, is cartesian closed. Firstly we must show that Caty, has
products. Given A,B of Catpy,, the cartesian product in Cat, A x B, has pullbacks, constructed pointwise.
As pullbacks in A x B are pointwise, the projections from A x B preserve them. It is straightforward to
check the universal property is satisfied so that the cartesian product in Catpy, is just the ordinary product
of categories. Furthermore Catpy, evidently has terminal object 1, since the category 1 has pullbacks, and
any functor with codomain 1 necessarily preserves pullbacks.

To show that Catpy, is cartesian closed is to provide a right adjoint to each functor — x A : Catp, — Catpp
for A € Catpy; the right adjoint is then denoted by [A, —]p, and referred to as the “internal hom”.

Definition 5.3. Consider functors F,G : A—Z B and a natural transformation r : ' =>G. The natural
transformation is said to be cartesian if for each morphism f : a —=b of A, the naturality square:

Fa —> Ga

_
Fb—> Gb

is a pullback.

Remark 5.4. It is clear that the identity natural transformation on any functor is cartesian; as furthermore
is the vertical composite of a pair of cartesian natural transformations r : '=>G and s : G=>H. Therefore
one obtains a category whose objects are functors and morphisms: cartesian natural transformations.

Definition 5.5. Given A, B € Catpy, let [A, B],, denote the category whose objects are pullback preserving
functors and whose morphisms are the cartesian natural transformations.

Remark 5.6. In order to show that [A, By, provides the internal hom for the cartesian closed structure
we must first check that it is actually an object of Catpp.

Proposition 5.7. [A, B}, has pullbacks.

Proof. Given pullback preserving functors F,G and H from A to B, and a pair of cartesian natural trans-
formations ¢ : F'=>H and v : G=>H and we must construct the pullback in [A, B],,. As B has pullbacks,
pullbacks in the ordinary functor category [A, B] exist and are constructed pointwise. Consider the pullback
in [4, B]:

P=——=F

_J

SH Ht
We will show that this is the pullback in [A, B]y,. To do so we must firstly show that this square lives in
[A, B]pp, which is to say that P preserves pullbacks and that  and s are cartesian.

1An alternative approach would be to show that Catpp,, with objects locally small categories with pullbacks as before, is
partially closed.
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e P preserves pullbacks:
Given a pullback square in A:

we must show that the square:

is a pullback too. In the composite square:

Ta Fg
Pa— Fa—— Fc
J J
Pai Fal lFVZ&
Pb e Fb o Fd
both smaller squares are pullbacks; the left square as r is cartesian, the right hand square as F

preserves pullbacks. Thus the composite square is a pullback. The equations F3or, = r.o PG and
FOor,=rqo P6 hold by naturality of  and so we may rewrite the above square as:

Pp Te
Pa—— Pc—— Fc
|
Pai P¢i lFQﬁ
Pb ? Pd? Fd -

The right hand square in the composite is a pullback as r is cartesian. As the composite square is a
pullback, the left hand square must be a pullback too.

e 1.5 are cartesian: We shall consider the case of 7.
Given a morphism « : a —=b of A we must show that the square

Pai>Fa

Pb—"> Fb
is a pullback. Both squares in the composite
Sa Ga
Pa——Ga——=Gb
_ _
Fa Ta> Ha ﬁ Hb

are pullbacks: the left hand square because pullbacks in the functor category are constructed pointwise;
the right hand square because u is cartesian. Therefore the composite square is a pullback. By
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naturality of ¢ and s we may rewrite this composite as:

Pa 2% pp—= G

Fa——Fb—— H)
Fa ty
The right hand square is a pullback, and so as the composite is, it follows that the left hand square is
a pullback.
Therefore the square:
P——=F
_J
G==H

indeed lies in [A, B]pp. Its universal property is easily checked upon noting that if r and 7y are vertically
composable natural transformations such that ro and r5 o r; are both cartesian, then r; is cartesian; this
fact following from the pasting laws for pullback squares. O

Remark 5.8. Given a morphism F' : B — C of Catpy, there is an induced pullback preserving functor
[A, Flpp : [A, Blpp — [A4, Clpp given by composition with F, and so we obtain an endofunctor [A, =]y :
Catp, — Catpp,. We shall show that [A, =], is right adjoint to — x A by providing a unit and counit for
the adjunction. These may be lifted to Catpp directly from the case of Cat. In the case of the cartesian
closedness of Cat, the unit and counit are given by evaluation: evp : [A, B] x A— B and coevaluation:
coevp : B—=[A, B x A]. That these lift directly to the case of Cat,y, is the content of the following lemma.

Proposition 5.9. Consider A, B € Catpy,.

1. The restriction of evp : [4, B] x A— B to [A, Blp, x A preserves pullbacks and thus is a morphism
of Catpy,. Accordingly we define the counit components via restriction as evp : [4, By, X A— B and
these are natural in B.

2. The functor coevp : B—>[A, B x A] preserves pullbacks and takes its image in [A, Bx A],,. Accordingly
we define the unit components via this factorization as coevg : B—=[A, B x A],), and these are natural
in B.

Proof. 1. Let:
(Pa) L (Fp)
(s,ﬁ)ﬂJ ﬂ(tﬁ)
(G, ¢) (7, q)

be a pullback diagram in [A, By, x A (corresponding to a pullback square in each of [A, B],, and A).
The image of this pullback square under evp is the outer square of:

Pa T Fa Fo Fb
| _
Sal tai itb
Ga—=> Ha —2%> Hp
| _
Gﬁl Hﬁi lH
Gc—— Hc Ho Hd
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The top left square is a pullback as it is a component of the pullback square in [A, B],,. The bottom
right square is a pullback as it is the image of the pullback square in A, under the pullback preserving
functor H. The top right and bottom left squares are pullbacks as both ¢ and u are cartesian. Conse-
quently the outer square is a pullback square as desired. It is straightforward to verify that the counit
components so defined constitute a natural transformation ev : [4, =], X A— Lcatpy -

coevp

2. To see that B [A, B x A] preserves pullbacks, note that we have the product in Cat:
[A,B x A] @ [A, B] x [A, 4]

and that the following diagram commutes:

B coevp> [A; B X

]

A,
/
A
o

4]

where A(b) is the constant functor at b for each object b of B, ﬁ(b) = 14 is the identity functor on
A, whilst the unlabelled arrows are the projections from the product. Both A and 1/;1 clearly preserve
pullbacks, so coevg = (A, IZ) preserves pullbacks.
To see that the image of coevp lies in [A, B x A],,, we must show firstly that given an object b € B,
the functor coevp(b) = (A,14)(b) = (A(b),14) preserves pullbacks. Certainly the constant functor
A(b) at b preserves pullbacks, as does 14, so that coevg(b) = (A(b),14) preserves pullbacks. Given a
morphism « : a—=b of B, we must verify that the natural transformation coevp(a) is cartesian. Now
coevp(a) = (A(a),11,), and as both A(a) and 17, are cartesian, it follows that coevp(«) is.
It is straightforward to verify that the unit components so defined constitute a natural transformation
coev : 1gat,, —[A, — X Alpp as required.

O

Theorem 5.10. The internal hom, unit and counit defined thus far give Catpy, the structure of a cartesian
closed category.

Proof. 1t remains to verify the triangle equations for the unit and counit. Being defined exactly as in the
case of Cat (where the triangle equations hold) they certainly hold in Catpy,. Therefore Catpy, is cartesian
closed. O

Remark 5.11. As Catpy, is cartesian closed we may consider categories enriched over it. In particular
Catpl, obtains the structure of a Catyp, category itself, Catpp, obtained by setting Catpn(A, B) = [A, Bl
for A, B € Catpp. Indeed Catpy, is a cartesian closed Catyl, category. The forgetful functor U : Caty, —=Cat
is finite product preserving and so, as described in [17], induces a 2-functor: U, : Cat,,—CAT—Cat—CAT.
Given a Catpp-category A, U, A has the same objects as A whilst U,A(a,b) = U(A(a,b)). In particular
U.Catpp, is the 2-category of categories with pullbacks, pullback preserving functors and cartesian transfor-
mations. We conclude by showing that this is a cartesian closed 2-category.

Corollary 5.12. The 2-category of categories with pullbacks, pullback preserving functors and cartesian
natural transformations, U,Catpy, is a cartesian closed 2-category.

Proof. For objects A, B, C of Caty), we have
U.Catpn(Ax B,C) =U(Catpr(Ax B,C))=U([Ax B C’] ) = U([A, [B, C’]pb]pb) = U.Catpp(4,[B,Clp)
naturally in A and C. O
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Chapter 6

Introduction to 2-dimensional monad
theory

In this purely expository chapter we recall those facts about 2-dimensional monad theory which we will
require in further chapters. 2-monads on Cat, or doctrines, were introduced by Lawvere in [39] as a means to
studying categories with equational structure. The subject has been significantly developed by the Australian
school of category theory, beginning with the papers of Kelly and Street [25],[26] in the early 1970’s, as part
of a general program of the study of 2-categories. One continuing thread of this research has been the study
of the common non-strict 2-categorical notions, by means of the better behaved strict ones.

The study of the non-strict via the strict may be summarised as the study of left adjoints to the inclusions
of the 2-category with strict algebras and strict morphisms T-Alg, into various 2-categories with weaker
notions of algebras and algebra morphism such as T-Alg and Ps-T-Alg. Fundamental early papers in this
regard are those of Street [46],[49] which construct such adjoints in significant special cases and use them to
study pseudo and lax limits by means of genuine weighted limits.

The subject reached maturity with the publication of [8] in which, in particular, the left adjoint to the
inclusion of T-Alg, into T-Alg was constructed in the case that T-Alg, is cocomplete. That construction
was clarified by the later work of Lack [34] who explained the relationship between such adjunctions and
codescent objects.

We focus heavily upon these adjoints and our treatment is based upon that of [34]. We consider also the
notion of flexible algebra [8], in order to pave the way for the pie algebras of Chapter 9. We then consider
Power’s coherence result [44] which constituted the first use of the enhanced property of the (Bijective on
objects/fully faithful)-factorisation system on Cat, and its relationship to the above adjoints as recognised
by Lack [34]. These results will be used in the short and largely expository Chapter 7. Finally we recall the
notion of strongly finitary 2-monad as introduced in [27], a variant of which will play an important role in
Chapters 8,9 and 10.
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6.1 2-monads and their algebras

Definition 6.1. A 2-monad (7,7, 1) is a monad in the 2-category 2-CAT. Thus it consists of a 2-category
A, a 2-functor T : A — A and 2-natural transformations p : 7> =>T and 7 : 14 => T such that the
diagrams:

78— 2 T —2s 2
NTH ﬂu and T”ﬂ \ ﬂ#
T ==T T ==>T

commute.

Notation 6.2. A 2-monad consists of a triple (7,7, 1) but we sometimes abbreviate it to simply T'; the
2-natural transformations 1 and p taken for granted.

Definition 6.3. Let (T,n, 1) be a 2-monad on a 2-category .A.

1. A lax T-algebra is given by a quadruple (A, a, o, ag) consisting of an object A € A, a l-cella: TA—A
and 2-cells a:aoTa=ao uy and ag : 1 =>a o ny satisfying the equation:

2

T3 A T2 A
\ \ Ta
Ta HT A HA
TA
= Ta Q\H/
T2A T?2A TA
HA a\H/ a \ u a
A Ha Ny \
TA———> A TA - A
and such that the composite 2-cells:
TA . TA——— A
/ T’m nTA na
[ /|
[ T?°A———>TA | T?°A———>TA
1 !\ Ta and 1 i Ta % 11
\ HA a\U, a Vj a\U, a
TA—2— > A TA—2— > A

are both identities. If the coherence 2-cells « and g are both isomorphisms then (A4, a, a, ap) is said
to be a pseudo algebra. If they are identities then (A4, a, a, ap) is said to be a strict algebra.

2. A lax morphism (f, f) : (A, a,a, ag) —= (B, b, 3, Bp) of lax algebras consists of a 1-cell f: A—= B and
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2-cell f:boTf=>f oa satisfying the equations:

T2f T2
T2A T%B T2A T%B
Ta Tb Tb
na Tf\ \ na 1B \
TA 7 TB _ ﬁﬂ TB
TA TA TB
a ?\M/ b b b
_— >
A 7 B A 7 B
and
P P A
nA nse NA
7A—2 g ) TA
<~ |1 _ < |1 1
Bo / = @0
a ?\U, b/ a
_ _— >
A 7 B A 7 B

If the coherence 2-cell f is an isomorphism then (f, f) is said to be a pseudo morphism. If it is an

identity then (f, f) is a strict morphism.

3. A transformation (also called an algebra 2-cell) between lax morphisms 6 : (f, f) =>(g,9) consists of
a 2-cell 8 : f = g satisfying the equation:

Tf
TF m
TA TB TA 10| TB
W
_ = Tg
a f‘U’ b a 7\U’ b
¥ g
A
AT el B A————B
\w/ £

Remark 6.4. Each 2-monad has several associated 2-categories of algebras. Of primary interest to us will
be the 2-categories T-Alg,, T-Alg, T-Alg; and Ps-T-Alg.

Definition 6.5. o T-Alg, is the 2-category of strict algebras, strict algebra morphisms and transforma-
tions.

e T-Alg is the 2-category of strict algebras, pseudomorphisms and transformations.
e T-Alg, has strict algebras, lax morphisms and transformations.

e Ps-T-Alg has pseudoalgebras, pseudomorphisms and transformations.

118



Remark 6.6. Each 2-monad T on A induces a 2-adjunction:

FT
T-Alg, L A
UT

Given A € Awe have FTA = (T A, ua). The unit of the 2-adjunction is provided by the unit of the 2-monad,
whilst the counit component at an algebra (A,a) is the algebra morphism a : (T'A, pa) — (A,a). The 2-
category T-Alg, is a sub 2-category of each of the other 2-categories of algebras. Postcomposing the left
2-adjoint FT : A—= T-Alg, with the respective inclusions ¢ : T-Alg, —= T-Alg and ¢ : T-Alg, — Ps-T-Alg
gives left biadjoints to the evident forgetful 2-functors. Thus we have:

- P
T-Alg 1 A
U

and:
F

<
Ps-T-Alg L A
U

Given a pseudoalgebra (A, a, o, ag) the counit component of this latter biadjunction is the pseudomorphism
of algebras (a,) : (TA,pa) — (A,a,a,qp). If the algebra in question is strict, as in the case of T-Alg,
then this reduces to the strict algebra map a : (TA,pa) — (A,a). Given a pseudomorphism (f, f) :
(4, a,a,a9) —(B,b, 3, By) the component of the pseudonatural counit is the algebra 2-cell:

(TA7 /’[’A) ﬂ (A? a, o, 040)
Tfl 7 l(ﬁf)

(TB, up) “oi (B, b, 3, Bo)

6.2 Strict algebras and strict coherence data

In this section we describe the left 2-adjoints to the inclusions of T-Alg, into T-Alg, T-Alg; and Ps-T-Alg
first constructed in [8], and in particular the relationship of these adjoints with codescent objects. The
construction of the left 2-adjoints using codescent objects presented here follows [34].

Remark 6.7. For a 2-monad T the adjunction:

FT
T-Alg, L A
UT

induces a 2-comonad FTUT on T-Alg,. Such a comonad is precisely a comonoid in the strict monoidal
category 2-CAT(T-Alg,, T-Alg,) = [T-Alg,, T-Alg,], with the monoidal structure given by composition of
2-functors. Now (A, @®,[—1]) is the free strict monoidal category containing a monoid. Therefore A%, with
the opposite monoidal structure, is the free strict monoidal category containing a comonoid. Consequently the
2-comonad corresponds exactly to a strict monoidal functor A% —[T-Alg,, T-Alg,]. As 2-CAT is partially
closed this transposes to a 2-functor T-Alg,—[AS", T-Alg,]. Restricting along the inclusion A—=A | gives
a 2-functor T-Alg, —[A°", T-Alg_]; thus each algebra has an associated simplicial object. Restricting again,
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now along the inclusion Ap—=A, induces a 2-functor T-Alg,—=[A5”, T-Alg,]. Therefore each algebra (4, a)
has associated strict reflexive coherence data in T-Alg, which we refer to as the resolution of (A4, a):

HTA
%TY]TA ﬂ%
R@S(A, a) = (T3A7 IU/T2A) Tpa——> (T2A7 MTA) < Tna (TA7 MA)
<~—T%n4 _— >
5 Ta
T?a

A codescent cocone to this strict (reflexive) coherence data is a triple ((B,b), f, ) consisting of:
1. An algebra (B,b).
2. An algebra morphism f : (T'A, ua) — (B,b).

3. An algebra transformation:
(TA, pa)
2N
(TQA, /~LTA) \H/a (B> b)
f

PG

(TA, pa)

Transposing across the adjunction T-Alg ((T'A, ua), (B,b)) = A(A, B) we see that the algebra morphism
FTA = (TA,pua) — (B,b) corresponds uniquely to a morphism f : A —= B in A. Transposing across
the adjunction T-Alg (T2 A, a), (B,b)) = A(T A, B) the algebra transformation 6 corresponds exactly to a
2-cell:

Tf
TA—=TB

A——B
!
Thus to give the “data” ((B,b), f,0)) for a codescent cocone is equally to give the “data” (f,0) for a lax
algebra morphism from (A, a) to (B,b). Furthermore the equations for a codescent cocone of Section 2.2

correspond exactly to the equations for a lax algebra morphism. Denoting by W : Ay — Cat the weight for
codescent objects of strict reflexive coherence data what we have observed is a bijection of sets:

[Agp, T_Algs] (VVa T'Algs (RBS(A’ a)v (37 b)) = T_Algl((A7 a’)v (B7 b))

between codescent cocones and lax algebra morphisms. This extends to an isomorphism of categories 2-
natural in (B, b).

Furthermore the 2-cell # of the codescent cocone is invertible if and only if its transpose 6 is so. Letting
W; : Ay — Cat denote the weight for isocodescent objects we then have an isomorphism of categories:

[ASP, T-Alg,J(W;, T-Alg,(Res(A, a), (B,b)) = T-Alg((A, a), (B,b))
2-natural in (B, ).

Proposition 6.8. 1. The inclusion T-Alg, — T-Alg, has a left 2-adjoint if and only if for each algebra
(A,a) the codescent object of its resolution Res(A,a) exists in T-Alg,. This is the case whenever
T-Alg, has codescent objects of strict reflexive coherence data.

2. The inclusion T-Alg,—T-Alg has a left 2-adjoint if and only if for each algebra (A, a) the isocodescent
object of its resolution Res(A,a) exists in T-Alg,. This is the case whenever T-Alg, has isocodescent
objects of strict reflexive coherence data.
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Proof. 1. The inclusion ¢ : T-Alg, — T-Alg, is the identity on objects. Therefore to give a left 2-
adjoint to it is to give, for each algebra (A, a), an algebra (A, a)’ and an isomorphism of categories:
T-Alg.((4,a),(B,b)) = T-Alg ((4,a), (B,b)) 2-natural in (B,b). We have, by the above discussion, an
isomorphism: [A5”, T-Alg (W, T-Alg,(Res(A, a), (B,b))) = T-Alg,((4,a), (B,b)) 2-natural in (B,b).
Thus to give a left 2-adjoint is equally to give an algebra (A,a)’ and an isomorphism of categories:
T-Alg,((4,a)’, (B,b)) = [AY, T-Alg,](W, T-Alg,(Res(4,a), (B,b))) 2-natural in (B,b). This is pre-
cisely the assertion that the codescent object of Res(A,a) exists and equals (4, a)’. Since Res(A,a)
constitutes strict reflexive coherence data it follows that if T-Alg, has such codescent objects the left
2-adjoint exists.

2. Given the isomorphism of categories: [A5”, T-Alg ](W;, T-Alg,(Res(4,a), (B,b)) = T-Alg((A, a), (B,b))
the argument is just the same as for the first part of the proposition.
O

Remark 6.9. In Chapter 1, the overview, we remarked that the first appearance of descent objects [49],
then unnamed, was in the context of two dimensional universal algebra. Street’s observation was very closely
connected to the constructions of the left adjoints T-Alg, T-Alg;—T-Alg, of Proposition 6.8 and we describe
this relationship now. Let (A, a) and (B, b) be strict algebras for a 2-monad 7" on A. In [49] Street observes
that T-Alg ((4, a), (B, b)) is the descent object in Cat of the AJ indexed diagram:

A(1,b)oTa, B A(1,b)oTra,TB
T-Algy((A, a), (B, b)) ——= A(A, B) A(na)—— A(TA, B) ——A(ua.)—> A(T2A, B)
A(a,l) A(Ta,1)

Given a lax algebra morphism (f, f) : (4,a)—(B,b) we have A(1,b)oT4 goU(f, f) = A(1,b)oTf =boTf
whilst A(a, 1)oU(f, f) = A(a, 1)of = foa so that the natural transformation exhibiting T-Alg,((A, a), (B, b))
as the descent object has value at (f, f) its structure 2-cell f : bo T'f => f o a; the lax algebra morphism
equations under this correspondence becoming those for a descent cone.

Since the object B underlies a strict algebra (B,b) the diagram above may be transposed through the

adjunction:

FT
T-Alg, L A
UT

to give a diagram in T-Alg, as on the top row below where we have abbreviated (B,b) to B for clarity and
similarly abbreviated the free algebras which appear. The calculations of Remark 6.7 correspond to the
fact that this transposed diagram is precisely the image of the resolution of the algebra (A,a) under the
contravariant hom functor T-Alg, (—, (B, b)) : T-Alg?? —Cat. We thus obtain a natural isomorphism of Ay
objects in Cat as indicated by the rightmost three vertical isomorphisms below.

T-Alg, (pa,1) T-Alg,(pTa,1)
T-Alg (A, B) T-Alg (T A, B) <—T-Alg,(Tna,1)— T-Alg (T? A, B) —T-Alg (Tua,1)—> T-Alg (T3 A, B)
N N T-Alg,(Ta,1) N T-Alg,(T%a,1) N
_i _i A(1,b)oTa, B _\L A(1,b)oTra,TB _i
T-Alg((4,a),(B,b)) — A(A, B) A(na,)—— A(T'A, B) A(pa,l) A(T?A, B)
A(a,l) A(Ta,1)

Now an algebra (A, a)’, above abbreviated to A’, is the codescent object in T-Alg, of the resolution of (4, a)
if and only if its image under T-Alg, (—, (B,b)) : T-Alg?” — Cat is the descent object of the corresponding
A5 object in Cat, the top row above. Therefore combining Street’s observation with the fact that descent
objects are invariant up to an isomorphism of A; diagrams we see that (A,a)’ is the isocodescent object of
the resolution of (A, a) if and only if we have an isomorphism T-Alg ((A4,a)’, (B,b)) = T-Alg)((A, a), (B,b)).
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Similarly T-Alg((A,a), (B, b)) is an isodescent object in Cat; this fact similarly giving a description of the
left adjoint to the inclusion T-Alg, — T-Alg in terms of isocodescent objects.

Remark 6.10. Let (A,a) be an algebra for T. The algebra (A,a)’ defined by the natural isomorphism
T-Alg,((A,a), (B,b)) = T-Alg((4, a), (B,b)) is often referred to as the “pseudomorphism classifier” of (A, a).
The unit of the representation is a pseudomorphism A4 : (4,a) — (A, a)" with the universal property that
any pseudomorphism (A, a) — (B, b) factors uniquely through it via a strict morphism (4, a) — (B, b),
and with the evident 2-dimensional universal property. In the case of the representing algebra (A,a)" of
T-Alg ((A,a)’, (B,b)) = T-Alg((4,a), (B,b)) we call (A,a) the “lax morphism classifier” of (4,a) and it
has a similar universal property with respect to lax algebra morphisms.

Remark 6.11. Consider the 2-adjunction:
=)
-
T-Alg, T-Alg
_—

L

The unit of the adjunction at an algebra (A, a) is a pseudomorphism A4 : (A,a) —= (A, a)’. The counit is a
strict algebra morphism py : (A4,a) —= (A4, a). The triangle equations for the adjunction are:

(A, a) — > (A, a) (4, a) 225 (4, a)”
Sl S
(4, a) (A, a)

where the left triangle lies in T-Alg and the right triangle in T-Alg,. The left triangle asserts that A4 is a
section of p4 in T-Alg. In fact p4 is, at least if A is sufficiently complete, a surjective equivalence.

Proposition 6.12 (Blackwell-Kelly-Power). Let A be a 2-category which admits pseudolimits of arrows and
suppose that the left 2-adjoint to the inclusion ¢ : T-Alg, — T-Alg exists. Then for each algebra (A, a) the
strict algebra morphism p4 : (A, a)’—=(A, a) is a surjective equivalence in T-Alg, with A4 : (4,a)—=(4,a)’
its equivalence inverse.

Proof. See [8]. Note that in [8] all results are proven in the context of a complete and cocomplete 2-category
A and a 2-monad with rank. However the above assumptions are all that is required for this particular
result. O

6.3 Flexible algebras

In this section we assume that the 2-monad T satisfies the assumptions of Proposition 6.12.

Remark 6.13. One of the triangle equations for the adjunction:

(=)
T-Alg, L T-Alg

L

asserts that for each algebra (A4, a) the strict algebra morphism p has section A4 in T-Alg. This motivates
the definition of flexible algebra below.

Definition 6.14. An algebra is said to be flexible [8] if the strict algebra map p4 : (A,a)’ —= (4, a) has a
section in T-Alg,.

Proposition 6.15. The following are equivalent:
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1. (A, a) is flexible.
2. pa: (A,a) — (A, a) is a surjective equivalence in T-Alg,.
3. (A,a) is a retract in T-Alg, of (B,b)’ for some algebra (B, b).

Proof. If (A, a) is flexible then by definition p4 has a section r : (4,a) — (4, a)’ in T-Alg,. We claim that
r is the equivalence inverse of p4 in T-Alg,. We must show that rps = 1. We have parpa = pa as r is
a section. Now p4 is an equivalence in T-Alg by Proposition 6.12; therefore it is fully faithful in T-Alg.
Consequently there exists a unique isomorphism rpy = 1 € T-Alg which postcomposed with p4 yields the
identity. As the inclusion T-Alg, — T-Alg is locally fully faithful this 2-cell isomorphism lies in T-Alg,.
Thus (1 = 2).

If pa: (A a) —=(A,a) is a surjective equivalence in T-Alg, then certainly p4 has a section so that (A, a) is
a retract of (4,a)’. Thus (2 = 3).

Suppose that (4,a) is a retract in T-Alg, of (B,b)’ for some algebra (B,b): there exist strict algebra
morphisms 7 : (4,a) — (B,b) and s: (B,b) — (A4, a) such that sr = 1. Then the strict map:

()

(A,a) "> (B,b) (B,b)" —> (A, a)

provides the section of p4. For we have pyos’o(Ag) or =sopp o(Ap) or = sor =1 first using naturality
of p, then the triangle equation pgr o (Ag)’ = 1 and finally the section sr = 1. Thus (3 = 1). O

A particularly useful property of flexible algebras is the following.

Proposition 6.16. Let (4, a) be a flexible algebra. Given a pseudomorphism (f, f) : (4, a) —(B,b) there

exists a strict morphism g : (A, a) — (B, b) such that g = (f, f).

Proof. Given a pseudomorphism (f, f) : (A,a) — (B, b) the square on the left below:

(4,a) LI (B,vy (4,a) LI (B,wy
I)Al lpB PAi =~ ipB
Aa — (B, b A,a) —— (B,b
(A, a) 07 (B,b) (A,a) s (B,b)

need not commute since p is 2-natural only in strict algebra morphisms. However both paths of the square
do agree once precomposed with A\ : (A4, a) — (4, a)’ since we have pp o (f, f) o Aa =pgoigo(f,f) =
(f, f) = (f, f) opa o A4 using naturality of A and that poX = 1. Now A4 : (4,a) —=(A,a)’ is an equivalence
by Proposition 6.12 and is therefore co-fully faithful, so that there exists a unique 2-cell, as on the right
above, which becomes an identity upon precomposition with A4. Any co-fully faithful arrow is liberal, thus
the 2-cell is an isomorphism. By assumption (A4,a) is flexible. Therefore there exists a section 7 of p4 in

T-Alg,. We now have the composite 2-cell isomorphism:

(A,0) —" (4,a) LT (B by

A,aﬁB,b
( )(f’f)( )

Since each of pp, (f, f)’ and r are strict algebra maps the 2-cell isomorphism pg o (f, f) or = (f, f) proves
the claim. 0

Example 6.17. Each algebra (4, a)’ is flexible by Proposition 6.15(3).
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Proposition 6.18. Each free algebra is flexible.

Proof. Consider a free algebra (T'A, ). We will construct a section of pra : (TA,pua) — (TA,pa). The
pseudomorphism A : (T A, pa)—=(TA, pa) has underlying map: g : TA—=TA' = UT((T A, 14)") whose
transpose across the adjunction:

FT

T-Alg, 1 A
_—

UT
we denote by:
t

(Aa)*

(T2A7 HTA) — (TA/’ :UTA')
We claim that the composite:

(Aa)*

T (T2 A, g ) — e (TAY ppar) =22 (T A, )

(TA, /J/A)

is the identity, for which it suffices to show that its transpose under the same adjunction equals the transpose
of the identity on (T'A, 14). The transpose of the above composite equals:

Tna (Aa)* prA

A TA T?A TA' TA
By naturality of n4 the first two components equal 74 0n4. We have (A4)onra = Aa undoing the original
transposition. Therefore the composite equals prg o Apg4 0 ng = 14 the final equality holding as po A = 1.
Since 14 is the transpose of the identity on (T'A, p14) the claimed composite is indeed the identity in T-Alg,.

Therefore (Aa)! o Ty is a section of pra. O

Remark 6.19. In the remainder of this section we suppose that T is a 2-monad with rank on a complete
and cocomplete category. In that case T-Alg, is both complete and cocomplete by Proposition 3.8 of [8].

Definition 6.20. Flexible limits are those limits which may be constructed from pie limits: products,
inserter and equifiers, together with splittings of idempotents. Flexible colimits are those colimits which
may be constructed from pie colimits: coproducts, coinserters and coequifiers, together with splittings of
idempotents.

Proposition 6.21. Each algebra (A,a)’ is contained in the closure of the free algebras in T-Alg, under
pie colimits. Each flexible algebra is contained in the closure of the free algebras in T-Alg, under flexible
colimits.

Proof. By Proposition 6.8(2) the algebra (A,a)’ is the isocodescent object of the strict reflexive coherence
data in T-Alg,:
HTA HA

Tpa—— (TQA, MTA) <—Tna

(TgAvﬂTzA) (TA, ,uA)

T?a Ta

each component of which is a free algebra. By Remark 2.18 isocodescent objects may be constructed from
coinserters and coequifiers, thus (A,a)’ lies in the closure of the frees in T-Alg, under coinserters and
coequifiers, and therefore under pie-colimits. By Proposition 6.15(3) each flexible algebra (B, b) is a retract
of an algebra of the form (A4, a)’. Given then r: (B,b) —(A,a)’ and s: (4,a) — (B, b) such that sr =1
the flexible algebra (B, b) is the splitting of the idempotent rs on (A, a)’. Therefore each flexible algebra is
contained in the closure of the frees under coinserters, coequifiers and splittings of idempotents; thus flexible
colimits. O

Proposition 6.22. The flexible algebras are closed in T-Alg, under flexible colimits. Therefore the flexible
algebras are precisely those algebras contained in the closure of the free algebras under flexible colimits in
T-Alg,.
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Proof. 1t is straightforward to verify directly, using the relevant universal property, that any coproduct,
coinserter, coequifier or idempotent splitting of flexible algebras is again flexible. Therefore the flexible
algebras are closed under flexible colimits. By Proposition 6.21 each flexible algebra is a flexible colimit of
free algebras and the result follows. O

6.4 Pseudoalgebras and general coherence data

We have so far considered the cases of codescent objects of strict coherence data, and strict reflexive coherence
data and these were sufficient to describe the left adjoints to the inclusions of T-Alg, into T-Alg and T-Alg;.
If we are interested in pseudoalgebras we need to consider a more general notion. Recall that the resolution
of a strict algebra constitutes strict reflexive coherence data. A pseudoalgebra again has a “resolution” but
the corresponding coherence data is no longer “strict”. The weights for strict (reflexive) coherence data
have indexing categories respectively A and Ay. We now describe the indexing 2-categories Aj " and A
which are the indexing categories for the weaker notion of coherence data and its reflexive counterpart. Both
are sub 2-categories of A’, which may be constructed using a factorisation system on 2-CAT which we now
describe.

Remark 6.23. 2-CAT has an orthogonal factorisation system (E, M) in which:
e F = {2-functors which are bijective on objects and arrows}
e M = {Locally fully faithful 2-functors}

A 2-functor F' : A—B may be factored through another 2-category C whose underlying category UC equals
UA. Given a parallel pair of arrows f,g: A—Z B of C a 2-cell f=>g of C is a triple (f,a: Ff =>Fg,g).
Composition of 2-cells in C is inherited from that of B, giving C the structure of a 2-category. We therefore
obtain a factorisation:
A—sc s
In this factorisation F} is identity on objects and arrows, whilst the action of F5 on objects and arrows of A
agrees with the action of F'. Given a 2-cell a: f =>g, F; and F, act as:
F F.
=%y > ([Ff=5Fgg) +—> Ff=5Fyg
Remark 6.24./We now describe a specific case of this factorisation which we will employ to obtain the
2-categories A5 and A). As described in Proposition 2.13 the simplicial category A is freely generated by
the face and degeneracy operaters subject to the simplicial identities. To be precise it is a quotient of a free
category on a directed graph exhibited by a functor:

q: FG—A

The graph G has the same objects as A and directed edges the face and degeneracy operators o7 : [n—1]—=[n]
and p7 : [n+1]—=[n]. The free category F'G on G has the same objects as G. Its morphisms are composable
strings of the generating words [0]'] : [n — 1] —=[n] and [p}] : [n + 1] — [n], with empty strings playing the
role of identity morphisms. The functor ¢ : FG — A is the identity on objects and is uniquely determined
by its action on the generating arrows, whereupon we have g[o}'] = o7 and q[p]}] = pj.

We may view F'G and A as locally discrete 2-categories upon which ¢ : FFG — A becomes a 2-functor.
Factorising it as bijective on objects and arrows followed by locally fully faithful:

FG— N T>A
gives the 2-category A’. The underlying category of A’ agrees with that of F'G. For parallel arrows:
[aer...an]

[i] ———=1jl

[B1-.-Bm]
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of FG there exists a unique 2-cell

[ag...an]

. /\ .
{ = [
\d/

[ﬁl ﬂm]

whenever the equation a,, o...a1 = §,, o... 1 holds in A.

As equality is an equivalence relation it follows that A’ is locally an equivalence relation. In particular each
such 2-cell is not only unique, but by reflexivity an isomorphism. Consequently it is not necessary to either
orient or label the 2-cells of A’, each of these being determined precisely by its domain and codomain 1-cells.
As A’ is locally a preorder composition of 2-cells is automatic. As each equation between 1-cells of A is
generated by one of the simplicial identities of Proposition 2.13, each 2-cell of A’ is generated by one of the
generating isomorphisms:

o Forj<ie[n+1]:  [5716r] = 076 ).
e Forj<ie[n—1]: [of 'oy] =07 ol ).

e Forall j € [n] and i € [n —1]:

[0 pr P if <
[0 107 = [ ifj=ior j=i+1
(07 op =] ifj>i+1

Now q : FG — A is the identity on objects and full on 1-cells. Therefore the 2-functor p : A’ — A is both
the identity on objects and full on 1-cells, in addition to being locally fully faithful. Consequently p is the
identity on objects and locally a surjective equivalence.

Definition 6.25. The 2-category A " is the locally full sub 2-category of A’ with generating morphisms
the maps:

[01] [92]
[0] <Hool— [1] —(81}— [2]
[d0] [d0]

whilst A} is the full sub 2-category of A’ with objects [0], [1] and [2].

Remark 6.26. Restricting the 2-functor p : A’ —= A to A), of Remark 6.24 gives a 2-functor p : A, — As.
As p : A’ — A is identity on objects and locally a surjective equivalence the same properties hold for
p: Al —= Ay, This will be of importance in Chapter 8.

Definition 6.27. Let A be a 2-category.

1. A 2-functor A : (A5 /)"p —> A is called coherence data. Such a 2-functor consists of a diagram of
objects and 1-cells:

p d
A2 —m—> A1 <4 AO
q c

together with isomorphisms dp = dm, cq = cm, c¢p = dq and di = ¢i =2 1 . No equations are required
to h(l)ld between the 1-cells but “all diagrams of 2-cells commute”. This corresponds to the fact that
5 )°P is locally a preorder. Furthermore we need not label or orient any of these 2-cells; for they are

(A;

uniquely determined by their domains and codomains and are invertible.
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2. A 2-functor A : (AL)°? — A is reflexive coherence data. This consists of a diagram of objects and

1-cells:

P
> d

P

U

Ag —m—>= A <—i
<~r—

Ao

- S c
q

together with the isomorphisms required for coherence data. Furthermore there are additional isomor-
phisms li & ri, pl & id, ml = gl 2 1, qr = ic and mr = pr = 1. Again there are no equations between
1-cells but all diagrams of 2-cells must commute.

Example 6.28. Consider a pseudoalgebra (A, a, o, ap). Its putative resolution:

HTA
<—7Tnra #—A>
RBS(A, CL,O&,O&()) = (T3A»MT2A) Tpa——> (TgAvﬂTA) <—Tna (TA?MA)
<—T%na B
5 Ta
T2a

is no longer strict coherence data; but equipped with the 2-cell isomorphisms T'ag : 1 2 TaoTna, Ta: Ta =
T?a =2 Tao T, and T?aqg : 1 = T?a o T?ny, the other necessary isomorphisms being identities, becomes
reflexive coherence data.

Remark 6.29. In the case of strict algebras we gave a conceptual explanation as to why each strict algebra
gives rise to strict coherence data. Namely (A%, @,[—1]) is the free strict monoidal category containing
a comonoid. The 2-monad T induces a 2-comonad on T-Alg,, a comonoid in [T-Alg,, T-Alg,] and thus a
corresponding functor A%’ — [T-Alg,, T-Alg,] whose transpose:

T_Algs e [Aj-pv T_Algs]

may be restricted to assign strict reflexive coherence data to each strict algebra.
A conceptual explanation for the coherence data associated to a pseudoalgebra follows from work of Lack
[33] which we very briefly outline here. Each 2-monad induces a pseudo-comonad on Ps-T-Alg, a pseudo-
comonoid in the Gray monoid Gray(Ps-T-Alg, Ps-T-Alg). We have only considered A’ but of course this
may be extended to A’,. This 2-category admits the structure of a Gray monoid, the universal Gray monoid
containing a pseudo-monoid and thus (A’ )° is the universal Gray-monoid containing a pseudo-comonoid.
Therefore we have a 2-functor (A/, )P — Gray(Ps-T-Alg, Ps-T-Alg) corresponding to the pseudocomonad.
Its transpose is a 2-functor:

Ps-T-Alg — Gray((A!, )P, Ps-T-Alg)
whose restriction assigns the reflexive coherence data to a pseudoalgebra described in Example 6.28.

Remark 6.30. As in the strict case the codescent object of reflexive coherence data will be simply the
codescent object of the underlying coherence data. Since our interest in both types of coherence data is
primarily with regards their codescent objects we view “reflexivity” as a property of coherence data. Thus
we say that coherence data (A5 )P —= A is reflexive if it underlies reflexive coherence data (A})%P —> A.

Definition 6.31. Given coherence data:

P d
Ag —m—>= A <—i Ap
q (&3

reflexive or not, its codescent object and universal cocone consists of a triple (A4, f, «): an object, 1-cell and
2-cell as depicted:

d Ao f
e N
A1 \H]a A
™S /f7
Ao
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satisfying the two identities:

1.
AIHAO Al—d>A0 ;
| A/ﬂ\ 7 \i U“ f\A
24> 1 =
N E N S \ / @" /]
AI*C>AO A1%A0
2.
NW;;AO /
Ao*iifh HQ\A = A0L>a
N

The “cocone” is the universal one with these properties: the universal property of the codescent object is
the same as the universal property of the codescent object of strict coherence data described in Section 2.2.
The isocodescent object, as in the case of strict coherence data, comes equipped with cocone a triple (4, f, a)
as above but the 2-cell « is invertible, and furthermore this cocone has its universal property only with respect
to other such cocones.

Remark 6.32. We have not shown that the notion of codescent object of coherence data describes a weighted
colimit; we have not given the weight. The weight is not so simple as for the case of strict coherence data.
In order to describe the weight we firstly observe that the codescent object of coherence data may be formed
using coinserters and coequifiers if A has these colimits. Given coherence data as in Definition 6.31 we firstly
form the coinserter:

of its underlying graph. Next form the coequifier (B, g : A— B) of the parallel pair of 2-cells:

Ao

/ﬂ\ . /\wa \fA
N

\/wa/f

/;
\

~J

Ao
Finally form the coequifier (C,h : B— C) of the parallel pair of 2-cells:
I ; 7
o~ / \ . /\ ’
Ag—i= A o SA—T-p  ad A G A—">-B
e AO I

It is straightforward to check now that the cocone (C, hgf, hga) has the universal property required to ex-
hibit C as the codescent object of the coherence data. The Yoneda embedding YV : (A3 Nor Ay ' Cat]
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constitutes coherence data in [Ag ', Cat]. As the presheaf 2-category [A; ", Cat] is cocomplete we may cal-
culate its codescent object in [AS ' Cat] using coinserters and coequifiers as described to obtain a 2-functor
WAy '~ Cat and this is the weight for codescent objects of coherence data. It is easy to see this directly
and we briefly justify the claim now. Given coherence data X : Ay P> Alet Cocone(X, A) denote the
evident category of codescent cones from X to an object A of A. The codescent object of X is the universal
cocone: we have an isomorphism Cocone(X, A) = A(QX, A) where we denote by QX the codescent object of
X. To give the codescent object of X is therefore to give a representation of Cocone(X, 1) : A—=Cat. As W
is the codescent object of the Yoneda embedding we have [A5, Cat](W, A(X —, A)) = Cocone(Y, A(X—, A)).
Using Yoneda’s lemma we see that Cocone(Y, A(X—, A)) = Cocone(X, A) naturally in A as required. Thus
W : A; — Cat is the required weight.

One may form the weight for isocodescent objects of coherence data from the weight for codescent objects
by additionally forming a coinverter, just as described in Remark 2.18. A similar approach again will yield
the weights for codescent and isocodescent objects of reflexive coherence data.

Remark 6.33. Strict coherence data is a special case of general coherence data; all of the defining 2-cell
isomorphisms are required to be identities. The codescent object of strict coherence data, viewed as general
coherence data, as described above in Definition 6.31, is exactly the codescent object of the strict coherence
data as described in Section 2.2. The cocone equations of Definition 6.31 reduce to the equations for a
codescent cocone of Section 2.2 when the 2-cell isomorphisms of the coherence data are identities. Thus the
notion of codescent object introduced in this section is a generalisation of the strict case, specialising to the
preceding notion when the coherence data is actually strict. These remarks also hold for the case of the
isocodescent object.

Proposition 6.34. The inclusion of T-Alg, — Ps-T-Alg has a left 2-adjoint if and only if for each pseu-
doalgebra (A, a, «, ag) the isocodescent object of its resolution exists in T-Alg,. This is the case whenever
T-Alg, has isocodescent objects of reflexive coherence data.

Proof. Denoting by W : A, — Cat the weight for isocodescent objects of reflexive coherence data we have
an isomorphism of categories:

[(AL)°P, T-Alg, (W, T-Alg,(Res(A, a, o, ap), (B, b)) = Ps-T-Alg((A, a, o, ), (B, b))

2-natural in (B,b). The argument now proceeds exactly as described in Proposition 6.8. O

6.5 Enhanced factorisation systems, bijections on objects and cal-
culations of (—)

In this section we consider some cases in which the left adjoints to the inclusions of T-Alg, into T-Alg
and Ps-T-Alg are easily calculated. The calculations of (—)" we here describe constitute the first use of
enhanced factorisation systems. The basic result concerning factorisation systems and the theory of 1-
dimensional monads, which is well known, is the following. We state that proposition in terms of 2-monads,
the generalisation to the 2-dimensional case being trivial.

Proposition 6.35. Let A be a 2-category with an orthogonal factorisation system (E, M). Let T be a 2-
monad on A and suppose that T'(E) C E. Then the factorisation system lifts to an orthogonal factorisation
system (E, M) on T-Alg, where E = {f € T-Alg, : UTf € E} and M = {f € T-Alg, : UT f € M}.

Proof. Given an algebra morphism f : (A,a) — (B, b) as on the left below:

TA— 1B 7A—L om0 T 1R 7A—2L 0T 7R
A 4]‘) B TA ° C m B TA = C py B
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we may factor the underlying morphism f : A— B as f = me with m € M and e € E. Upon doing so
the diagram on the left above may be rewritten as the middle diagram. Now Te € E by assumption and
m € M so that there exists a unique arrow ¢ : T'C'—C as on the right above, rendering both squares of that
diagram commutative. By uniqueness of ¢ and naturality of  and p it is straightforward to see that the pair
(C, ¢) is an algebra and that we have a pair of algebra morphisms e : (4, a)—(C,¢) and m : (C,c)—=(B,b)
whose composite equals f : (A,a) — (B,b). That the classes £ and M are closed under composition and
contain the isomorphisms follows from the corresponding facts for E and M, as does orthogonality of the
classes E and M. A full proof of the 1-dimensional case may be found in [2]. O

Remark 6.36. The construction of a strict algebra from a pseudoalgebra using enhanced factorisations
systems described in the following Remark is due to Power [44]. We separate this construction from Power’s
result so as to give the construction in a suitable generality which will allow us to draw the connection
with the later work of Lack. Power proved that in the case of a 2-monad on Cat which preserves bijections
on objects each pseudoalgebra is equivalent to a strict algebra. This was achieved by associating to each
pseudoalgebra (A4, a, a, ag) a strict one equivalent to it. In [34] Lack showed that the strict algebra obtained
by Power’s method is precisely (A4, a, a, ap)’, by exhibiting its universal property.

Remark 6.37. Let (FE, M) be an enhanced factorisation system on a 2-category A and T a 2-monad on A
such that TE C E. At a pseudoalgebra (A, a, a, ag), the counit of the biadjunction :

F
Ps-T-Alg L A
U

is the pseudomorphism of algebras: (a,a) : (T'A, ua) — (4, a, o, ag) on the left below:

Ta Te Tm Te Tm

T2A——>TA T2A TB TA T2 A TB TA
,U‘Al a\U/ la ,U‘Al O‘@ la /LAi lb [3{} J{a
TA————A TA - B poey A TA - B poe A

We may factor the underlying morphism a : TA— A as a = me with m € M and e € F so that the diagram
on the left above may be rewritten as the middle diagram above. Now Te € E by assumption and m € M.
Therefore as (F, M) is enhanced there exists a unique 1-cell b : TB— B and isomorphism 3 : aoT'm = mob
such that the left square of the right diagram above is commutative and such that 5o T'm = «. It follows
from the uniqueness of the construction that (B,b) is a strict algebra and that e : (4,a) — (B,b) is a
strict algebra map and (m, 8) : (B,b) — (A, a, a, ap) a pseudomorphism of algebras. Furthermore we have
a factorisation of the algebra morphism (a, ) as (m, ) oe.

Theorem 6.38 (Power). Let T be a 2-monad on Cat which preserves bijections on objects. Then each
pseudoalgebra is equivalent to a strict algebra.

Proof. The (Bijective on objects/fully faithful) factorisation system on Cat is enhanced. Therefore given a
2-monad T on Cat preserving bijections on objects one may apply the construction of Remark 6.37 to obtain,
for each pseudoalgebra (A, a, a, ag) a strict algebra (B, b) a pseudomorphism (m, ) : (B,b) — (4, a, a, ayp).
Power showed this map to be an equivalence by describing its equivalence inverse. O

Remark 6.39. In that paper Power generalised the result to a 2-monad based on CatX for a set X, and
furthermore to Cat, the 2-category with the same underlying category as Cat but with 2-cells the natural
isomorphisms, the interest in this latter 2-category being that 2-monads on Cat, can describe contravariant
structure. In [34] Lack isolated those aspects of the (Bijective on objects/fully faithful) factorisation system
on Cat which enabled Power’s construction to work. The following result is, stated in a less compact form,
Theorem 4.10 of [34].
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Proposition 6.40 (Lack). Let (E, M) be an enhanced factorisation system on a 2-category A with the
following property:

e letm:A—=BeMand f: B—A. If mf =1 then 12 fm.
Suppose T is a 2-monad on A such that T(E) C E.
1. The inclusion ¢ : T-Alg, — Ps-T-Alg has a left 2-adjoint.
(=)
T-Alg, L Ps-T-Alg

L

At a pseudoalgebra (A, a,a,ap) we have (A,a,a,ap) = (B,b) the strict algebra as constructed in
Remark 6.37 and the counit component at this pseudoalgebra is the pseudomorphism

(mvﬁ) : (Bv b) - (Aa a, o, 0[0)

2. Each counit component is an equivalence. Therefore each pseudoalgebra is equivalent to a strict
algebra.

6.6 Strongly finitary 2-monads

A class of 2-functor known as strongly finitary will be important in Chapters 8,9 and 10. In Chapter 8 we
will be led in a natural manner to a certain definition of “strongly finitary”, which will differ somewhat
from the notion which appears in the literature: [27],(28],[34] but will agree in the most important case of
a 2-functor based on Cat. We briefly recall the notion of strongly finitary V-functor, as originally defined,
and then pass to the case of V' = Cat where we review the relevant results.

Remark 6.41. In order to describe the notion of strongly finitary V-functor we must recall a couple of facts
about enriched categories. If V' is a symmetric monoidal closed category then the closed structure enriches
V to a V-category V.

We have a forgetful 2-functor (=)o : V-CAT — CAT. Given a V-category A the category Ay has the
same objects as A and given X,Y € A the hom-set Ay(X,Y) is given by V (i, A(X,Y)) where i denotes the
monoidal unit for V. The category V may be recovered from V, up to isomorphism of categories, by taking
its image under the forgetful 2-functor (—)¢ : V-CAT — CAT.

If the category V admits copowers of the unit ¢ by all sets then the functor V (i, —) : V—Set has a left adjoint,
which assigns to a set X the copower X.i € V. This lifts to a left 2-adjoint F': Set-CAT = CAT — V-CAT
to (—)o. It assigns to a category the free V-category upon it. At a category A, F(A) is the V-category with
the same objects as A and with FA(X,Y) = A(X,Y).i. Let Set; denote the skeletal category of finite sets.
Then as V is cocomplete we have the functor Sety —V = V| assigning to a finite set n € Set; the copower
n.4 € V. Its transpose across the adjunction corresponds to a V-functor ¢ : F/(Sety) — V.

Definition 6.42 ([27]). Let V be a complete and cocomplete symmetric monoidal closed category, in which
case we have the V-functor ¢ : F(Sety) — V described in the preceding Remark. An endo-V-functor
T :V—V is said to be strongly finitary if it is the left Kan extension in V-CAT of its restriction along ¢.

Remark 6.43. The case of primary interest in [27] was the case V = UCat the category of small categories
with its cartesian closed structure. In that case V. = Cat. As the monoidal unit for #/Cat is the terminal
object 1 it is straightforward to see that F'(Set;) = Set; viewed as a locally discrete 2-category, and that
the 2-functor ¢ : Set y —Cat is the 2-functor which views each finite set as a discrete category. Therefore an
endo 2-functor of Cat is said to be strongly finitary if it is the left Kan extension in 2-CAT of its restriction
along ¢ : Sety — Cat.
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Definition 6.44. A 2-monad (7,7, ) on Cat is said to be strongly finitary [27] if its endo 2-functor part is
S0.

Remark 6.45. In [27] it was shown that strongly finitary 2-monads on Cat describe precisely those kinds of
equational structure borne by categories, the arity of whose operations are both finite and discrete, objects of
Set¢. For instance there are strongly finitary 2-monads whose strict algebras are: monoidal categories, strict
monoidal categories, distributive categories, categories with finite products, categories with finite coproducts
and so on, but are limited to such cases. However one cannot describe a strongly finitary 2-monad whose
algebras are categories with chosen equalisers. In order to describe categories with equalisers one requires an
operation A —= A where C is the category consisting of a parallel pair: {0 —=x1}. Whilst C is a finitely
presentable category it is not an element of Sety, both finitely presentable and discrete.

Remark 6.46. The relevance of strongly finitary 2-monads on Cat to the concerns of this thesis are indicated
by the following result of Lack [34].

Proposition 6.47 (Lack). Any strongly finitary 2-functor on Cat preserves codescent objects of reflexive
coherence data.

Proof. This appears in Example 4.5 of [34], the main work of that argument being due to Proposition 4.3 of
the same paper. O

Remark 6.48. Lack only briefly sketched a proof of the above result in [34]. We give a full proof in Chapter
8.
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Chapter 7

2-monads of the form Cat(T)

This is a short and largely expository chapter which we include as it connects those 2-functors of the form
Cat(T) for T € Catpp, much studied in Chapters 3 and 4 with two dimensional monad theory and furthermore
the main results follow easily from the theory of those chapters. The main results are based on those of
Batanin [5] with minor improvements, as described within. We now summarise the contents of the chapter.
If T = (T,n, 1) is a monad in the 2-category Catpy, then its image under the 2-functor Cat(—) : Cat,,—>Rep
is a 2-monad Cat(T). We show that in this case pseudo-morphism classifiers admit a simple description.
Furthermore we show that if T' is a cartesian monad then in special cases the lax morphism classifier of a
strict algebra also exists and admits a simple description. We use this to explain an observation of Bénabou
[6] which concerns the connection between the strict monoidal category (A, ®,[—1]) and the resolution of
the terminal strict monoidal category.
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7.1 Cat(T)-algebras

Remark 7.1. If (T, n, 1) is a monad on € € Catyy, then its image under Cat(—) : Catpp,—=Rep is a 2-monad
(Cat(T),Cat(n),Cat(u)) on Cat(E) € Rep. A strict Cat(T)-algebra (A, a) is an internal category A and an
internal functor a : Cat(T)A — A as on the left below:

TAy ——— A,
Tpal J{ qua Pa M da T24; 295 T A, TA;
TA, — Aq HAiJ/ lai 7774 iai
Tdal T cha da J/z‘Hca TA; —r A; TA; - A;
ao

TAO - AO

such that for i = 0,1, 2 both diagrams on the right above are commutative. The diagrams on the right express
the fact that (A, a) is an algebra: we have the equalities of internal functors a o Cat(u) s = a o Cat(T)a and
ao Cat(n)a = 1. Equivalently they exhibit each pair (A;,a;) as an algebra for the monad T. Under this
second viewpoint each of the arrows defining the internal category structure of A is precisely a morphism of
T-algebras. Thus the above Cat(T)-algebra is equally an internal category:

Pa da

(A27 0,2) 7’:“% (A17 CLl) ezﬂi (A07 CLO)

in T-Alg,, the ordinary Eilenberg-Moore category for the monad 7. This correspondence between objects
of Cat(T)-Alg, and Cat(T-Alg,) equally holds for 1-cells and 2-cells so that we have an isomorphism of
2-categories Cat(T)-Alg, = Cat(T-Alg,).

7.2 Pseudoalgebras and pseudomorphisms

Remark 7.2. We now move towards describing the left 2-adjoints to the inclusions ¢ : Cat(T)-Alg,—>Cat(T)-Alg
and ¢ : Cat(T)-Alg, —Ps-Cat(T)-Alg. Giving a left adjoint to the second inclusion will automatically give
the left adjoint to the first inclusion, since Cat(T)-Alg is a full subcategory of Ps-Cat(T)-Alg containing
Cat(T)-Alg,. Therefore we focus upon constructing the adjunction:

(=)
Cat(T)-Alg, L Ps-Cat(T)-Alg

This is a straightforward application of Proposition 6.40 and observed by Batanin in Theorem 7.1 of [5].

Proposition 7.3. Let (T),7, 1) be a monad in Catp, on a category € and consider the induced 2-monad
(Cat(T), Cat(n), Cat(u)) on Cat(E). The (Bijective on objects / fully faithful) factorisation system on Cat(E)
satisfies the assumptions of Proposition 6.40 and any 2-monad of the form Cat(T) preserves bijections on
objects. Therefore we have a 2-adjunction:

(=)
Cat(T)-Alg, 1 Ps-Cat(T)-Alg

L

and given a Cat(T) pseudoalgebra (A, a,a,ap) we may construct (A4, a,a,ag) by factoring the internal
functor underlying the counit (a, ) : (Cat(T)A, Cat(pu)a) — (A, a,a, ag) as bijective on objects followed
by fully faithful.
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Proof. Tt suffices to show that the (Bijective on objects/fully faithful) factorisation system on Cat(€) and
the 2-monad Cat(T) satisfy the assumptions of Proposition 6.40. By Corollary 3.69 this is an enhanced
factorisation system. Consider a fully faithful internal functor m : X—Y and an internal functor f : Y—X
together with an isomorphism « : mf = 1. Then we have am : mfm = m. As m is fully faithful there
exists a unique 2-cell 8 : fm=>1 and furthermore 3 is an isomorphism as the fully faithful arrow m reflects
isomorphisms.

Consider a bijective on objects internal functor, an internal functor f : X —Y such that fy : Xo —Yp
is an isomorphism. The internal functor Cat(T)f : Cat(T)X — Cat(T)Y has objects components T'fy :
TXo—TY, which is again an isomorphism. Thus T'f is bijective on objects. Therefore we may apply
Proposition 6.40 to deduce the result. O

7.3 Lax morphisms

In the preceding section we considered the case of a monad (T,n, ) in Catp, and the induced 2-monad
Cat(T) on Cat(E). We now suppose that T is a cartesian monad: not only is T : £€—& required to preserve
pullbacks but the natural transformations 1 and p must be cartesian natural transformations.

Lemma 7.4. If T is a cartesian monad then Cat(T) is a cartesian 2-monad: both Cat(n) and Cat(u) are
cartesian (by which we mean their underlying natural transformations are cartesian).

Proof. This is easy to see. It suffices to show that given a cartesian natural transformation 6 : FF =G €
Catpp, (A, B) the induced 2-natural transformation Cat(6) : Cat(F)==Cat(G) is cartesian. Given an internal
functor f: X —Y € Cat(A) we must show that the square on the left below is a pullback:

Cat(0 Ox.
cat(F)x £"% can@)x FX; 2 gX,
Cat(F)fi iCat(G)f Ffli J/Gfi
Cat(F)Y ——— Cat(G)Y FY, —— GY;
Cat(0)Y b,

For ¢ = 0,1,2 the components of that square are the arrows in B on the right. The square on the right is
a pullback as 0 is cartesian. As pullbacks are pointwise in Cat(B) it follows that the square on the left is a
pullback in Cat(B). Therefore Cat(0) is cartesian. O

Remark 7.5. We are interested in lax morphism classifiers for a 2-monad Cat(T) induced by cartesian
T. Given a strict Cat(T)-algebra (A,a) its lax morphism classifier (A,a)’, if it exists, is defined by an
isomorphism: Cat(T)-Alg ((4,a)’, (B,b)) = Cat(T)-Alg,((A,a), (B,b)) 2-natural in (B,b), and, if it exists,
is the codescent object in Cat(T)-Alg, of the strict reflexive coherence data constituting the resolution of
(4, a):

K124
HTA
<—Tn 2, _ > n
A
" 7TQHTA4> 3 <—Tnra 9 _—
(T A, ps ) =T mra— (T A, pigs 4) —Thia—= (T*A, pug ) =—Ta—— (TA, 1)
— T ,—> <—T"ny T—>
<~ T3y ,—— T) a
a
T3a

Here we have drawn the 3-truncation of the simplicial object associated to the algebra (A4, a) whose 2-
truncation is the resolution of (A, a). We have abbreviated (Cat(T), Cat(n), Cat(n)) as (T, n, i) for clarity.
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By Lemma 7.4 Cat(p) = p is cartesian and so the square on the left below is a pullback in Cat(€):

KA /~"T2A

KT
T?A———T2A (T3A7 M2 ) —= (T2A7 Hra) (T4A7 Hrs ) — (T3A M2 4)
Tzal lTG TQG\L lTﬁl T3al sza
T°A A TA (T?A, g a) 5 (TA py) (T°A, g2 ) 7 (T A, pra)

As the forgetful functor from UC*(T) . Cat(T )-Alg, — Cat(&) creates pullbacks the middle square above
is a pullback in Cat(T)-Alg,. The square on the right is now easily seen to be a pullback square. Pasting it
with the middle square gives a pullback square using naturality and the cartesian property of p, and thus it
is a pullback itself. Therefore Res(A,a) is an internal category in Cat(T)-Alg,.

Remark 7.6. The following proposition is essentially Theorem 7.2 of [5] with the exception that Batanin
considers only the terminal algebra, whereas in the following result we allow any discrete algebra. The proof
as presented here is somewhat different to Batanin’s. We use the theory developed in the preceding chapters.

Proposition 7.7. Let T be a cartesian monad on £ and consider the induced cartesian 2-monad Cat(T")
on Cat(E). Consider a strict Cat(T)-algebra (A, a) such that A is a discrete internal category. Then the lax
morphism classifier (A4, a)" = (A’,a’) € Cat(T)-Alg, exists and has underlying internal category A’:

HTAq HAg
T3A0 Tra T2 A Tna, T Ao
T2ag Tao

and structure map a’ : Cat(T)A" — A’ the internal functor with aj = pa, for i = 0,1,2. Under the
isomorphism of 2-categories Cat(T)-Alg, = Cat(T-Alg,) the Cat(T)- algebra (A,a)" is equally the internal
category in T-Alg,:

KT Aq HAg
(T3 Ao, pr2 a,) Thag (T? Ao, pr a,) Tnag (T Ao, pra,)
T%a Ta

Proof. The forgetful 2-functor UC*T) : Cat(T)-Alg, — Cat(€) creates all limits that Cat(€) has. Cat(€)
has cotensors with 2 and so U¢*(T) preserves them. It additionally reflects isomorphisms and so by Corollary
4.3(2) reflects discreteness. Therefore the Cat(T')-algebra (A, a) is discrete precisely if its underlying internal
category A is discrete. Consider the resolution of (A, a):

HTA
Ky
T3 A R T A T (TA, 1y
( ) H/T2A) TQHA ( ) l‘l’TA) a4 y A
MNa
Ta
T?a

As described in Remark 7.5 this is an internal category in Cat(T)-Alg,. Cat(T') is a morphism of Rep and so it
preserves cotensors with 2 and therefore discreteness. In particular each internal category Cat(T)"A =T" A
is a discrete internal category. As U®?T) : Cat(T)-Alg, — Cat(€) reflects discreteness we see that the
resolution of (A,a) is a pointwise discrete category in Cat(T)-Alg,, in particular a catead. By Remark
7.1 Cat(T)-Alg, is isomorphic to Cat(T-Alg,). As T-Alg, has pullbacks it follows by Theorem 3.65 that
Cat(T-Alg,) has codescent objects of cateads, and by Theorem 3.64 they are computed by the 2-functor:

Kat(Cat(T-Alg,)) —> Cat UCat(T-Alg,)) —"

Cat(T-Alg,)
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We may therefore compute them in Cat(T)-Alg,, via Cat(T-Alg,), using the given isomorphism of 2-
categories:

Cat(ob)

Kat(Cat(T)-Alg,) = Kat(Cat(T-Alg,)) —> Cat(UCat(T-Alg,)) Cat(T-Alg,) = Cat(T)-Alg,

Applying the first three components of this 2-functor to the resolution of (A4, a) gives the internal category
in T-Alg, obtained by taking the objects of each component of the resolution of (A,a), each viewed as an
object of Cat(T-Alg,). We obtain the internal category in T-Alg,:

HT Aq HAg
(T3 Ao, pir2 a,) Tpag (T? Ao, pr a,) Tnag (T' Ao, pa,)
T?a Ta

as claimed. The image of this internal category in T-Alg, under the isomorphism Cat(T-Alg,) = Cat(T)-Alg,
is the claimed Cat(T")-algebra. O

Example 7.8. The free monoid monad (7,7, 1) on Set is the prototypical example of a cartesian monad.
The objects of T-Alg, are of course precisely monoids. A Cat(T)-algebra is a small strict monoidal cate-
gory: the isomorphism Cat(T)-Alg, = Cat(T-Alg,) now the assertion that a small strict monoidal category
is equally a monoid in Cat =Cat(Set) or an internal category in the category of monoids T-Alg,. 1-cells
and 2-cells of Cat(T)-Alg, are furthermore strict monoidal functors and monoidal transformations between
them. Cat(T)-Alg, is the 2-category of small strict monoidal categories, lax monoidal functors and monoidal
transformations.

A lax monoidal functor 1 — (A, ®,4) from the terminal strict monoidal category to another strict monoidal
category (A, ®,1) is precisely a monoid in (A, ®,7). The simplicial category (A4, ®,[—1]) with its strict
monoidal structure is the free strict monoidal category containing a monoid: thus interpreting these strict
monoidal categories as Cat(T)-algebras we have Cat(T)-Alg (A1, ®,[—1]), (4, ®,1)) = Cat(T)-Alg(1, (4, ®,
2-naturally in (A, ®,7). Therefore, by its universal property, it must be the case that (A, ®,[—1]) =1’ the
lax morphism classifier for the terminal strict monoidal category. Since the monad T is cartesian and the
terminal strict monoidal category discrete, Proposition 7.7 asserts that, interpreted as a category internal to
the category of monoids T-Alg,, we have:

HT1 M1

(A4, &, [-1]) = (T%1, pp=1) Tha (T°1, pr1) Tm (T1, 1)
T2 T!

where ! : T1 — 1 is unique arrow defining the algebra structure for the terminal monoid 1. This was

observed directly by Bénabou [6]. The free monoid on 1 (T'1, 1) = (N, +,0) is the set of natural numbers
with addition. The free monoid (7?1, u71) has elements: finite sequences [ajas . .. a,] of natural numbers.
The monoid morphisms pzy, T : (T%1, ur1) === (T1, pq) respectively add the elements of, and count the
number of elements in, a sequence of natural numbers. Interpreting these morphisms now as the domain
and codomain morphisms for the above internal category the element [ajaz .. .a,] of the monoid (721, jur1)
becomes an arrow:

laraz...an)
E a4 ———>n

i=1..n

Identifying each natural number n € N with the n-element ordinal, [n-1], the “morphism”:

(D )= 1) =2 o

i=1..n

may be thought of as an ordered partition of the ordinal which constitutes its domain into ordered sets of
aj,...a, elements; now the morphism may be interpreted as sending the least a; elements to 0 € [n — 1],
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the next least as elements to 1 € [n — 1] and so on. Thus morphisms of A correspond precisely to such
sequences of natural numbers. One may carry on in this manner to see that the category Ay and its strict
monoidal structure is encoded precisely by this internal category in T-Alg, =Mon.

Of course any monoid M may be interpreted as a discrete strict monoidal category [M], a discrete Cat(T')-
algebra. Thus there corresponds a strict monoidal category M’': its explicit description as a strict monoidal
category may be calculated from the formula of Proposition 7.7.
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Chapter 8

Cat as a free completion and strongly
finitary 2-functors

In Chapter 4 we characterised those 2-categories which are of the form Cat(€) for a category € with pullbacks,
up to 2-equivalence. Furthermore we characterised those 2-functors of the form Cat(F') : Cat(A) —Cat(B)
arising from pullback preserving functors F' : A — B, up to 2-natural isomorphism. By Corollary 4.29, a
2-functor H : Cat(A) — Cat(B) is of this form if and only if:

e H preserves cotensors with 2, pullbacks and bijections on objects.
or equivalently by Corollary 4.21(2):
e H preserves cotensors with 2, pullbacks and codescent objects of cateads.

In this chapter we begin by studying a broader class of 2-functor, those 2-functors based on Cat(€) which are
the left Kan extension of their restriction along [—] : E—=Clat(£), and the relationship of such 2-functors with
codescent objects. We restrict to the special case where is £ is locally finitely presentable and characterise
those 2-functors which are the left Kan extension of their restriction along the composite inclusion:

Er—=E—Cat(€)

the “strongly finitary 2-functors”. We prove these to be precisely the 2-functors which preserve codescent
objects of cateads and filtered colimits.

We use this to characterise Cat as the free completion of Set; under codescent objects of reflexive coherence
data and filtered colimits. We equally show it to be the free completion of Set; under 2-dimensional sifted
colimits, and study examples of sifted colimits.
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8.1 Left Kan extensions along the discrete embedding

Consider the 2-functor [—] : € —Cat(€) assigning to an object of £ the canonical discrete internal category
upon it. In the following proposition we characterise those 2-functors based on Cat(£) which are the left
Kan extension of their restriction along [—]. This is the foundational result of the chapter.

Theorem 8.1. Let £ be a category with pullbacks.

1. Consider a 2-functor T' : Cat(£) — A where A is an arbitrary 2-category and its restriction along
[]: &—Cat(&):
Cat(€)

1

E———7>A
To[—]
Suppose that T preserves codescent objects of pointwise discrete categories in Cat(£). Then the
identity 2-cell on T o [—] exhibits T' as the left Kan extension (in 2-CAT) of its restriction along

[]: &€—Cat(E).

2. Suppose that A has codescent objects of strict reflexive coherence data and consider T': £ — A any
2-functor. Its left Kan extension along [—] : &€ — Cat(€) in 2-CAT exists and preserves codescent
objects of pointwise discrete categories in Cat(E).

Proof. 1. The key to proving the first part of this theorem is the canonical presentation of an internal
category as a codescent object of discrete internal categories described in Example 4.19. We recall that
presentation now. To each internal category X in £ there is an associated pointwise discrete category

in Cat(E):
[Pz] [d-]
[Xo] —lma]—> [X] <—lia]— [Xo]
[qz] [ez]

whose codescent object in Cat(€) is X. Its exhibiting cocone is:

. (KXol o,
7 N\
[(Xi] Yo X
\ €
[ca] [Xo] z

Now suppose that we are given a 2-functor F': Cat(£) — A and 2-natural transformation:

Cat(€)

'
[-]
T "

€ To[—] A
We must show that there exists a unique 2-natural transformation 7 : T'=>F such that for each A € £
we have 74 = na : T[A] —= F[A]. For 7 to satisfy these requirements the right hand square of the
following diagram must commute:

T[pw] T[d'c] Te,

T[XQ] —T[mg]—> T[Xl] <T[iz]— T[XO] —=TX
T[q‘,‘] T[CJ:] N

NXo nxy NXo nNx
Flpa] Fldz]
— _

FXs] “Fimal> FIX\] <Flil— F[Xo] ——> FX

Flgz] Fles] ’
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(the remainder of the diagram is automatically commutative by naturality of 7).
Furthermore if 7 is to be 2-natural we must additionally have:

fx 0T, = Ff, onx,

Now the triple (F X, Fezonx,, F0,0nx, ) constitutes a codescent cocone to the top row. By assumption
T preserves codescent objects of pointwise discrete categories. Therefore the top row has codescent
object TX with exhibiting cocone (T'X,Te,,T0,). By the universal property of TX there is a unique 1-
cell Hx : TX—FX out of the codescent object such that §xoT'e, = Fezonx, and hxoT0, = FOyonx,.
It remains therefore to show that 7 : T =—> F is indeed 2-natural and that 7)o [-] = 1. 2-naturality is
straightforward. It remains then to verify that fj4; = 7 for each A € £. The internal category [A] is
presented canonically as the codescent object of the pointwise discrete category:

(1 (1]
[A] —1— [A] <—[1— [4]
(1 (1]

with exhibiting 1 and 2-cells (€4}, 0p4]) both identities. Thus the equation 74 o Teja) = Fepay 0 1a
becomes 741 = 14 as required.

. We are given a functor T : £ — A and must extend it along [—] : £ — Cat(£). We will describe its
left Kan extension 7' and show that we may extend it precisely; so that To [-] = T. Each internal
category:

Pa do
X = X5 Mme—>> X| <—iy Xo

9z Cx

constitutes strict reflexive coherence data in €. Therefore its image under 7"

Tpe Td,
TXy —Tm,>TX, <Ti.,— TX
Tqqx Tecy

constitutes strict reflexive coherence data in A. We define T'X to be the codescent object of this
coherence data in A, which exists by assumption, and denote the exhibiting cocone by (T'X, vy, Pz )-
Each internal functor f : X —Y induces a morphism of reflexive coherence data in A:

Tpaz Td,
TXy —Tme—>TX) <—Tio— T X
Tqx Ty
T fo T f1 T fo
Tpy Td,y
TYy; —Tmy—>TY] <—Tiy, TY,
Tqy Tc,

and thus a unique morphism between the codescent objects T f: TX—=TY such that T foa, = ayoT fy
and Tf 0 ¢ = ¢y 0 Tf1.

Letting Q : [AS, A] — A denote the codescent 2-functor we see that we have defined T' on objects
and 1-cells as the composite:

[A57.UT]

UCat(€) —~[AP, €] A%, UA LYy A
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and this is functorial. R
With regards to the construction of T' it remains to define it on 2-cells. Each internal natural trans-
formation 7 : f => g gives rise to a diagram in A:

Tps Tdy
TXg —Tme—>TX| <—Tiy TXo
Tq. Tcy
Tfa||Tg2 Tfi||Tgr Tn Tfo||Tgo
Tpy /Tdy
TYy —Tmy—sTY] =<—Tiy TY,

Tqy Te,

We claim that there exists a unique 2-cell Tn T f :>Tg out of the codescent object TX such that:

TY, ay T TY,
S 2N
/’\ Tﬁ

TXo~>7x It 7y = TXo—=TYVi ¢ 7Y
\:_,/
T%\ P k\« %
TY, oy Tgo TY,

By the 2-dimensional universal property of the codescent object TX to give a 2-cell T f =T g is equally
to give a 2-cell p : T'f ooy = oy 0 T fo => vy 0T gy = T'g o o, such that the square on the left below
commutes:

A Tfops .
Tfoa,old, =——————=Tfoa;oTc, ayoT fooTd, ayoT fooTc,

pOTdI‘U’ \U,poTcw pOsz‘U’ \U/IJOTCI

Tgoa$0sz:>Tgoaoncz ayoTgyoTd, =————a,0TgyoTc,
Tgops ¢yoTg1

¢yoT f1

commutes. By definition of T on 1-cells the square on the left equals the square on the right above.

Let p be the 2-cell:
Tdv/ N\

TXy —1TY, \U/‘% TY

Tn
@) /ly
Tgo TYy

Substituting this 2-cell into the above square the two paths around the square become the two composite
2-cells below:

Td, 5 Td,
(1) TY, — 2 = TY, (2) TX, TY: TY,
Tf Qy Td, Oy
: AL N e N VN
TX, . . TY, Ty  and TX, . TYy TY
Cg Y Y
\ / \U/QSy ["y Tg1 / \U/¢y /ly
TXo—=TY, ——=TY; TY, — > TY,
n Cy Y
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Consequently we must prove the equality of these composite 2-cells. Consider the map (fi,7 0 ¢;) :
X1 —=Y; into the pullback Y5, which postcomposed with p, and g, yields f; and 7 o ¢, respectively.
By functoriality of T' (1) equals:

TY; TY, - TY,
i, NN TSN
| Ty o, Tho—"ty = TN T ey, ey
ﬁ / \U/d)y /111 Tc:/\ Ay
TY; TY, TY,

where the second equation holds as (T Y, oy, ¢y) is a codescent cocone. Similarly the right hand side
(2) equals:

TY; TY, ra, TY,
T(ﬁodz,gl) / Tcy\ 2 . \y T (7odz,91) / \
TX, ——=T ra, TYy ——— 7y = TX, ——=TY, my TY; Vv TV
Tﬁ / Uou /Zty Tc\y\ /Zvy
TY; TY, TY,

Cy
That (1) and (2) agree now follows from the commutativity of the naturality square:

nody,
Xl (modz,91) Y2

(flﬁocm)\L i/my
Yo Ty>X1

of the internal natural transformation 7 and functoriality of 7. Therefore by the 2-dimensional universal
property of the codescent object T'X there exists a unique 2-cell:

Tf
7x It Ty
\/
Tg

such that precomposition with the codescent morphism «, : T X —TX gives:

T fo TY,
7 Td,y Qy

TXy > 7px | 7y = TXp =T o Ty
~—_ 7

We need to prove that 7' so defined is a 2-functor. We have seen that it has an underlying functor, so
that it suffices to prove that it preserves vertical and horizontal composition of 2-cells. We consider
vertical composition first.
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Given a vertically composable pair of 2-cells in Cat(£):
f
X —9—Y
h

we must show that T()\ op) = TAoTp. The composite internal natural transformation Ao p has arrow
component:

DA m
Xo (N }/2 Y le

Therefore, by the definition of 7" on 2-cells, 7' (X o p) is the unique 2-cell which precomposed with
equals the left hand composite 2-cell below:

- TY, TY; TY,
T(5,3) / \ T(5.N) / Tcy\ be ay \
TX) ——— TY oy, Jes Ty = TXy —1TY> . TYy —— Ty
Tc,,\ Ay Tqy V \U/d)y Ay
T TY, Y - TY,
TYl 4d> TYO Tf
N PN LN
- ra, 1Yo ——7y = TXo——=7X —Tr—>7TY
\ / oo 2, N
TYl TYO Th

The first equation holds as the triple (TY Oy, qSy) is a codescent cocone. The second equation holds as
the functor T preserves the equations p, o (p,A) = p and ¢, o (p, \) = A. The final equation holds by
the definition of the 2-cells Tp and T'\. Therefore T' preserves vertical composition of 2-cells.

We need to show that 7' preserves horizontal composition of 2-cells. Horizontal composition may be
defined in terms of vertical composition and left and right whiskering. Having shown that T preserves
vertical composition of 2-cells it therefore suffices to show that it preserves left and right whiskering.
We will prove that T preserves left whiskering firstly.

Consider a 2-cell n € Cat(€) with a 1-cell to its left:

f
r /_\
W——-sXx |7 Y
~_ 7
g
We must prove that TnoTr = T'(or). The internal natural transformation 7or has arrow component
the composite:
Wo—">Xg —=Y;

By definition T(n or) is the unique 2-cell which precomposes with a,, : TW —>TW to give the
composite: ¢, o T'(77) o T'(ro). It suffices therefore to verify the equality:

T(n)oT(r) o aw = ¢y o T(1) o T(ro)
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‘We have:

T(n) oT(r) o ayy = T(n) 0 vy 0 Trg = ¢, 0 T(7]) 0 T(g)

the first equation holding by the definition of 7" on 1-cells and the second equation by its definition on
2-cells.

With regards to right whiskering, consider again the 2-cell n : f=> g as above; now with a 1-cell
s:Y —Z to its right. We must show that T's o Tn = T'(s o 7). The internal natural transformation
s on has arrow component the composite:

X04>ﬁ Y, =7,

Therefore T(s on) is the unique 2-cell which precomposes with a, : T Xq —TX to give ¢, 0T's; oTT.
Consequently it suffices to show that:

TsoTnoaw:(bonsloTﬁ

We have: o R
TsoTnooay,=Tso¢p,0oTn=¢,0Ts 01

first using the definition of T on 2-cells and then on 1-cells. Therefore 7 preserves whiskering on both
sides and so is 2-functorial. In order to prove that the 2-functor T is the left Kan extension of T along
[—] : € —Cat(€) it suffices, by Part 1 of the present theorem, to prove that T preserves codescent
objects of pointwise discrete categories and restricts along [—] to precisely T.

We show firstly that we may choose T" so that it restricts to 7. For A € € the internal category [A] is
the diagram in &:

1 1
A 1 A 1 A
1 1
with image under 7" the diagram in A:
1 1
TA 1 TA 1—TA
1 1

The identity cocone (T'A, 1, 1) exhibits T'A as the codescent object in A and so we may set (T'[A], 4], d[a]) =
(T'A,1,1). This choice sets T[] = T on objects, and it easily follows from the definition of 7', com-
bined with the above choices of codescent cocones, that 7' o [-] =T on 1 and 2-cells too.

It remains then to show that 7T preserves codescent objects of pointwise discrete categories in Cat(E).
Pointwise discrete categories in Cat(€) are the objects of Cat(Disc(Cat(£))). As described in Example
4.19 each of these is isomorphic to one of the canonical pointwise discrete categories in Cat(€); those

of the form:

[Pz] [df]
[X2] —Imal—> [X1] <—lix]— [X0]
[42] [ca]

for some internal category X. Consequently it suffices to show that T preserves codescent objects of
these. As described in Part 1 of the present theorem the codescent object of the above diagram in
Cat(£) is the internal category X itself, with exhibiting cocone (X, €., 6).

Since T'o [-] = T the image of the above pointwise discrete category under T is simply:
Tpe Tdy
TXy —Tm,>TX; <Ti.— T Xy
Tq. Tcy
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whose codescent object is, by definition, TX. Thus T does preserve the above codescent “object”.
We will show that Te, = a, and 70, = ¢, so that T takes the universal cocone in Cat(€) to the
corresponding universal cocone in A.

Consider Te, : T[XU] = TX,—>TX. By the definition of 7" on 1-cells we have:

Tey 0 aix,) = oz 0 T((€x)o)

Now by definition ajx,) is the identity 1-cell on T'Xy. As described in Example 4.19 (e;)o is also an

identity. Thus the equation reduces to Teyr = g
The 2-cell:
T(eso0[ds])

T[X1] V7. TXx
V
T(exolcz])

is, by definition, the unique one such that T(QI) o a[xy] = ¢z O T6,. Now a[x, is an identity 1-cell.
As described in Example 4.19 6, : [X1]o = X1 — X is the identity 1-cell on X;. Thus the equation

reduces to THZE = ¢, as required.
O

Example 8.2. Consider a functor F : A— B € Catpp. Then Cat(F) : Cat(A) — Cat(B) preserves
codescent objects of cateads by Theorem 3.66, in particular codescent objects of pointwise discrete categories.
By Theorem 8.1(1) each such 2-functor is consequently the left Kan extension of its restriction along [—] :

A—=Cat(A).

8.2 Pointwise Kan extensions

In this section we recall the notion of pointwise Kan extension [42], observe that the Kan extensions of
the preceding section are pointwise, and study those properties of pointwise Kan extensions which will be
of importance in the remainder of the chapter. We begin by discussing some generalities concerning Kan
extensions, which are well known for the 1-dimensional case, and carry over immediately to the 2-dimensional
case which concerns us.

Consider a left Kan extension in 2-CAT:

C

If the 2-category A is small and C cocomplete then the left Kan extension of any such 2-functor F': A—C
exists for any J. Furthermore the left Kan extension admits a simple pointwise description:

LX = /YGA B(J(Y),X).FY

in terms of colimits: coends and copowers. Globally the left Kan extension is the composite 2-functor:
YeA
L:/ B(J(Y),-).FY

Colimit preservation properties of such left Kan extensions are easily seen to follow from this explicit formula,
for instance Proposition 8.6 below. If C is insufficiently cocomplete then this description of the Kan extension
in terms of colimits cannot be applied; however we will see in the same proposition that if the Kan extension
in question is “pointwise” its colimit preservation properties may be understood just as well as if C were
cocomplete.
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Definition 8.3. A left Kan extension L : B—C is said to be pointwise if it is preserved by the representable
B(—, X) : B— Cat? for each X € B.

Remark 8.4. It is immediate that if A is small and C cocomplete, so that the above colimit formula applies,
then each left Kan extension is pointwise. For the representables B(—, X) : B— Cat°? preserve all colimits
and therefore those colimits defining such left Kan extensions.

Example 8.5. Consider a 2-functor T' : Cat(§) — A which preserves codescent objects of pointwise
discrete categories in Cat(£). By Theorem 8.1(1) T is the left Kan extension of its restriction along
[-] : € —Cat(€). Each representable A(—,X) : A— Cat’” preserves all colimits; thus the composite
A(—, X) o T : Cat(£) — Cat’® also preserves codescent objects of pointwise discrete categories. By The-
orem 8.1(1) again this composite is the left Kan extension of its restriction, A(—, X) o T o [—], along [—].
Therefore each representable A(—, X) : A— Cat preserves the Kan extension and it is pointwise.

Proposition 8.6. Consider a pointwise left Kan extension in 2-CAT:

C

with A small. Then L preserves any colimit existing in B that is preserved by the representable B(J(X), —) :
B— Cat for each X € A.

Proof. We begin by supposing that C is cocomplete and then deduce the general case.
1. If C is cocomplete then we have:
YeA
L:/ B(J(Y),—).FY
Each 2-functor B(J(Y),—).FY : B—C is the composite:

B B(J(Y),—) Cat —.FY c

The 2-functor —.FY : Cat—C preserves all colimits as it is the left 2-adjoint of C(FY, —) : C—Cat.
Therefore each 2-functor B(J(Y), —).FY preserves any colimit preserved by B(J(Y'), —) : B—Cat for
each Y € A. As L is a colimit of the 2-functors B(J(Y'), —).FY it preserves any colimit preserved by
each of these.

2. If C is not necessarily cocomplete but L is pointwise then each representable C(—, X) : C — Cat?
preserves the Kan extension so that we have a left Kan extension along .J:

1
7 C(_7X)
A C Cat?

F

for each X € C. Cat is complete and so Cat°”? cocomplete. Therefore we may apply the first part of
the proof to deduce that for each X € C the composite C(—, X) o L preserves any colimit preserved
by each representable B(J(Y),—) : B— Cat. Of course L itself preserves any colimit preserved by
C(—,X) o L for each representable C(—, X) as colimits are defined representably.

O
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8.3 Locally finitely presentable categories and strongly finitary
2-functors

In this section we concentrate on 2-categories of the form Cat(€) where £ is a locally finitely presentable
category. We recall that concept now.

Definition 8.7. An object X of a category £ is finitely presentable if £(X, —) : £ — Set preserves filtered
colimits.

Notation 8.8. £; denotes a skeletal full subcategory of £ containing, up to isomorphism, precisely the
finitely presentable objects of £ and ¢ : £ — £ the evident inclusion.

Definition 8.9. A category £ is said to be locally finitely presentable if £; is small and finitely cocomplete,
and the inclusion ¢ : £y — & exhibits &£ as the free completion of £; under filtered colimits.

Remark 8.10. The notion of locally finitely presentable category was introduced in [20] and describes
those categories of models for a (many sorted) finite limit theory. Recall that the category of algebras for a
finitary monad 7" on the category of sets may be identified with F'PP (L, Set) the category of finite product
preserving functors from the opposite of the Lawvere theory corresponding to 7. The Lawvere theory T
has a single generating object and finite products. Thus finitary monads on Set describe “single sorted
finite product theories”. Finite limit theories are capable of expressing many sorted structures with arities
expressible using finite limits. An example is the category of U/Cat of small categories. The notion of small
category is typically presented with two sorts' and requires pullbacks to express the partial operation of
composition. We have UCat ~ Lex (T, Set) the category of finite limit preserving functors from the theory
of categories T, a small category with finite limits. The following proposition collects those basic facts about
locally finitely presentable categories that we will require.

Proposition 8.11. 1. Let € be a locally finitely presentable category. Its corresponding theory is the
category €. The functor £(1—,1) : € —=[(£f)°P, Set] induced by the inclusion ¢ : £ — & is fully
faithful and preserves all limits and filtered colimits. Furthermore it has a left adjoint, thus exhibiting
€ as a reflective subcategory of [(€7)°P, Set].

2. Any locally finitely presentable category is both small complete and cocomplete.

3. If € is locally finitely presentable and A a small category then the functor category [A4, £] is also locally
finitely presentable.

4. If £ is locally finitely presentable then finite limits commute with filtered colimits in €.

5. Any functor F': A — B between locally finitely presentable categories which preserves all limits and
filtered colimits has a left adjoint.

6. If € is locally finitely presentable and T is a small finitely complete category then Lex(T, &) is locally
finitely presentable. In particular if £ is locally finitely presentable then so is UCat(E).

Proof. The proofs of these claims may be found in [1]. O

Remark 8.12. The main aim of the following proposition is to prove that if £ is locally finitely presentable
then the 2-category Cat(€) is both small complete and cocomplete.

Proposition 8.13. 1. Let &£ be a locally finitely presentable category. Then Cat(€) is small complete as
a 2-category.

11t is however possible to give a single sorted presentation of the notion of small category by identifying objects with the
identity arrows upon them.
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2. If a functor F' : A— B between locally finitely presentable categories preserves limits and filtered
colimits then the induced 2-functor Cat(F') : Cat(A) — Cat(B) preserves limits and filtered colimits.

3. If £ is locally finitely presentable then the 2-category Cat(€) is small cocomplete as a 2-category.

Proof. 1. Tt is straightforward to see that Cat(€) is complete as a 2-category if £ is complete, which is the
case as any locally finitely presentable category is complete. For a small category J if £ has J-limits
then so does Cat(€), pointwise, and furthermore it may be verified directly that these are conical
J-limits in the 2-dimensional sense. As £ has pullbacks Cat(€) has cotensors with 2 by Proposition
3.19(1). Consequently Cat(€) has conical J-limits for all small categories J and cotensors with 2; this
is sufficient to show that it admits all small weighted limits.

2. As F preserves conical J-limits for any small category J it follows that Cat(F') also preserves conical

J-limits, as those limits are pointwise in both Cat(A) and Cat(B). Since F preserves pullbacks Cat(F)
preserves cotensors with 2 by Proposition 3.19(3). Therefore Cat(F') preserves all limits.
As each of Cat(A) and Cat(B) admits cotensors with 2 it will suffice, using Proposition 2.5, to
understand filtered colimits in the respective underlying categories and to show that UCat(F) :
UCat(A)—=UCat(B) preserves filtered colimits. Finite limits commute with filtered colimits in both
A and B by Proposition 8.11(4), in particular pullbacks. It follows that UCat(A) is closed in [AF, A]
under filtered colimits and similarly for B. In order to show that UCat(F') preserves filtered colimits
it consequently suffices to show that [AF, F] : [AS, A] — [AJ’, B] does so, which is the case as F
preserves filtered colimits.

3. In order to show that C'at(€) admits all small colimits it will suffice to exhibit it as a full reflective sub
2-category of a cocomplete 2-category A: we must describe a 2-adjunction:

R
Cat(€) L A
U

with counit an isomorphism. For if we can do so then to compute a colimit in Cat(£) we may form
the colimit of the corresponding diagram in A and take its reflection under F' to obtain the colimit
in A. As £ is locally finitely presentable the functor £(t—,1) : &€ — [(€f)°P, Set] is fully faithful
and preserves all limits and filtered colimits by Proposition 8.11(1). As & is small the category
[£%", Set] is locally finitely presentable by Proposition 8.11(3). Taking the image of this functor under
Cat(—) : Catp, — Rep gives a 2-functor Cat(E(t—, 1)) : Cat(€) —= Cat([(E5)°P, Set]) which preserves
all limits and filtered colimits by the second part of the present proposition. Therefore its underlying
functor UCat(E(1—,1)) : UCat(E) — UCat([(Ef)°P, Set]) preserves all ordinary limits and filtered
colimits. By Proposition 8.11 Parts 3 and 6 the domain and codomain of this functor are locally
finitely presentable. By Proposition 8.11(5) it consequently has a left adjoint. Furthermore it is
straightforward to see that UCat(E(1—, 1)) is fully faithful since £(¢—, 1) is so. Therefore the counit of
the adjunction is an isomorphism. As Cat(£(t—, 1)) preserves cotensors with 2 this lifts, by Proposition
3.1 of [8], to a 2-adjunction:

Cat(€) L Cat([(Er)°P, Set])
Cat(E(t—,1))

with the same counit components, thus again is a reflection. Now Cat([(€¢)°?, Set]) = [(€f)°P, Cat]. As
this presheaf 2-category is cocomplete it follows that Cat([(E7)°P, Set]) is too. Therefore the reflection
exhibits Cat(€) as cocomplete.

O

Definition 8.14. Let £ be locally finitely presentable and view both £ and & as locally discrete 2-categories.
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e A 2-functor T : Cat(€£) —= A is said to be strongly finitary if it is the left Kan extension in 2-CAT of

its restriction along the inclusion:

g =& car(e)

e A 2-monad on Cat(£) is said to be strongly finitary if its endo 2-functor part is so.

Remark 8.15. Consider the case £ = Set. Set; is the skeletal category of finite sets and the composite
embedding Set y —> Set — Cat(Set) = Cat is just the embedding ¢ : Set; — Cat described in Remark 6.43.
Therefore if we restrict our attention to endo 2-functors of Cat the notion of a “strongly finitary” 2-functor
introduced in Definition 8.14 agrees with the notion of “strongly finitary” 2-functor of [27] described in
Remark 6.43.

Theorem 8.16. Let & be locally finitely presentable and A a 2-category with filtered colimits and codescent
objects of reflexive coherence data.

1.

Any 2-functor T : Cat(€) — A which preserves codescent objects of pointwise discrete categories and
filtered colimits is strongly finitary.

Given a 2-functor T : £ — A its left Kan extension along & ‘L>€i>0at(5) exists, is pointwise,
and preserves codescent objects of cateads and filtered colimits.

Proof. 1. Consider the diagram:

Cat(€)

0

5f A

Tol Jou

with both triangles commuting.

Suppose that T" preserves codescent objects of pointwise discrete categories and filtered colimits. By
Proposition 8.1(1) the top triangle exhibits T as the left Kan extension of its restriction along [—] :
& — Cat(€). The underlying functor of the inclusion [—] : €& — Cat(€) has right adjoint ob :
UCat(E) — & and thus preserves all 1-dimensional colimits. As £ has pullbacks Cat(€) has cotensors
with 2 and so by Proposition 2.5 any filtered colimit in UCat(€) is immediately a filtered colimit
in Cat(€). It follows then that the 2-functor [—] : € — Cat(€) preserves filtered colimits, since its
underlying functor does. As both T' and [—] preserve filtered colimits so does the composite T o [—].
Now the inclusion £ —= & exhibits £ as the free completion of £y under filtered colimits, and the
2-category A has them. Therefore, by the universal property of the free completion, the lower triangle
exhibits T o [—] as the left Kan extension of its restriction along ¢ : £y — €. As each triangle exhibits
its diagonal as a left Kan extension it follows that the outer triangle exhibits the diagonal T" as the left
Kan extension of its restriction along the composite vertical arrow. Therefore T is strongly finitary.

. Given T': £ — A we form its left Kan extension along & ‘L>5i>0at(5) in two stages. Since A

has filtered colimits, and £ is the free completion of £; under filtered colimits, the left Kan extension
Ly :E—>Aof T along ¢ : £y — & exists and preserves filtered colimits. Now A has codescent objects
of reflexive coherence data. Therefore by Theorem 8.1(2) the left Kan extension of Ly : Cat(£) — A
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of Ly along [—] : £ —Cat(E) exists so that we have a diagram:

Cat(€)

[—1T .,

& 7
T/ﬁ =
&y

A

Furthermore Lo preserves codescent objects of pointwise discrete categories by the same result. Both
triangles are left Kan extensions so that the outer triangle exhibits Ly as the left Kan extension of T’

along £y —=¢& i>C’at(<5'). In order to show that Lo is a pointwise Kan extension it will suffice to
show that both 2-cells individually exhibit L; and L. as pointwise Kan extensions. As ¢ : & —¢&
and [—] : &€ —Cat(€) are fully faithful each 2-cell is an isomorphism. Therefore each of L; and Ls is
equally the Kan extension of its restriction along ¢ and [—] respectively. Consequently it will suffice to
show that that the identity 2-cells:

£ Cat(€)
1 K and SN

exhibit L; and Lo as pointwise Kan extensions. Since Ly preserves codescent objects of pointwise
discrete categories the Kan extension on the right is pointwise, by Example 8.5.

Consider the composite:
£
3| X

£ op
F e A ACX) Cat

As A(—, X) preserves all colimits and L; preserves filtered colimits; the composite A(—, X) o Ly pre-
serves filtered colimits. Furthermore Cat®? has filtered colimits so that, by the universal property of
the free completion &, A(—, X) o L; is the left Kan extension of its restriction along ¢. Thus A(—, X)
preserves the Kan extension; it is pointwise. Consequently Lo is the pointwise left Kan extension of T'
along [—] o ¢.
The category & is small and L, pointwise so, by Proposition 8.6, Lo preserves any colimit pre-
served by Cat(E)([A],—) : Cat(€) — Cat for each A € £;. As described in Example 4.31 we have
Cat(E)([A],—) = Cat(E(A,—)). Therefore this 2-functor preserves codescent objects of cateads by
Theorem 3.66 and so Ly preserves codescent objects of cateads. As A € &; the functor £([4],—)
preserves filtered colimits. It also preserves all limits and so by Proposition 8.13(2) Cat(E(A4,—)) =
Cat(E)([A], —) preserves filtered colimits. Therefore Ly preserves filtered colimits.

O

Corollary 8.17. Let £ and A be as in Theorem 8.16. Let T : Cat(£) — A preserve filtered colimits. Then
T preserves codescent objects of cateads if and only if T' preserves codescent objects of pointwise discrete
categories.

Proof. Tt suffices to show that if T preserves filtered colimits and codescent objects of pointwise discrete
categories then it preserves codescent objects of cateads. If T preserves these colimits it is strongly finitary
by Theorem 8.16(1) and therefore by Theorem 8.16(2) preserves codescent objects of cateads. O

Corollary 8.18. Consider an endo 2-functor T' on Cat(€) for a locally finitely presentable category £. The
following are equivalent:
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1. T is strongly finitary.
2. T preserves filtered colimits and codescent objects of cateads.
3. T preserves filtered colimits and codescent objects of pointwise discrete categories.

Proof. If T is strongly finitary then it is the left Kan extension of its restriction along the inclusion
Er—= & —Cat(€). Now Cat(€) is cocomplete by Proposition 8.13(3). Therefore by Theorem 8.16(2)
T preserves filtered colimits and codescent objects of cateads. Thus (1 = 2). Clearly (2 = 3). By
Theorem 8.16(1) we see that (3 = 1). O

8.4 Cat as a free completion

We now specialise to the case of £ = Set, so that Cat(£) = Cat. The category of sets is finitely presentable;
the finitely presentable objects are the finite sets. Therefore Set ¢ is the skeletal category of finite sets. It has
objects: n € N where n denotes a finite set with n elements. The arrows of Sety are just functions between
those sets.

Remark 8.19. The composite inclusion Set —> Set g>Cat, which we abbreviate to ¢ : Set; —= Cat,
sends the set n to the discrete category with n objects; which we again denote by n. By Proposition 8.6
any pointwise Kan extension along ¢ : Sety — Cat preserves any colimit preserved by each representable
2-functor Cat(n, —) : Cat—=Cat for n € N. Given a category C we have Cat(n,C') = C™, the n-fold product
of C with itself. Consider the diagonal 2-functor A : Cat — [n, Cat] which assigns to a category C the
constant 2-functor at C. Cat(n, —) may be decomposed as the composite:

Cat—2> [n, Cat] . Cat

where II,, is the 2-functor which takes the product of an n-tuple of categories. Now A is left 2-adjoint to I,
and thus preserves all colimits. Therefore Cat(n, —) preserves any colimit preserved by II,, : [n, Cat] — Cat
and so a pointwise Kan extension along ¢ : Set y — Cat preserves any colimit preserved by II,, : Cat — Cat
for each n € N. In other words those colimits which commute with finite products in Cat. Such colimits are
called sifted colimits, which in the 1-dimensional setting were introduced in [20] and have been considered
in the enriched setting in [38].

Definition 8.20. A weight W : J — Cat is sifted if II,, : [n, Cat] — Cat preserves W-colimits for each
nenN.

Corollary 8.21. Any pointwise Kan extension along ¢ : Set j —=Cat preserves sifted colimits. Thus strongly
finitary 2-functors on Cat preserve sifted colimits.

Proof. This is immediate by Remark 8.19. O

Example 8.22. Filtered colimits are sifted. In the language of the preceding definition each small filtered
category J corresponds to a weight A(1) : J — Cat and II,, preserves A(1)-colimits for each J. This
is true as the underlying category of Cat is locally finitely presentable, and finite limits commute with
filtered colimits in any locally finitely presentable category. That this fact lifts to the 2-category Cat follows
immediately from Proposition 2.5 as Cat has cotensors with 2.

Remark 8.23. Our main aim is to firstly show that codescent objects of strict reflexive coherence data
are sifted colimits and to deduce that Cat is the free completion of Set; under codescent objects of strict
reflexive coherence data and filtered colimits. We firstly recall the precise notion of free completion. Our
terminology follows that of Kelly-Schmidt [31]. They consider the general case of categories enriched over
a symmetrical monoidal category V. This agrees with the present situation upon taking V to be Cat; in
which case V-CAT = 2-CAT.
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Definition 8.24. Let ® be a class of weights. We consider the locally full sub 2-category ®-Cocts of
2-CAT. The objects of ®-Cocts are those 2-categories with all ® colimits; that is W-colimits for each weight
W € ®. The morphisms of ®-Cocts are those 2-functors which preserve W-colimits for each W € . We let
U : &-Cocts —=2-CAT denote the forgetful 2-functor.

Definition 8.25. Consider a fully faithful 2-functor ¢ : A — B with B € ®-Cocts. Restriction along ¢
induces a functor:
®-Cocts(B,C) —2-CAT(A,UC)

for each C € ®-Cocts. If this has an equivalence inverse for each C, and this is 2-natural in C, then we say
that ¢+ : A— B exhibits B as the free completion of A under ®-colimits.

Remark 8.26. Suppose that C € ®-Cocts, and that left Kan extensions along ¢ : A—B into C exist. Then
we have an adjunction:
Lan,
2-CAT(B,C) 1L 2-CAT(A,C)
Res,

which is 2-natural in C. Furthermore the unit is an isomorphism as ¢ : A— B is fully faithful.
If each such left Kan extension along ¢ preserves ®-colimits then this adjunction restricts to another:

Lan,
®-Cocts(B,C) L 2-CAT(A,UC)
Res,

which is again 2-natural in C. If we suppose furthermore that each T' : B—=C € ®-Cocts is the left
Kan extension of its restriction along ¢ then the counit is also an isomorphism. Therefore under these
circumstances ¢ : A — B exhibits B as the free completion of A under ®-colimits.

Remark 8.27. We wish to show that Cat is the free completion of Set y under filtered colimits and codescent
objects of reflexive coherence data. Using the above terminology this is to show that Cat is the free completion
of Set; under ®-colimits where:

o — A1) : J°? —Cat for each small filtered category J
o t: Ay —Cat the weight for reflexive codescent objects

Lemma 8.28. Consider a weight W : J — Cat. Suppose that, in Cat, finite products commute with
W-colimits of the representables J(—, j) : J°% — Cat for each j € J. Then finite products commute with
all W-colimits in Cat.

Proof. A proof is given in Lemma 4.1 of [34]. O

Remark 8.29. In Proposition 4.3 of [34] Lack states that finite products commute with codescent objects of
reflexive coherence data in Cat, meaning both strict and general reflexive coherence data, therefore covering
our Propositions 8.30 and 8.41 below. A full proof is not given but two approaches are sketched. The
first approach suggested, and upon which our argument will be based, is to calculate codescent objects of
representables and then apply Lemma 8.28 above. With regards codescent objects of strict reflexive coherence
data this is straightforward; the representables of As are simple as we show in the following proposition.
On the other hand the 2-category Al is itself complicated, its underlying category being freely generated.
Consequently the Al-representables required for the consideration of general reflexive coherence data are
not easily described and so computing their codescent objects directly is unlikely to be straightforward.
Our approach will be to first prove that finite products commute with codescent objects of strict reflexive
coherence data. We will then replace the Al-representables by strict reflexive coherence data with the same
codescent objects, enabling us to deduce the general case in Proposition 8.41.
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Proposition 8.30 (See Remark 8.29). Finite products commute with codescent objects of strict reflexive
coherence data in Cat.

Proof. By Lemma 8.28 it suffices to show that finite products commute with codescent objects of the rep-
resentables Ag(—,4) : Ag¥ — Cat. Each representable A(—,4) : A°? — Cat defines an internal category in
Cat. As A, is a full subcategory of A the representable Aq(—,4) is just the restriction:
Al
AP — AP % Cat
and so also an internal category in Cat. Furthermore As is a locally discrete 2-category so that each category
As(j,1) is discrete. Therefore each representable Ag(—,7) : ASY — Cat is a pointwise discrete category in
Cat, and so a catead. By Corollary 4.33 II,, : [n, Cat] — Cat preserves codescent objects of cateads. Each

n-tuple of representables Ay representables constitutes a single catead in [n, Cat]. That II, preserves its
codescent object is then just the assertion that IT,, preserves codescent objects of the Ay representables. [

Theorem 8.31. Let ® be a class of sifted weights containing those weights for filtered colimits and codescent
objects of strict reflexive coherence data. Then Cat is the free completion of Set; under ®-colimits. In
particular:

1. Cat is the free completion of Sety under filtered colimits and codescent objects of strict reflexive
coherence data.

2. Cat is the free completion of Sety under sifted colimits.
Proof. By Remark 8.26 we need to show three things. For a ®-cocomplete 2-category A:
1. Left Kan extensions into A along ¢ : Sety — Cat exist.
2. Such left Kan extensions preserve ®-colimits.
3. Any ®-cocontinuous 2-functor 7' : Cat — A is the left Kan extension of its restriction along ¢.

The class ® contains the weights for filtered colimits and strict reflexive codescent objects. Thus any ®-
cocomplete 2-category has filtered colimits and reflexive codescent objects. Theorem 8.16(2) shows, taking
£ =Set, that such left Kan extensions exist and are pointwise. Thus (1) is verified. By Corollary 8.21
any pointwise Kan extension along ¢ preserves all sifted colimits, thus all ®-colimits. Thus (2) is verified.
Theorem 8.16(1) asserts, taking & = Set, that any 2-functor which preserves codescent objects of pointwise
discrete categories and filtered colimits is the left Kan extension of its restriction along ¢ : Sety — Cat. As
any ®-cocontinuous 2-functor preserves these colimits we have verified (3). O

Remark 8.32. In Part 2 of Theorem 8.31 we proved that Cat is the free completion of Set; under sifted
colimits. This is closely related to work of Lack and Rosicky on enriched sifted colimits and strongly finitary
functors [38].

8.5 Sifted colimits

In this section we consider examples of sifted colimits in Cat. Our primary interest is to show that
(iso)codescent objects of reflexive coherence data are sifted colimits, not only in the strict case. Our approach
to understanding codescent objects of general reflexive coherence data will be to relate them to codescent
objects of strict reflexive coherence data, whose codescent objects we now know to be sifted. In order to
deal with the cases of codescent objects and isocodescent objects concurrently we should firstly show that
finite products commute with isocodescent objects of strict reflexive coherence data. In order to do so we
need to consider the case of reflexive coinverters, another sifted colimit.
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Definition 8.33. The weight for reflexive coinverters is:

l 0
m W 1$1(2)
~_ 7 ~__ 7

m 1

The 2-category on the left, which we denote by J, has a pair of parallel 1-cells | and m with a single 2-cell
p between them, with a 1-cell n in the opposite direction such that nl = nm = 1 and np = 1. It is the
2-category freely generated by these equations.

A 2-functor J°? —= A consists of a “reflexive 2-cell” in A:

f
TN
A=<-o* B
~_ 7
g

That is, a 2-cell § and a morphism k : B— A such that precomposing with k gives fk = gk = 1 and 0k
is an identity 2-cell: k splits the 2-cell.
The weighted colimit of this 2-functor is simply the coinverter of the underlying 2-cell.

Remark 8.34. The colimit described in Definition 8.33 above simply takes the coinverter of the underlying
2-cell of a reflexive 2-cell. Therefore the splitting k& plays no role in the colimit itself. As we are primarily
interested in reflexive 2-cells with regards to computing their coinverters we view “reflexivity” as a property
of a 2-cell.

Example 8.35. Given an object A of a 2-category A consider its cotensor with 2. The universal 2-cell:

TN
42 ) A
~_ 7

is reflexive, with splitting ¢ : A — A2 the unique 1-cell induced by the identity 2-cell on A.
Proposition 8.36 (Kelly-Lack-Walters). Finite products commute with reflexive coinverters in Cat.

Proof. A proof is given in [28] using a 3 x 3 lemma analogous to the well known 3 x 3 lemma for reflexive
coequalisers [24]. O

Example 8.37. Given a category A consider the universal 2-cell:

TN
A2 | A

\/
defining its cotensor with 2. Its coinverter is a groupoid, the groupoid obtained by freely inverting all the
arrows of A, and thus provides the left 2-adjoint to the inclusion ¢ : Gpd — Cat. As described in Example
8.35 each such 2-cell is reflexive, thus coinverters of such 2-cells commute with finite products by Proposition
8.36. As finite products also commute with cotensors with 2 it follows that the left adjoint to the inclusion
preserves finite products. Consider now the composite ordinary adjunction:

UGpd e UCat 1 [A°P Set)
U Cat(j—,1)

which assigns to a simplicial set its “fundamental groupoid”. As described in Example 2.22 the left adjoint
to the nerve functor Cat(j—,1) computes the codescent object of the underlying strict reflexive coherence
data of a simplicial set. By Proposition 8.30 this preserves finite products. Consequently the composite
left adjoint preserves finite products. Thus we recover the well known result of [19] that the fundamental
groupoid functor preserves finite products.
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Proposition 8.38. Finite products commute with isocodescent objects of strict reflexive coherence data.

Proof. By Lemma 8.28 it suffices to show that finite products commute with isocodescent objects of the
representables of [AZ?P, Cat]. The terminal object clearly commutes with isocodescent objects, as it does with
codescent objects in Proposition 8.30. Thus it suffices to consider binary products of representables. We
also observed in Proposition 8.30 that each representable is a pointwise discrete category in Cat. Therefore
it suffices to show that binary products commute with isocodescent objects of pointwise discrete categories
in Cat. Consider a pointwise discrete category X in Cat:

Pz dy

X5 Mme—> X| <—i,

Xo

qx Cax

We may form its isocodescent object IQ(X) in two steps. Firstly form its codescent object QX, exhibited
by the cocone (QX, a,0.):

AN
X3 \H/OI QX
Cx Xo Qg
The coinverter of 6,, which we denote by I(f,) is then the isocodescent object IQ(X) of the pointwise
discrete category X. If the 2-cell 8, were reflexive then we could deduce the result from the fact that finite
products commute with both codescent objects of pointwise discrete categories and coinverters of reflexive
2-cells. The 2-cell is however not necessarily reflexive. Our approach will be to replace it with a reflexive
2-cell with the same coinverter.
The arrow category (QX)?2 has universal 2-cell:

d
T T

T ox

c

By the universal property of the arrow category the 2-cell 6, induces a unique functor ¢, : X7 — (QX)?
such that 1, o, = 0,.

Now the category QX is exactly that presented by the internal category X (as discussed in Example 2.21).
Thus it has objects X and arrows X so that the arrow category (QX)? has object set exactly X;. Moreover
the comparison ¢, : X; —= (QX)?2 is bijective on objects.

Any bijective on objects functor is, in particular, liberal (as defined in Notation 2.28). Consider then a
morphism f : QX — C with fn is invertible. Now f0, = fn,t,. As i, is liberal fn,., is invertible if and
only if fn, is so. Therefore a morphism f : X — C' coinverts 7, if and only if it coinverts 6,, and so these
2-cells have the same coinverter: I(6;) = I(n,). Consequently we have IQ(X) = I(0,) = I(1z)-

Consider another pointwise discrete category Y:

Py du dy YO N
- C—— i ﬂey Qv
dy Cy CU\ /aq/
>y

with codescent object QY and universal cocone as on the right above. By Proposition 8.30 finite products
commute with codescent objects of strict reflexive coherence data we have Q(X x Y) = QX x QY with
exhibiting cocone (QX x QY, ay X oy, 8, % 0). Therefore IQ(X xY) =2 I(QX x QY) = I(0, x 0,). Now
finite products commute with cotensors with 2 so that (Q(X x Y))? = (QX)? x (QY)? with universal 2-cell
Nz X 1y and the unique map gy @ X1 X Y7 —= (QX x QY)? is just iy X iy : X1 x Y1 — (QX)? x (QY)2.
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As finite products commute with bijections on objects i, x i, is bijective on objects and therefore liberal.
Consequently we have IQ(X xY) = I(0, x 0,) = I(ny x n,). As both 1, and 7, are reflexive 2-cells we have
I(ny x ny) = I(ng) x I(ny) by Proposition 8.36. Since IQ(X) = I(n,) and IQ(Y) = I(n,) we deduce that
IQ(X xY) 2 IQX x IQY as required. O

Remark 8.39. Lemma 8.40 below shows when two pieces of general coherence data have the same codescent
object and will be employed in the next chapter, as well as this one. Firstly we motivate the lemma by analogy.
Let C be a category and consider a morphism of graphs in C"

d(l
(o5 Rp— )}

Ca
f1 \L \Ll
dy
by —= ao
ch

in which the arrow f; is an epimorphism. Then both rows have the same coequaliser. That f; is required
to be an epimorphism ensures that it detects equality of 1-cells out of its codomain. Therefore any arrow
out of ag which coequalises the upper graph also coequalises the lower one. With regards codescent objects,
no equality of 1-cells will be required, only equality of 2-cells. A 1-cell detects equality of parallel 2-cells out
of its codomain if it is cofaithful and so naturally this will be an important notion regarding invariance of
codescent objects. As we will need to “construct” a 2-cell co-fully faithfulness will also be important.

Lemma 8.40. Consider a pseudonatural transformation of coherence data f : A— B as depicted below:

Pa da
Ay Ma Aq iq By
da Ca
f2 = 1 = fo=1
Db dyp
By mpy B; i By
13 Cb
such that:
e fp is an identity,
e fi is co-fully faithful and
e f5 is co-faithful.
1. Suppose that:
ot
By a @B
aN L
0
exhibits @B as the codescent object of the bottom row.

Then:

By —~—~ B,
2T 27 N
Y = OB

A U’fflk /Z
By N By

exhibits @B as the codescent object of the top row.

Ay
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2. This equally applies to the case of the isocodescent object.

Proof. 1. The coherence data A and B come equipped with 2-cell isomorphisms as described in Definition

6.27. For instance we have an invertible 2-cell d,i, = 1. Since A; is locally a preorder each such
coherence isomorphism is determined by its source and target 1-cells and so we label each coherence
2-cell isomorphism by 7, for the coherence data A, and by 7, for B.
We must firstly prove that the above composite 2-cell is indeed a codescent cocone to the top row, that
is satisfies the cocone equations (1) and (2) of Definition 6.31. Firstly we show that equation (2) holds,
which states that the 2-cell on the left below is the identity on a : By —= QB. We have the following
string of equalities:

/ I/T B0 d Bo 1 vy Bo
a b a i b a
. @;}/ﬂ“/ N v~ N
0\ o> Aq B, ﬂa QB = By fi;% By ﬂa QB
T A W:lk /Z ib/lﬂ? A o
— - B By - By
1
By
I d/’ \:
= By—ir—>B s QB = B,—%-QB
Y lk /Z
By

Only the first equality requires much justification; the second holds upon cancelling inverses whilst the
third holds as (@B, «, @) is a codescent cocone to the bottom row. The first equation requires us to
use the pseudonaturality of f. By pseudonaturality we have the equation:

1

1

BOL>A1—Q>BO By By
ll \U/fi lfl \U/fd \Ll = il ll
BOLBlgBO B0—1>BO

1b\\ Uﬂ—%b
B

1

We may rewrite this equation by pasting the 2-cell (f;)~* on the lower left side of each of the above
diagrams to obtain:

—> By — > B, I By

S 2T 2 ) o~

d
Bolfiaa Aq B, By fiia B,

We use this equation enables us to equate the top left sides of the composite 2-cells on either side of
the first equation. We also need to equate the lower left hand sides. By pseudonaturality of f : A—B

158



we equally have:

1
1/*.*& BO BO ‘U’Tb BO
/Ta V \U/fc y 'Lb\ y
f1 = me_l
By—ia> A ——— B, By fiia By
Inverting both composites gives:
B071a9 Ay i> By By fiia B,

I o By By By

_ Vfi
N N /1 N

1

noting that the inverse of 7, is just 7, again, by our abuse of notation. Combining the 2-cells (1) and
(2) and cancelling f; gives the first equation.

In order to show that we have a codescent cocone it remains to establish the codescent cocone equation
(1) of Definition 6.31 holds. This uses similar, though lengthier, techniques to those described for
equation (2) above and we continue with the proof of this in Appendix 12.2(1). Thus we have a cocone
to the top row. It remains to verify its universal property. Given another cocone to the top row

(C,3,), we have the 2-cell:
W/

H

b 2
B ﬂﬁ/ c
N\ B e

which, precomposed with f;, yields the composite 2-cell above it. We claim that the triple (C, ﬂ,ﬁl)
is a cocone to the bottom row. Firstly we must show that the first and last composite 2-cells of the
following string are equal:

By 1~ By
U’Tb d/ \\B /\U,Ta / \U/fd / \
By ir—> B \Mﬁ/ C = B0—1{1+ Aq H B \M]
N \“ o b \ /
1 Bo 5o
1 B,
e d/’ \i
= By iv—> Aq Hﬁ C = By L C
AR x . /ﬁ
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Combining the equations (1) and (2), and cancelling inverses, enables us to deduce the first equation.

The second equation follows by the definition of B/ precomposed with fi upon cancelling fg and f.- 1
by their inverses. The last equation holds as the triple (C, 3, ) is a cocone to the top row. We must

also show that the triple (C, 5, B/) satisfies the cocone condition (1) of Definition 6.31 and we continue

this in Appendix 12.2(2). Therefore the triple (C, @B/) is a cocone to the bottom row. Consequently
we obtain a unique arrow out of the codescent object k : QB — C such that k o a = 8 and such that:

B() BO
dy dy B
et NG
B a QB—=(C = By Hﬁ' C
B
0 0

The condition concerning the equality of 2-cells may be replaced by:

BOHBO BO;’BO
/wd/ N 2T 27 N
n ﬂa QBk%C' = 1 h By ﬂﬁ/ C
\W \ /o N
By — By By ——— By

since fi is co-fully faithful and the 2-cells f4 and £ ! both isomorphisms. We easily see upon cancelling
isomorphisms that this second composite 2-cell is exactly 3. Therefore the cocone

By By
2T 27 N
4,1 ﬂa OB
NN
By B,

indeed satisfies the one dimensional aspect of the universal property of the codescent object of the
top row. One may at length, in a similar manner, verify the two dimensional aspect of the universal
property of the codescent object. In any case the 2-categories of interest to us will have cotensors
with 2. For such 2-categories the two dimensional universal property follows from the one dimensional,
using Proposition 2.5.

2. The case of the isocodescent object proceeds just as the case of the codescent object presented in the
first part of the lemma.
O

Proposition 8.41 (See Remark 8.29). Finite products commute with both codescent objects and isocode-
scent objects of general reflexive coherence data in Cat.

Proof. The cases of codescent and isocodescent objects are identical. We consider the former; the latter can
be proved by replacing each appearance of codescent object by isocodescent object, as all of the remarks we
make apply equally to either of these cases.

Denote by Q' : [A}””, Cat] — Cat and Q : [A’, Cat] — Cat the 2-functors which send reflexive coherence
data/ strict reflexive coherence data to their respective codescent objects. Consider the 2-functor p : AL—=A,
of Remark 6.26. Restriction along its opposite gives a 2-functor:

p* = [p°, Cat] : [AS?, Cat] — [AL”", Cat]
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which views strict coherence data as general coherence data. By Remark 6.33 it is clear that we have a
2-natural isomorphism Q' o p* = Q.

We need to show that @’ : [AL°P, Cat]—=Cat commutes with finite products. It is clear that it preserves the
terminal object, which is just the constant diagram at 1. In order to show that finite products are preserved
then it suffices to consider the case of binary products. By Lemma 8.28 above we need only show that binary
products commute with codescent objects of A} representables.

The key step in our argument will be to associate to each representable AL (—, %), strict reflexive coherence
data X; : AJ” — Cat and a pseudonatural transformation 6; : Ay(—,i) —p* o X; such that:

1. 6,(0) is an identity.
2. 0;(1) and 0;(2) are equivalences.

Then by Lemma 8.40, we will have Q'(A4(—,7)) = Q' (p* o X;). Furthermore the properties of the maps 6;
are stable under products in [A%, Cat] so that 0; x 6; again satisfies them. This gives the first of the following
string of isomorphisms:

Q(A5(—,1) x Ay(—,7)) = Q'(p" 0 Xy x p” 0 X;j) = Q'(p" o (Xi x X;)) = Q(X; x X;) =
Q(Xi) x Q(X;) = Q' (P Xi) x Q' (P X;) = Q'(AY(—, 1)) x Q'(A(—,J))

The second isomorphism holds as p* preserves products. For since p* is defined by restriction it has a left
2-adjoint given by left Kan extension. The third isomorphism holds as Q'p* = Q. The fourth holds since
finite products commute with codescent objects of strict reflexive coherence data in Cat (by Proposition 8.30
above). The fifth isomorphisms again uses the isomorphism @Q'p* = @ whilst the final isomorphism comes
from the isomorphisms Q'(A%(—,7)) = Q'(p* o X;) for each i € A

It remains then to construct, for each representable AL(—, i), a pseudonatural transformation 6; : AS(—,i)—p*o

X, satisfying properties (1) and (2) which we now proceed to do.
The 2-functor p : A, — A, yields a 2-natural transformation:

P
/
Ay

o= )

(AL Cat] <— [Ay%P, Cat]

Ay

whose components are themselves 2-natural transformations p_ ; : Ay(—, 1) — Aqg(p—, pi) = p*(Aa(—, pi)).
The 2-functor p : Ay — A, is the identity on objects by Remark 6.26 so that p*(Aas(—, pi)) = p*Aas(—,1).
The components of the 2-natural transformation p_ ; : A5(—, ) —>p*As(—, %) are given by the action of the
2-functor p on the hom-categories: p; ; : A5(i, j)—=As(4, j) so that each p_ ; is a pointwise surjective equiv-
alence again by Remark 6.26. Indeed this gives a 2-natural transformation from the representable Af(—,7)
to strict reflexive coherence data, viewed as a presheaf on A}, and satisfies condition (2) but not (1) since
p—.i(0) = po,; is not the identity; consequently we need to alter the “objects” of Aq(—,1).

The representable Ag(—,4) is an internal category in Cat. The functor po; : A5(0,i) — Ag(0,7) =
ob(Az(—,4)) may then be lifted along the fibration ob : UCat(UCat) — UCat to give an internal cate-
gory X; € Cat(UCat) and its cartesian lift ¢ : X; —Aq(—, ). These satisfy X;(0) = A5(0,4) and ¢¢ = po ;-
Explicitly X;(1) and X;(2) are the pullbacks?:

X,(1) —" Aa(L,1) Xi(2) —> 2(2,0)
l i(dw) and i l(dp,dq—cpwq)
AL(0,7)2 T2 Ay (0,4)? AL(0,7)2 T2 Ay (0,4)

2The description of the cartesian lift of the fibration ob : UCat(UCat)—UCat given here is a simplification of the description
given in Proposition 2.61. This simplification is possible because Cat has products and is indeed the better known construction.
(11]
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with ¢2 and ¢; constructed by pulling back the surjective equivalence 6y = py;. Now surjective equiv-
alences are preserved by products and stable under pullback in Cat; thus both ¢; and ¢, are surjective
equivalences. Therefore we have a pointwise surjective equivalence of internal categories ¢ : X; — Aq(—, 1),
both internal categories in particular constituting strict reflexive coherence data in Cat. We now factor
p—i : Ab(—,7) —>p*Ag(—,1) through p*¢ : p*X; —p*As(—, %) to obtain the required pseudonatural trans-
formation 6 : AL(—,i) —p*X;.

We have X;(0) = A4(0,4) and correspondingly define 6y to be the identity. The surjective equivalences
o1 2 Xi(1)—=Ax(1,7) and ¢ : X;(2)—=A3(2,7) each have equivalence inverses; sections r1 : Ag(1,7)—=X;(1)
and 7o : Ag(2,1) — X;(2). We define 67 and 6, respectively to be the composites:

P1,i

0 = AL(1,6) —> Ao(1,i) —=X;(1)  and Oy = AL(2,1) —> Ap(2,1) —2= X;(2).

As composites of equivalences both of #; and 65 are equivalences whilst 6y is the identity. Therefore upon
extending to a pseudonatural transformation # our argument will be complete, the arrow components of 6
satisfying properties (1) and (2).

Observe that for each j € A5 we have ¢;06; = p;; as r; and 7, are sections. Now given an arrow r : j; —>jo
of Al consider the square:

9]’2 .
A4 (f2, 1) —— Xi(ja)

Aannl ixxmo

AY(j1,17) ?Xi(jl)

Postcomposing both paths of the square with ¢;, : X;(j1) — A2(j1,¢) gives the commuting square:

P(iz.i)

Al2(j27 l) - AQ(an Z)
A’Q(r,i)i lAQ(pm')

AIQ(.]MZ) T)) AQ(]laZ)

(J1,

The equivalence ¢;, : X;(j1) —>A2(j1,%) is in particular fully faithful. Therefore there exists a unique 2-cell:

0
Ay (jz, 1) ——= X;(j2)

A’Q(r,i)l {0~ iXi(pT)

A5(j1,1) T)Xi(jl)

J1

which upon postcomposition with ¢;, yields the identity 2-cell square of the square above it. The 2-cell 0,
is an isomorphism since any fully faithful functor reflects isomorphisms.

To see that this description of § makes it into a pseudonatural transformation requires us only to verify certain
equations between 2-cells. As p_ ; = ¢ 00 we may deduce that these equations hold using the faithfulness of
the components of ¢ and the 2-naturality of p_ ;. Thus we obtain a pseudonatural transformation:

91‘ =0: AIQ(—,Z) ‘>p*XZ‘
satisfying (1) and (2). O

Remark 8.42. We conclude our examples of sifted colimits by considering the case of Kleisli objects which
are not only sifted but commute with all conical limits whose indexing 2-category is locally discrete.
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Proposition 8.43. Let J be a small category and consider the limit 2-functor lim : [J, Cat] — Cat which
assigns to a diagram its conical J-limit. Then lim preserves Kleisli objects. In particular Kleisli objects
commute with finite products.

Proof. Kleisli objects in Cat may be constructed from Eilenberg-Moore objects as follows. Let T be a
monad on a category C. We have the canonical left adjoint arrow f7 : C —=C7 to the Eilenberg-Moore ob-
ject. The Kleisli object may be constructed by factoring this as bijective on objects followed by fully faithful.
fT
C——CT

N7
fT CT

Kleisli objects in [J, Cat] are pointwise in Cat. Namely they are obtained by factoring the map to the
Eilenberg-Moore object as pointwise bijective on objects followed by pointwise fully faithful. Now lim :
[J, Cat] — Cat preserves all limits, thus Eilenberg-Moore objects, and fully faithfulness. Furthermore if J
is locally discrete it takes pointwise bijections on objects to bijections on objects (as described in the proof
of Corollary 4.33). In summary lim preserves Eilenberg-Moore objects and takes the (pointwise bijective
on objects/pointwise fully faithful) factorisation on [J,Cat] to the (bijective on objects/fully faithful)-
factorisation on Cat. Consequently it preserves the construction of Kleisli objects.

The above certainly applies if J is a finite discrete category; thus we deduce that Kleisli objects commute
with finite products in Cat. O

Remark 8.44. In the following we describe various characterising descriptions of the strongly finitary 2-
functors on Cat, both minimal and maximal.

Corollary 8.45. Let T be a 2-functor on Cat. The following are equivalent.
1. T is strongly finitary.
2. T preserves filtered colimits and codescent objects of pointwise discrete categories.
3. T preserves filtered colimits and codescent objects of cateads.
4. T preserves filtered colimits and codescent objects of strict reflexive coherence data.

5. T preserves sifted colimits. These include: filtered colimits, (iso)codescent objects of reflexive coherence
data, both general and strict, reflexive coinverters and Kleisli objects.

Proof. The equivalence of (1) and (5) is immediate as Cat is the free completion of Set; under sifted colimits.
Certainly (5) implies (4), (4) implies (3) and (3) implies (2) whilst (2) implies (1) by Theorem 8.16(1). applied
in the case of £ = Set. O

Example 8.46. Every strongly finitary 2-monad on Cat preserves codescent objects of cateads and filtered
colimits. As each such 2-monad preserves codescent objects of cateads it preserves bijections on objects by
Corollary 4.21(1). It is worth remarking that the converse is not true: there exist 2-monads which preserve
filtered colimits and bijections on objects but are not strongly finitary. Consider the reflection:

which induces a 2-monad 7' = ¢R on Cat. The underlying functor U: : YGpd —UCat has a right adjoint
which assigns to a category C the groupoid with the same objects as C' and morphisms the isomorphisms
in C. Consequently Ut preserves filtered colimits. Both Gpd and Cat have cotensors with 2 and so these
filtered colimits in UYGpd and UCat are immediately filtered colimits in Gpd and Cat by Proposition 2.5.
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Consequently ¢ preserves filtered colimits and it follows that T"= ¢ R also preserves filtered colimits.
Given a category A, T'A is the the coinverter of the 2-cell:

TN
A2 A
~_ 7

The unit n4 : A—TA is the coinverter morphism which is clearly bijective on objects. We may see this
abstractly upon applying Corollary 2.44. Given a bijective on objects functor f : A —= B we then have
Tfona=mnpof. Since np o f is a composite of bijections on objects it is itself bijective on objects. As 14
is bijective on objects it then follows that T f is too. Therefore T preserves bijections on objects.

On the other hand T is not strongly finitary. Given a discrete category X we have TX = X which implies
that the restriction of 7" along the inclusion : Sety — Cat is simply the inclusion itself. But the identity
2-functor on Cat is the left Kan extension of the inclusion. Alternatively we can see that 7' is not strongly
finitary by observing it does not preserve codescent objects of pointwise discrete categories. Given a category
A € Cat we have its presentation as a pointwise discrete category:

Pa da

Me—3> A1 <—iq

A2 AO

9a Ca

The codescent object of this pointwise discrete category in Cat is precisely A. Unless A is itself a groupoid
it will not be the case that TA = A. On the other hand the above pointwise discrete category in Cat is
unaltered by the action of T" as each of its components are discrete categories. Therefore taking its image
under T and then the codescent object in Cat we do recover A. Consequently T" does not preserve codescent
objects of pointwise discrete categories and so cannot be strongly finitary.
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Chapter 9

Pie Algebras for strongly finitary
2-monads

In this chapter we focus upon strongly finitary 2-monads on Cat(€). In Chapter 4 we introduced a 2-
categorical notion of projectivity. We begin this chapter by investigating projectives in T-Alg, and show
that the free algebras on discrete internal categories are projective. We introduce the notion of pie algebra, a
natural type of flexible algebra, and prove that the pie algebras are precisely those covered by the free algebras
on discrete internal categories. We consider the 2-category T-Alg;., which we show to be biequivalent to
T-Alg, and investigate limits therein, introducing the notion of cone bilimit. We consider the pie weights of
[45] and show that they are precisely the pie algebras for a certain 2-monad. Our characterisation of the pie
algebras then gives a new characterisation of the pie weights, which we show to be equivalent to that of [45].
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9.1 Codescent morphisms and projectives in T-Alg,

In Chapter 4 we characterised the projectives in Cat(€) for a category & with pullbacks as the discrete
internal categories. In this section we consider projectives in T-Alg, for a strongly finitary 2-monad 7" on
Cat(€). Projectives are defined relative to codescent morphisms and so understanding codescent morphisms
in T-Alg, is our first goal. We achieve such an understanding by studying the factorisation system on T-Alg,
obtained by lifting the (Bijective on objects/fully faithful) factorisation system on Cat(£).

Remark 9.1. In this section we will introduce assumptions only as they are required. However we begin
by compiling all of the properties of strongly finitary 2-monads which we will have need to call upon.

Proposition 9.2. Let £ be locally finitely presentable and T a strongly finitary 2-monad on Cat(£).
1. T preserves codescent objects of cateads and filtered colimits.
2. T preserves bijections on objects.
3. Cat(€) is both complete and cocomplete.
4. T-Alg, is both complete and cocomplete.

Proof. 1. This was proven in Corollary 8.18, in which moreover we showed that every 2-functor which
preserves such colimits is strongly finitary.

2. By Corollary 4.21(1) any 2-functor on Cat(€) which preserves codescent objects of cateads preserves
bijections on objects. Therefore, by the first part of the present proposition, any strongly finitary
2-monad preserves bijections on objects.

3. By Proposition 8.13 parts 1 and 3.

4. The forgetful 2-functor UL : T-Alg, — Cat(€) creates all limits that Cat(€) has. Since Cat(&) is
complete it follows that T-Alg, is also complete, and that U : T-Alg, — Cat(£) preserves all limits.
Any strongly finitary 2-functor preserves filtered colimits by Corollary 8.18. Since Cat(€) is both
complete and cocomplete it follows from Proposition 3.8 of [8] that T-Alg, is also cocomplete.

O

Proposition 9.3. Let £ € Catpp.

1. Let T be a 2-monad on Cat(€) which preserves bijections on objects. Then we have an orthogonal
factorisation system (E, M) on T-Alg, in which:
E = {f € T-Alg, : UT f is bijective on objects} and M = {f € T-Alg, : f is fully faithful}!.
Furthermore if f is a codescent morphism in T-Alg, then U” f is bijective on objects.

2. Suppose that T preserves codescent objects of cateads. Then T-Alg, admits the orthogonal factorisation
system of the first part of the present proposition. Furthermore an algebra morphism f is a codescent
morphism if and only if UT f is bijective on objects. Therefore the factorisation system (E, M) on
T-Alg, becomes:

E ={f € T-Alg,: f is a codescent morphism} and M = {f € T-Alg, : f is fully faithful}.
Furthermore codescent morphisms are effective in T-Alg,.

Proof. 1. Bijections on objects and fully faithful internal functors form a factorisation system on Cat(£)
by Corollary 2.62. Since T preserves bijections on objects we may apply Proposition 6.35 to obtain an
(E, M) factorisation system on T-Alg, such that E = {f € T-Alg, : UT f is bijective on objects} and
M = {f € T-Alg, : UT f is fully faithful}. It suffices then to show that a morphism f : (4,a)—=(B,b)
of T-Alg, is fully faithful if and only if U7 f : A— B is so. As £ has pullbacks Cat(£) is an object

1Here fully faithful is used in the representable sense: see Notation 2.28.
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of Rep. Since UT : T-Alg, — Cat(€) creates all limits it follows that T-Alg, € Rep and that UT
is a morphism of Rep. By Corollary 3.53(1) UT preserves fully faithfulness. As U7 also reflects
isomorphisms it reflects fully faithfulness by Corollary 3.53(2). Therefore f is fully faithful if and only
if UT f is so.

Let f : (A,a) — (B,b) be a codescent morphism. By Proposition 2.34 codescent morphisms are
orthogonal to fully faithful arrows. Since the morphisms of M are precisely the fully faithful algebra
morphisms it now follows that f € E by Proposition 2.37. Thus U7 f is bijective on objects.

. By Corollary 4.21(1) T preserves bijections on objects. Therefore the results of the first part of the
proposition hold so that T-Alg, admits the factorisation system (FE,M) described therein and any
codescent morphism f has U f bijective on objects.

Conversely consider an algebra morphism f : (4,a) — (B,b) whose underlying map is bijective on
objects. We will show that f is the codescent morphism exhibiting its codomain of its higher kernel.
As all codescent morphisms are bijective on objects this will also show that codescent morphisms are
effective in T-Alg,.

Now & has pullbacks and so Cat(€) is a representable 2-category. Therefore T-Alg, is representable
too. In particular it admits comma objects and pullbacks and therefore the construction of higher
kernels. Consider the higher kernel of f : (A, a) — (B, b):

d (4, a) f
p d 7 N

(I fszpipyy) —m—s (fIf,2pp) <—i (A, a) (flfszpp)  Am o (B,D)
q c N\ /f’

(4,a)

with (d,7,c) the triple exhibiting (f|f,xf ) as the comma object of f : (A,a) —=(B,b) and sy :
T(ff1f) —= fIf1f and xs ¢ : T(f|f) — f|f the structure maps for the algebras of the higher kernel.
We must show that the codescent cocone ((B,b), f,n) exhibits (B, b) as the codescent object of the
higher kernel of f : (A,a) — (B,b). As T-Alg, has cotensors with 2 it will suffice, by Proposition
2.5, to verify the 1-dimensional universal property of the codescent cocone. Consider then another
codescent cocone ((X,x),g,0) to the higher kernel of f as below:

L Aa)
7 N
(flfzpp) Vo (X,2)

>~ A
(4, )

Now U7 creates those limits that Cat(€) has, in particular pullbacks and comma objects. Consequently
UT preserves higher kernels so that:

A
, . Ny
O S S ——a  flf U"\B
! ‘ W /f1

is the higher kernel of f : A—B in Cat(E). Now f is bijective on objects. Therefore, by Theorem 3.68,
the codescent cocone (B, f,n) exhibits B as the codescent object of the higher kernel of f : A— B.
Certainly the triple (X, g, ) constitutes a codescent cocone in Cat(€) and so we obtain, by the universal
property of the codescent object B, a unique 1-cell k : B—= X such that kf = g and kn = 6. We

167



claim that & underlies an algebra map k : (B,b) — (X, z): we must verify that the square:

TB 5 Tx

is commutative.
Now the higher kernel of f : A—= B is a catead. As T preserves codescent objects of cateads it
preserves the codescent object of the higher kernel (1) so that the triple (T'B,Tf,Tn) exhibits TB
as the codescent object of the image of (1) under 7. Consequently to show that the square (2) is
commutative it suffices to show that both paths agree upon precomposition with the 1 and 2-cell T'f
and T'n of the exhibiting cocone.
We have:

zoTkoTf=x0Tg=goa

firstly using that kf = ¢ and secondly that ¢ : (A, a) — (X, z) is an algebra morphism. We have:
koboTf=kofoa=goa

firstly using that f : (A,a) — (B, b) is an algebra morphism and secondly that kf = g. Therefore
both paths agree upon precomposition with 7'f.
We have:

xoTkoTn=xz0TO==0o0xy;

firstly using that kn = 6 and secondly using that 6 : gd => gc is an algebra 2-cell. We have:
koboTn=konoxys=0o0xysy

firstly using that n : fd=> fc is an algebra 2-cell and secondly using that kn = 6.
Therefore the square (2) commutes and k : (B,b) — (X, z) is an algebra morphism. This gives the
required factorisation of the codescent cocone ((X,x), g,6) through ((B,b), f,n). That it is the unique
such follows from the fact that U7 is faithful on 1 and 2-cells.
Therefore (B, b) is the codescent object of the higher kernel of f : (A, a)—(B,b) with f the exhibiting
codescent morphism.

O

Proposition 9.4. Let £ € Catpy, and T a 2-monad on Cat(€) which preserves bijections on objects. If
X € Cat(€) is projective then so is FTX € T-Alg,. Consequently each free algebra on a discrete internal
category is projective.

Proof. Suppose that X is projective in Cat(€) and consider a codescent morphism f : (A,a) — (B,b) in
T-Alg,. We must show that given any algebra morphism g : F7 X—(B, b) there exists a unique factorisation:

FTX

o

(A,Cl) ? (B’ b)

rendering the triangle commutative. Transposing across the adjunction:
FT
T-Alg, 1L Cat(€)
T
U
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we see that this is equally to give a factorisation in Cat(€):

) \

A——B

f

Now f : A— B is bijective on objects by Proposition 9.3(1) and so a codescent morphism in Cat(£) by
Theorem 3.68. As X is projective a unique such factorisation exists. Transposing back across the adjunction
yields the required factorisation.

In particular the projectives in Cat(€) are precisely the discrete internal categories by Proposition 4.17.
Therefore if X is a discrete internal category it follows that F7 X is projective in T-Alg,. O

Corollary 9.5. Let £ be a locally finitely presentable category and T' a strongly finitary 2-monad on Cat(£).

1. The (Bijective on objects/fully faithful) factorisation system on Cat(€) lifts to an orthogonal factori-
sation system (E, M) on T-Alg, in which the E’s are the codescent morphisms, equally those algebra
morphisms whose underlying internal functor is bijective on objects, and the M’s the fully faithful
algebra morphisms.

2. Codescent morphisms are effective in T-Alg,.
3. Each free algebra on a discrete internal category is projective.

Proof. As £ is locally finitely presentable it is complete and thus has pullbacks. Since T is strongly finitary it
preserves both codescent objects of cateads and codescent morphisms by Proposition 9.2. The result follows
upon applying Propositions 9.3 and 9.4. O

9.2 Pie algebras and a projective cover

Throughout this section we suppose £ to be a locally finitely presentable category and T to be a strongly
finitary 2-monad on Cat(£), though Definition 9.7 makes sense so long as T-Alg, is cocomplete. In Corollary
9.5 we saw that for such T each free algebra on a discrete internal category is projective. In this section we
examine the extent to which such algebras form a projective cover of T-Alg.. In other words we ask:

e For which algebras (A, a) does there exist a discrete internal category X and a codescent morphism
FTX —=(A,a)?

We prove that the algebras covered by the “frees on discretes” are precisely the pie algebras, which we now
introduce.

Remark 9.6. Recall the notion of flexible algebra from Chapter 6. Flexible algebras are defined relative to
the adjunction:
=)
T-Alg, L T-Alg
_—

L

which exists, by Proposition 6.8(2), if T-Alg, is sufficiently cocomplete. This is the case for strongly finitary
T, by Proposition 9.2(4). Recall that an algebra (A4,a) is said to be flexible if the counit component of
the adjunction at (A, a), the strict algebra morphism p4 : (A,a) —= (4, a) has a section in T-Alg,. In
Proposition 6.22 we saw that an algebra is flexible precisely if it lies in the closure of the free algebras
in T-Alg, under flexible colimits: pie colimits together with splittings of idempotents. This motivates the
following definition.
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Definition 9.7. An algebra (A,a) € T-Alg, is said to be a pie algebra if it is contained in the closure
of the free algebras under pie colimits (coproducts, coinserters and coequifiers) in T-Alg,. T-Alg;, is the
full sub 2-category of T-Alg, with objects the pie algebras (noting that the morphisms are the strict ones).
Furthermore we denote by T-Algg.. the full subcategory of T-Alg, with objects the flexible algebras.

Example 9.8. Each free algebra is a pie algebra, by definition.
Example 9.9. Each algebra of the form (A4, a)’ is a pie algebra by Proposition 6.21.

Remark 9.10. The flexible algebras are the closure of the free algebras under flexible colimits. As pie
colimits are a subclass of flexible colimits it follows that each pie algebra is flexible and we have an inclusion
T-Alg,;. — T-Algge. The following proposition shows that, up to biequivalence, the 2-categories T-Alg;,
and T-Algg., are indistinguishable from T-Alg.

Proposition 9.11. Let A be a full sub 2-category of T-Alg, containing each algebra of the form (A, a)" and
suppose further that each object of A is a flexible algebra. Then the inclusion A—T-Alg is a biequivalence.
In particular both inclusions ¢ : T-Algg,, T-Alg,;, —= T-Alg are biequivalences.

Proof. The inclusion A — T-Alg is the composite inclusion A — T-Alg, — T-Alg. We must show that
this composite is biessentially surjective on objects (surjective up to equivalence) and locally an equivalence.
For each algebra (A, a) the counit p, : (4,a) — (A, a) is a surjective equivalence in T-Alg by Proposition
6.12. Since (4, a)’ € A the inclusion is therefore biessentially surjective.

Now given a pair of algebras (A, a) and (B, b) of A consider the inclusion A((A, a), (B, b))—T-Alg(A,a), (B,b)).
This is certainly fully faithful, since the inclusions A4 — T-Alg, and T-Alg, — T-Alg are both locally fully
faithful. Thus we need only show it is essentially surjective. In other words we must show that given a
pseudomorphism (f, f) : (A, a) — (B, b) there exists a strict morphism g : (4, a) — (B, b) isomorphic to it,
in T-Alg((A,a), (B,b)). As (A,a) is flexible this follows from Proposition 6.16.

As each object of T-Algg,, and T-Alg;, is flexible, and both 2-categories contain each algebra of the form
(A, a)" it now follows that both inclusions T-Algg,, T-Alg;, — T-Alg are biequivalences. O

Remark 9.12. Our aim is now to show that an algebra (4,a) € T-Alg ;. if and only if there exists a discrete
internal category X and a codescent morphism F7X —= (A4, a).

Proposition 9.13. T-Alg,;. is equally the closure of the free algebras on discrete internal categories under
pie colimits.

Proof. Tt suffices to show that each free algebra is a pie-colimit of free algebras on discrete internal categories.
By Example 4.19 each object A € Cat(€) is the codescent object of its canonical presentation via discrete
internal categories:

[Pal [da]
[Ag] —lmal— [A1] =—fia)— [Ag] —— A
[’Ia] [Ca]

with €, the exhibiting codescent morphism. As FT : Cat(€) — T-Alg, is a left 2-adjoint it preserves all
colimits. Thus:

FT[pa] FT[dq)
TN DT FTe,
FT[Ag] —FT[ma> FT[A)] <FTlia]— FT[A)) ————— FTA
e - e
FTqa] FT ey

exhibits FT A as a codescent object in T-Alg, of strict coherence data each component of which is a free
algebra on a discrete internal category. Codescent objects may be formed by coinserters and coequifiers, as
described in Remark 2.18, and so the result follows. O

Proposition 9.14. Given a pie algebra (A, a) there exists a discrete internal category X and a codescent
morphism F7X — (A, a) € T-Alg,.
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Proof. Let Cov denote the full sub 2-category of T-Alg, with objects those algebras (4, a) for which there
exists a discrete internal category X and codescent morphism F7 X — (A, a). We must show that each pie
algebra belongs to Cov. As the 2-category T-Alg,. is by definition the closure of the free algebras under
pie-colimits it will suffice to verify that each free algebra belongs to Cov and that Cov is closed in T-Alg,
under pie-colimits: coproducts, coinserters and coequifiers.

For each free algebra FT' A we have the codescent morphism F7(¢,) : FT[Ag] —= FT A of Proposition 9.13.
As [Ay] is discrete therefore FT A € Cov.

Consider a pair of algebras (A,a) and (B,b) of Cov and a parallel pair of 2-cells:

f
T

o) @

with coequifier h : (B,b)—=(C, ¢) in T-Alg,. Coequifier morphisms are orthogonal to fully faithful morphisms
by Proposition 2.34. Codescent morphisms and fully faithful morphisms form a factorisation system (E, M)
on T-Alg, by Corollary 9.5. Therefore by Proposition 2.37 the coequifier morphism is a codescent morphism.
By assumption there exists a codescent morphism a;, : FT X — (B, b) with X a discrete internal category.
Composing these codescent morphisms:

ap

FTx (B,b) —>(C, )

yields another, since in any orthogonal factorisation system the class F is closed under composition. Therefore
(C,c¢) € Cov.
The case of coinserters is similar. For suppose we are given a parallel pair of algebra morphisms:

f
(A,a) —=(B,b)

g
with both (A, a) and (B, b) objects of Cov. Now form the coinserter (C,¢) with exhibiting cocone:
(Bab) J

~
) (C,c)

-7
(B,b) i

(4, a)

m% \H,

By Proposition 2.34 coinserter morphisms are orthogonal to fully faithful ones. Consequently it follows as
before that j : (B,b) — (C,¢) is a codescent morphism. As (B,b) € Cov we have a codescent morphism
ap : FTX — (B, b) with X a discrete internal category and the composite codescent morphism:

FTX 2> (B,b)—>(C,c)
proves that (C,c) € Cov.

With regards the case of coproducts suppose we are given a family of algebras (C;,¢;) € Cov indexed by
some set I. Each is equipped with a codescent morphism:

FTXZ‘ i> (CZ, Ci)

with X; a discrete internal category. Taking the I-indexed coproduct in T-Alg, we obtain a map:

Z FTX, i Z(Ci’ )

icl iel
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As each q; is a codescent morphism it follows that their sum is one too; for coproducts commute with all
colimits, in particular codescent objects. Now .., FTX; = FT(ZieI X;) as FT preserves coproducts.
Thus we have the composite:

i€l

FT(Z X;) & ZFTXi % Z(Ci,ci)

i€l el icl

which is again a codescent morphism since the class E is closed under isomorphisms and composition.

It remains to show then that the internal category ), ; X; is itself discrete. By assumption we have
X; € Disc(Cat(€)) for each i € I and so it suffices to show that the full sub 2-category Disc(Cat(E))
is closed in Cat(€) under coproducts. Combining Propositions 4.16(3) and 4.17 we see that the inclusion
t : Disc(Cat(€)) — UCat(€) has a right adjoint and therefore preserves all 1-dimensional colimits, in
particular coproducts. The locally discrete 2-category Disc(Cat(€)) trivially has cotensors with 2, thus
the coproducts are 2-dimensional coproducts by Proposition 2.5. As Cat(€) itself has cotensors with 2 any
1-dimensional coproducts in Cat(€) are 2-dimensional coproducts by the same proposition, and it follows
that ¢ : Disc(Cat(€)) — Cat(E) preserves coproducts. Therefore Disc(Cat(£)) is closed in Cat(E) under
coproducts as required. Therefore ). ;(C;, ¢;) € Cov. O

Remark 9.15. In order to prove the converse to Proposition 9.14 we will require the following lemma.

Lemma 9.16. Consider the adjunction:

(-
T-Alg,~ L T-Alg
_—

L

The counit at an algebra (A, a), pa : (4,a) — (A, a) is both fully faithful and co-fully faithful in T-Alg,.

Proof. As T-Alg, is complete and cocomplete it follows from Proposition 6.12 that p4 is a surjective equiv-
alence in T-Alg. Therefore it is both fully faithful and co-fully faithful in T-Alg. We must show that it is
both fully faithful and co-fully faithful in T-Alg,. For suppose that we are given a pair of strict algebra maps
fi,f2: (A a) — (B, b) and a 2-cell:

fipa
A

(4, a)'&(ﬂ b)
fapa

As py is co-fully faithful in T-Alg there exists a unique 2-cell in T-Alg:

f1
A

(A,a) o (B,D)
Y

such that precomposing this 2-cell with p4 yields ¢. But the inclusion ¢ : T-Alg, — T-Alg is locally fully
faithful, thus 6 is a 2-cell in T-Alg, and indeed the unique such. Consequently p4 is co-fully faithful in
T-Alg,. Similarly py4 is fully faithful in T-Alg, since it is fully faithful in T-Alg. O

Proposition 9.17. Consider a pie algebra (A, a) and suppose that f : (A,a) — (B,b) is a codescent
morphism in T-Alg,. Then (B,b) is a pie algebra and f : (A,a) — (B,b) is a codescent morphism in
T-Alg e
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Proof. T-Alg, is complete so we may consider the higher kernel of f : (A4, a) — (B, b):

P d
(FI1f) —m (fF15) i (4,a) (B, b)

omitting to label the structure maps for the algebras f|f|f and f|f. The codescent morphism f : (A, a)—=(B, b)
necessarily exhibits (B, b) as the codescent object of its higher kernel (by Corollary 9.5(2)).

We consider the image of this coherence data under (—)" : T-Alg, — T-Alg,. The counit p is 2-natural so
that we obtain a natural transformation of coherence data:

p d
(1) (fIfLf) —m——=(flf) =—i (A, a)
q c
PrifIf Prlf pa
p’ ‘ d’
I —m—= (fIf) =—¥ (4,a)
q ¢

where the codescent object of the top row is (B,b). Each pie algebra is flexible by Remark 9.10 and so the
counit component pa : (A,a) — (A, a) has a section r : (4,a) — (A,a)’ € T-Alg,. We “augment” the
bottom row by:

A
(o) " (Aa)
to obtain new strict coherence data:
' paod’
(fIFL) fr;z% (f1f) i (4, a)
AO

To see this constitutes strict coherence data we must verify the equations:
e ppodop =pgodom
e paocoq =paocom
e ppocop =ppodoq
e ppodoior=1
e ppocot’or=1

The first three equations following immediately from the corresponding equations for the lower row of (1).
Regarding the fourth equation we have

pAod'oi'or:dopﬂfoi/or:doiopAor:1opAor:1

The first two equalities here use the naturality of p : (=)’ =>1. The third equality uses that doi =1 and

the fourth that r is a section of p4.
Verification of the fifth equation is similar to that of the fourth; now using that co ¢ = 1 as opposed to

doi=1. The diagram:

P d
(f1f11) m (f1) i (A,a)
q c
PrifIf Pfif 1
' ‘ paod’
arirak m’ (f1f) i'or (A, a)
q paoc’
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now constitutes a natural transformation of strict coherence data. This clearly follows from the natural
transformation of coherence data (1) with the exception that we must verify the equation psyoi’or =iol.
We have py; o’ or =iopsor =i first using naturality of p: (=)’ =1 and then that  is a section.

Both of py s and py|; are co-fully faithful by Lemma 9.16 whilst we have the identity on (A, a) on the right
hand side. Thus by Lemma 8.40 both rows have the same codescent object (B,b) with exhibiting codescent
morphism f : (4,a)—=(B,b). Each of (f|f|f) and (f|f)" are pie algebras by Example 9.9 so that the lower
row lies entirely in T-Alg;.. Now T-Alg, is closed under codescent objects as they may be formed using
coinserters and coequifiers. Thus (B, b) also a pie algebra. O

Theorem 9.18. An algebra (A,a) € T-Alg, is a pie-algebra if and only if there exists a discrete internal
category X and a codescent morphism FTX — (4, a) in T-Alg,.

Proof. We proved the “only if” part of this statement in Proposition 9.14.

Conversely suppose that there exists a codescent morphism F7 X — (A, a) € T-Alg,. Each free algebra is a
pie algebra by definition so FT X € T-Alg,;.. Applying Proposition 9.17 to this codescent morphism shows
that (A, a) is also a pie algebra. O

Remark 9.19. For strongly finitary 7' we have seen that the codescent morphisms in T-Alg, are those
whose underlying internal functor is bijective on objects. The characterisation of Theorem 9.18 then asserts
that an algebra (A, a) is a pie algebra precisely if there exists a discrete internal category X and a bijective
on objects algebra homomorphism F7X — (A, a). Thus the pie algebras are those which are free at the
level of objects.

Corollary 9.20. The free algebras on discrete internal categories form a projective cover of T-Alg ;..

Proof. We have seen that the free algebras on discretes are projective in T-Alg, but should be careful and
verify that they are projective in T-Alg;,. The inclusion of T-Alg,;, into T-Alg, preserve pie-colimits and
so preserves codescent objects. Therefore each codescent morphism in T-Alg;, is a codescent morphism in
T-Alg,. As T-Alg;, is a full sub 2-category of T-Alg, the projectivity, in T-Alg,, of the free algebras on
discretes may be deduced from their projectivity in T-Alg,.

Now for each pie algebra (A,a) we have a codescent morphism FT X —(4,a) in T-Alg, with X a discrete
internal category. Since FT X is a pie algebra we may apply Proposition 9.17 to show that this a codescent
morphism in T-Alg;.. Thus the frees on discretes form a projective cover of T-Alg,;. O

9.3 Limits in T—Algpie and T-Algg.,

In this section we consider limits in T-Alg;, and T-Algg,,. These results do not require 7' to be strongly
finitary but only that T-Alg, be complete and cocomplete, which, by Proposition 3.8 of [8], is the case so
long as T is a 2-monad with rank on a complete and cocomplete 2-category. Of course these assumptions
hold when T is strongly finitary.

Remark 9.21. By definition T-Alg,;. is closed under pie colimits in T-Alg,. As described in [8] T-Alg
admits pie limits and therefore by Proposition 2.7 all bilimits. By Proposition 9.11 T-Alg,;. is biequivalent
to T-Alg and therefore admits all bilimits too, but in fact admits more than this.

Definition 9.22. Let A be a 2-category, W : J — Cat a weight and F' : 7 — A a diagram. Let A € A
and consider a cone 7 : W — A(A, F—) which in turn induces a 2-natural transformation:

"4(_7 A) - [*-77 Cat](m A(_7 F_))
We say that n exhibits A as the cone bilimit of W weighted by F' if and only for each B € A the component:

A(B, A) —=[J, Cat](W, A(B, F-))
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is a surjective equivalence of categories.

Given F' : J° — Cat and a cocone n : W — A(F—, A) we say that this cocone exhibits A as the cone
bicolimit if the induced 2-natural transformation A(A, —) —[J, Cat](W, A(F—, —)) has each component a
surjective equivalence.

Remark 9.23. The bilimit of F weighted by W is defined by a pseudonatural equivalence A(—, A) =~
Ps(J,Cat)(W, A(—, F—)). Thus, in particular, the “unit” W — A(A, F—) is only a pseudonatural trans-
formation, a pseudo cone. Furthermore the universal property of the unit is that any other pseudo cone
W — A(B, F—) factors through it via some arrow B — A, but only up to isomorphism. This fact
corresponds to the equivalence of categories A(B,A) ~ Ps(J,Cat)(W, A(B,F—)). In the case of the
cone bilimit we have an actual cone W — A(A, F—) and, corresponding to the surjective equivalence
A(B, A) — [J, Cat](W, A(B, F—)), any other cone W — A(B, F—) factors through it exactly via some
arrow B —= A, not merely up to isomorphism. The main distinction between the cone bilimit, and the
actual weighted limit, is that in the former case the factorisation need not be unique, but only unique up to
isomorphism in A(B, A).

Proposition 9.24. Both T-Algg,, and T-Alg;, admit all cone bilimits.

Proof. In the following proof we denote each algebra (A, a) simply as A, the structure map a : TA— A not
being required. We will prove firstly that T-Algg., has all cone bilimits. Given a weight W : J — Cat and
a diagram F': J —T-Algg,, we must show the cone bilimit exists in T-Algg,.. Firstly form the weighted
limit A in T-Alg, which comes equipped with a universal cone 1 : W — T-Alg (A4, F'—). The algebra A’ is
of course a pie algebra by Example 9.9, and is in particular flexible. The counit map p4 : A’ —= A induces
a cone in T-Algg..:

w i> T'Algs (Aa F_) & T'Algﬂex(A/’ F_)
We claim that this cone exhibits A’ as the cone bilimit in T-Algg,,.. We must show that the induced map:

*

T-Algy, (B, A') 22> T-Alg (B, A) —L> |7, Cat] (W, T-Algg. (B, F—))

is 2-natural in B and a surjective equivalence for each flexible algebra B. Naturality is clear.

The map n* : T-Alg (B, A) —[J, Cat](W, T-Algq.. (B, F—)) is an isomorphism as A is the limit in T-Alg,.
By Lemma 9.16 p4 : A'— A is fully faithful and so the induced map p% : T-Algg, (B, A’) —T-Alg (B, A)
is also fully faithful. Thus the composite is fully faithful, being the composite of a fully faithful functor and
an isomorphism of categories.

In order to show the map is a surjective equivalence it remains to show it is surjective on objects. Suppose
then that we are given a cone 0 : W — T-Algy,. (B, F'—) = T-Alg,(B, F'—). Then we have a unique 1-cell
g : B—> A to the limit in T-Alg, such that the triangle on the left below commutes:

T- Algs -)— 2 s T-Algg (A, F—
T- Algﬂex (B, F—

It remains to find a 1-cell h : B—= A’ such that the triangle on the right commutes. Now B is flexible so
that we have a section r : B— B’ of pg : B’ — B. We claim that the composite:

/

BB 2.4
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is the required map.
It suffices to check that:

’

Blsp 2o 4 = B2ia

We have pg og’ or = go pg or = g first using naturality of p, and then using that r is a section of ppg.
Consequently T-Algg . has all cone bilimits.

It is clear that T-Alg;, is closed in T-Algg,, under cone bilimits as T-Alg ;. contains each algebra of the
form A’ and each pie algebra is flexible. Thus T-Alg,;, has all cone bilimits and of course these are preserved
by the inclusion into T-Algg... O

Remark 9.25. In fact T-Alg admits all cone bicolimits. This is the essential content of Remarks 5.10 and
5.11 of [8].

9.4 Pie algebras and pie weights

In this section we begin by recalling the “closure of a class of weights” of Albert and Kelly [3] and the
corresponding notion of a pie weight. We describe the motivation behind Kelly and coauthors’ question in
[7] as to whether an explicit characterisation could be found for those pie weights, and discuss the resulting
paper of Power and Robinson [45] which answered that question affirmatively. We show that the pie weights
are the pie algebras for a strongly finitary 2-monad and apply our characterisation of pie algebras to give an
alternative characterisation of the pie weights. We describe how this is equivalent to the characterisation of
Power and Robinson thereby giving another proof of their characterisation.

Definition 9.26. Given a class ® of weights its closure ®* is a class of weights indexed by the small 2-
categories. Given a small 2-category 7, the 2-category ®*[7] is the closure of the representables in [7, Cat]
under ®-colimits. For a J-indexed weight W we say W € &* if W € &*[7].

Proposition 9.27 (Albert and Kelly). Let @ be a class of weights and A a 2-category with ®-limits. Then
A has ®*-limits. If U : A— B is a 2-functor preserving ®-limits then U preserves all ®* limits.

Remark 9.28. Letting ® consist of the weights for products, inserters and equifiers ®* is the class of pie
weights. As described in [8] given a 2-monad T on a complete 2-category A the 2-category T-Alg has pie
limits and the forgetful 2-functor U : T-Alg — A preserves them. Motivated by this fact and Proposition
9.27 above, an explicit description of the pie-weights was asked for in [7]. Such an explicit characterisation
would enable one to determine from an arbitrary weight W whether T-Alg has W-limits preserved by the
forgetful 2-functor. The paper [45] of Power and Robinson was devoted to answering that question. Their
result is the following.

Theorem 9.29 (Power and Robinson). Let J be a small 2-category and consider a weight W : 7 — Cat.
Now consider the underlying functor W : U 7 —=UCat and the composite:

uw ob

ug UCat Set

W is a pie weight if and only if each connected component of the category of elements el(ob o UW) has an
initial object.

Remark 9.30. To describe the connection with pie algebras we will begin by describing [, Cat] as the
2-category of algebras for a strongly finitary 2-monad. Let obJ denote the set of objects of the 2-category
J and ¢ : 0bJ —J the evident inclusion. Restriction along ¢ induces a 2-functor R : [, Cat] —[0bJ, Cat]
which has both adjoints given by left and right Kan extension:

L

1 R
[J, Cat] R—> [0bJ, Cat] L Cat([obT,Set])
-~ It
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Consequently the restriction 2-functor R preserves both limits and colimits. In fact since limits and colimits
are pointwise in [7, Cat] R actually creates limits and colimits. We have the isomorphism of 2-categories
I:Cat(obJ,Set) = [0bJ, Cat] and furthermore the category [0b7, Set] is locally finitely presentable as 0bJ
is small. Therefore the 2-monad 7' = I~*RLI on Cat(0bJ, Set) creates all colimits. In particular it preserves
codescent objects of cateads and filtered colimits and as such is strongly finitary by Theorem 8.16(1).
Furthermore as ¢ : 0bJ — J is bijective on objects R reflects isomorphisms. Therefore by Beck’s theorem
I7'R is strictly monadic and [J, Cat] = T-Alg,.

The left Kan extension 2-functor L admits a simple explicit description. Given a J-indexed family 2 :
0bJ —=Cat its left Kan extension along ¢, L(£2), acts on an object a of J by L(Q2)(a) = >~ c ; I (z,a) xQ(z).

Proposition 9.31. Consider the strongly finitary 2-monad T on Cat([0bJ, Set]) described in Remark 9.30
with [J, Cat] = T-Alg,. Each representable in [J, Cat] is a free algebra, and each free algebra on a discrete
internal category is a coproduct of representables.

Proof. Tt suffices to show that each representable is in the image of the left 2-adjoint LI and that for each
discrete internal category X of Cat([obJ, Set]) the 2-functor LI(X) is a coproduct of representables.

Given ¢ € J we must show that the representable J(c,—) is free. Consider the characteristic family
Xe : 0bJ—>Cat defined by {x.(d) = 0if ¢ # d and x.(c) = 1}. Then L(x.)(a) = >, T (z,a)xx.(a) = T (¢, a)
and thus we see L(x.) = J(c, —).? Therefore each representable is free.

A discrete object of Cat[obJ,Set] becomes identified with the corresponding J-indexed family of discrete
categories under the isomorphism I: a family §2 : 0bJ — Cat such that each Q(c) a discrete category. It
suffices to show then that for each such Q the 2-functor L() is a coproduct of representables. Each such
Q may be described as a coproduct of characteristic families: we have Q(c) = Q(c).x.(c) for each ¢ € J,
so that @ = >~ _Q(c).xc. Using the fact that L preserves colimits we then have L(Q) = L(3_.Q(c).x¢c) =
Do L(Qe).xe) =D c).L(xe) = Y. Qc).J (¢, —), a coproduct of representables. O

Corollary 9.32. The pie weights of [7, Cat] are equally the pie algebras for T

Proof. As each representable is free the closure of the representables under coproducts, coinserters and
coequifiers is a full sub 2-category of T-Alg;.. By Proposition 9.13 T-Alg,, is equally the closure of the free
algebras on discretes under coproducts, coinserters and coequifiers. By Proposition 9.31, each free algebra on
a discrete category is a coproduct of representables. Therefore we see that the closure of the representables
under coproducts, coinserters and coequifiers equally contains T-Alg,;.. Consequently a weight is pie if and
only if it is a pie algebra. O

Corollary 9.33. W : J — Cat is a pie weight if and only if there exists a family of discrete categories
X : 0bJ — Cat and a 2-natural transformation L(X)==-W which is pointwise bijective on objects.

Proof. Theorem 9.18 asserts that an algebra (A,a) € T-Alg, is a pie algebra if and only if there exists a
discrete internal category X € Cat([obJ,Set]) and a codescent morphism FTX — (A, a). Interpreting this
fact across the isomorphism of 2-categories [J, Cat] = T-Alg, gives the result, as the codescent morphisms
in [J, Cat] are precisely the pointwise bijections on objects. O

Remark 9.34. A common intuition about pie limits and colimits is that they “force no equations between
objects”. The above statement makes precise this intuition: a weight is pie if and only if it is free at the
level of objects. Bearing in mind that we have characterised the pie weights it must be the case that our
characterisation is equivalent to that of Power and Robinson. We give a direct proof of that equivalence
below, thereby reaffirming their result.

Proposition 9.35. Consider a weight W : J — Cat. The following are equivalent:

1. Each connected component of el(ob o UW) has an initial object.

2Indeed the Yoneda lemma is essentially equivalent to the statement that the representables are free on characteristic families.
For since L is left adjoint to R we have [, Cat](J (¢, —), G) = [J, Cat](Lxc, G) = [0bT, Cat](xc, RG) = Ge.
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2. There exists a family of sets X : 0bJ — Cat and a 2-natural transformation « : L(X)=>W which is
pointwise bijective on objects.

Proof. Consider what it means to give a family of sets X : J — Cat and a 2-natural transformation
L(X) =W which is pointwise bijective on objects. Any 2-natural transformation L(X)=>W is of the

form:
Lo

L(X) LRW =W
for some map 0 : X => RW in [0bJ, Cat] where ey : LRW =W is the counit component at W. Such a 6
consists of a family of functors 6, : X (c) — W (c) for each ¢ € J, which is really just a family of functions
as each X (c) is discrete. The component of the 2-natural transformation at ¢ € J is:

ew (c)

> J(d,c) x X(d) Zisag Tt > J(d,c) x W(d) W (c)

deJ deg

It takes a pair (o : d —c,x € X(d)) to the element Wa(04(x)) € W(c). For this map to be bijective on
objects the first component must certainly be injective on objects. This implies that 0. : X (¢) — W (c) is
injective. For if 0.(x) = 0.(y) then:

> T(de)x0a: > T(de) x X(d)—= Y T(d,e) x W(d)

aeJg aeJg deJg

would identify (1. : c—>c,x € X(c)) and (1. : c—>c¢,y € X(¢)).
Consequently if this 2-natural transformation is pointwise bijective on objects it follows that 6. : X (¢)—W (c)
is injective for all ¢ € J so that X(¢) may be taken to be a subset of W(c) for each ¢, and 6. the subset
inclusion. To say that there exists a family of sets X : J — Cat and a pointwise bijective on objects
2-natural transformation L(X)=>W is equally then to say that:

1. For each ¢ € J there is a set of objects X (¢) C W(c) such that given y € W(c) there exists a unique
x, € X(dy) for some d, € J and arrow «,, : d, — ¢ such that Way(z,) = y. Moreover « : d,, —>c is
the unique 1-cell with this property.

Recall the category el(oboUW). Objects are pairs (¢, z) with z € We. A morphism « : (¢, 2) —(d, y) is an
arrow « : c—>d € J such that Wa(x) = y. The above statement is clearly a statement about the category
of elements. In that language it reads:

2. The category of elements el(ob o UW) has a distinguished set of objects X such that given any object
y € el(oboUW) there exists a unique x € X such that there exists an arrow « : £ —y, and moreover
« is the only such arrow.

In this reformulation the set X = {(z,¢): z € X(c),c € J}.

Now suppose that each connected component of the category of elements has an initial object. Taking X
to be the set of initial objects of the connected components (but just one initial object from each connected
component) clearly gives such a set. For every object of a category lies in a single connected component, and
then there exists a unique arrow from the chosen initial object of that connected component to it. Therefore
the set X satisfies (2).

Conversely suppose that a set X satisfying (2) exists. We show that this implies that each connected
component has an initial object and that the set X contains precisely these initial objects (one for each
connected component). Let y be any object and suppose that € X is the unique object of X such that
there exists a map x —y. Suppose z is connected to y. We must show that there exists a unique morphism
from x to z. To say that y is connected to z is to say that there exists a finite string of morphisms of
alternating direction connecting x and y of the form:

Yy—0<—Y2—=Y3.-- Yn-1—">Yn<—"2
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(noting that this shape covers strings of the shape y<—1y; —>y2s<—y3...yn—1 <—yn —> z and all others
since we can put identities on either end of the string).
We can compose our arrow x —y with the first of the string to obtain an arrow x —y —y;. Thus x is
the unique element of X corresponding to y;. Suppose that there was some other element of 2/ € X and an
arrow ' —>19. Then we would have a pair of arrows from elements of X to y;: the map x —y—y; and
the map a’ — yo —y1, contradicting our assumption (2). Therefore there must exist an arrow x — ys.
Continuing in this manner inductively we see that there must exist an arrow z—sz. It is, by (2), the unique
such arrow. Therefore z is indeed an initial object in the connected component of y. Since each object has
an element of X associated to it, it follows that each connected component has an initial object and that
the set X is the set of initial objects of the connected components, one from each.

O
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Chapter 10

Cateads effective in T-Alg

In this chapter we begin by examining the extent to which the (bijective on objects/fully faithful)-factorisation
system on Cat(€) lifts to T-Alg and admits its description in terms of higher kernels and codescent objects
therein; establishing, in particular, that this is the case for a strongly finitary 2-monad on Cat(€). We then
establish conditions upon a 2-monad T on Cat(€) under which T-Alg has codescent objects of cateads and
cateads are effective. The consideration of cateads in T-Alg requires some care; for instance a catead is by
definition a type of internal category, yet T-Alg does not necessarily have pullbacks. We begin the second
section by clarifying such issues. Our main result regarding the effectiveness of cateads may be summarised
as follows:

e Let A be a representable 2-category with codescent objects of cateads and suppose that cateads are
effective in A. Let T be a 2-monad upon A and suppose that both 7" and T? preserve codescent objects
of cateads. Then T-Alg has codescent objects of cateads, admits the construction of higher kernels
and furthermore cateads are effective in T-Alg. In particular this is the case for any strongly finitary
2-monad on Cat or any 2-monad of the form Cat(T) for a monad T' € Catpyp.
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10.1 Lifting the factorisation system to T-Alg

In this section we consider sufficient conditions upon a 2-monad T on Cat(€) under which the (bijective
on objects/fully faithful)-factorisation system lifts to T-Alg and has its universal property therein: namely
agreeing with the factorisation of an algebra morphism through the codescent object of its higher kernel.
We begin Section 10.2 by considering higher kernels in T-Alg for a 2-monad on a representable 2-category.
We should remark that all of the results in this section, and indeed the chapter, may be more easily seen to
hold for T-Alg,.

Proposition 10.1. Let 7" a 2-monad on a representable 2-category A.
1. T-Alg has comma objects and U preserves them.

2. T-Alg admits the construction of higher kernels and U preserves them. The higher kernel of an algebra
morphism may be constructed so as to live entirely in T-Alg,.

Proof. 1. That this is the case is well known though has, not quite, appeared in published form. The
relevant article [8] starts with the assumption that the base 2-category A is complete. In particular
comma objects are constructed using products and inserters. In that paper the authors remark that
lesser assumptions are required to construct pie limits such as comma objects in T-Alg, but because the
main examples are based upon a complete 2-category they work within this framework. We therefore
briefly describe how the construction of comma objects may be accomplished if A is only a representable
2-category and is not presumed to have products.

Given pseudomorphisms (f, f) : (4,a) — (X, ) and (g,7) : (B,b) — (X, x) we must construct the
corresponding comma object. As A is a representable 2-category it has comma objects; thus we form
the comma object of f|g in A as on the left below:

/\ /\W\

[ T(flg) |rn TX ——X

\ e N ]

B

By the universal property of the comma object the composite 2-cell in A on the right above induces a
unique arrow g : T'(f|g) —= f|g such that doxyy =aoTd, coxy, =aoTcand such that noxy
equals the composite 2-cell on the right above. Using the universal property of the comma object f|g
it is not difficult to see that x|, : T(f|g) — flg is the structure map of an algebra (f|g, x| ). The
equations d o xy|, = aoT'd and coxy, = aoTc then assert that we have strict algebra morphisms

c: (flg,rs4) —= (A, a) and the equation concerning 2-cells is easily seen to assert precisely that we
have an algebra 2-cell:

(A,a) =
NG
(EIC:RY

{g, )

AN

(X, z)

One then verifies directly that the comma cone ((f|g,zy4),d,c,n) in T-Alg exhibits (f|g, z,) as the
comma object. It is immediate, by construction, that this comma object is preserved by U : T-Alg—A.
Furthermore an algebra morphism (h,h) : (D,d) —= (f|g,2y|,) is a strict morphism precisely if its
composite with each of the comma projections is strict. To see this observe that since the comma
projections d and c are themselves strict the 2-cell components of the algebra morphisms (h, h) o d and
(h,h) o c are d o h and c o h respectively. The 2-dimensional universal property of the comma object
flg ensures that h is an identity if and only if both d o h and c o h are identites.
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2. In order to form the higher kernel of an algebra morphism (f, f) : (4,a) — (B, b) we firstly form its
comma object with comma cone ((f|f,z¢|f),d,c,n) which exists by the first part of the proposition and

furthermore the projections d and ¢ may be taken to be strict. To form the higher kernel of (f, f) we
must form the pullback of d and ¢. Since these are strict morphisms the pullback (f|f|f, s ) may be
constructed in T-Alg,. T-Alg, of course admits pullbacks as A is representable and U7 : T-Alg, — A
creates limits. The inclusion of T-Alg, into T-Alg preserves all limits so that this remain a pullback
in T-Alg, and furthermore that pullback is preserved by U : T-Alg — A. The unit and composition
maps for the higher kernel exist immediately, and may themselves be taken to be strict morphisms as,
by definition, their composites with the comma projections are respectively the strict pairs of algebra
morphisms (dp, c¢q) and (1,1). To witness the associativity of the higher kernel we must further be able
to form the pullback of p and ¢ in T-Alg. Again this exists as p and ¢ are themselves strict morphisms.

O

Remark 10.2. We here observe that U : T-Alg— A reflects isomorphisms. This is a special case of the fact
that U reflects adjoint equivalences in such a manner that the unit and counit of the equivalence lift directly
to algebra 2-cells [26]. Given an algebra morphism (f, f) : (4,a) — (B,b) € T-Alg such that f: A— B is
invertible the inverse algebra morphism has underlying component f~!: B—= A and 2-cell component the
isomorphism:

T§ !
TB——TA

e

TB

1

B—71>A

Corollary 10.3. Let A be a representable 2-category and T a 2-monad on A. An algebra morphism

(f, f): (A;a) — (B, b) is fully faithful if and only if f: A— B is.

Proof. By Proposition 10.1(1) T-Alg has comma objects and U : T-Alg — A preserves them. Therefore
U preserves fully faithfulness by Corollary 3.53(1). By Remark 10.2 U reflects isomorphisms and so by the
second part of the same corollary reflects fully faithfulness. O

Remark 10.4. We now turn our attention to lifting the (bijective on objects/fully faithful)-factorisation
system on Cat(€) to T-Alg. Firstly we observe the following.

Remark 10.5. Consider a category with pullbacks €. If T is a 2-monad on C'at(£) which preserves bijections

on objects then any algebra morphism (f, f) : (A, a) — (B, b) may be factored as a strict algebra morphism
e: (A,a) — (X, z) followed by a pseudomorphism (m,m) : (X,z) — (B, b) where e : A— X is bijective
on objects and m : X — B fully faithful. The method is just as described in Remark 6.37. Namely the

pseudomorphism (f, f) on the left below:

T e m e m
r7A—" 1B TA—L s7x ™ S TR TA—2 s7x 1" > TR
A——F—B A————>X———>8 A————>X———>B

has its underlying map f factored as bijective on objects followed by fully faithful so that the first two
diagrams are equal. As T preserves bijections on objects T'e is bijective on objects whilst m is fully faithful.
As the (bijective on objects/fully faithful) factorisation system on Cat(€) is enhanced there consequently
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exists a unique arrow x : T X — X and 2-cell isomorphism 7z as depicted in the right diagram, such that
the left square of that diagram commutes and such that 7 o Te = f. The pair (X, z) then becomes a strict
algebra, e a strict algebra morphism, and (m, ™) a pseudomorphism.

Observe further that since Cat(£) is representable the morphism (m, m) is fully faithful in T-Alg by Corollary
10.3.

Remark 10.6. In the following proposition we consider sufficient conditions upon a 2-monad 7" under which
the factorisation of Remark 10.5 agrees with the factorisation of an algebra morphism through the codescent
objects of its higher kernel.

Proposition 10.7. Let £ be a category with pullbacks and T" a 2-monad on Cat(€) which preserves codescent

objects of cateads. Consider an algebra morphism (f, f) : (4,a) — (B, b) € T-Alg.

1. The codescent object of the higher kernel of (f, f) exists and is preserved by U. Furthermore the

factorisation of (f, f) through the codescent object of its higher kernel agrees with its factorisation as
a bijective on objects algebra morphism followed by a fully faithful one described in Remark 10.5.

2. If f: A— B is bijective on objects then (f, f) is the codescent morphism of its higher kernel.
In particular these results holds when T is a strongly finitary 2-monad on Cat(£).

Proof. 1. Since & has pullbacks Cat(€) is a representable 2-category. Therefore by Proposition 10.1(2)
T-Alg admits the construction of higher kernels and U preserves them. Consider the higher kernel of

(f f):

p d 249 g
(flf'fvmf|f|f) —m—> (f|f7$f|f> < (A7a') <f|f"rf|f) \Uﬂl (B7b)

q c A A

(4,q) (£,1)

with comma cone on the right above. The higher kernel may be taken to live entirely in T-Alg, by
Proposition 10.1(2) and we label the algebra morphisms involved accordingly. T preserves codescent
objects of cateads by assumption, and thus bijections on objects by Corollary 4.21(1). Therefore we
may factor (f, f) as e: (A, a) —= (X, z) followed by (m,m) as described in Remark 10.5. In particular
e is bijective on objects and m fully faithful. By Corollary 10.3 (m,m) is fully faithful in T-Alg.
Consequently the algebra 2-cell n factors uniquely through (m,m) to give an algebra 2-cell as on the
left below:
(4,a)
7 X
(flfszp) Ao (X 2)
™~ A
(4, a)

Now the triple ((B,b), (f, f),n) constitutes a codescent cocone to the higher kernel of (f, f). As (m,m)
is fully faithful it reflects equations between 2-cells so that the triple ((X,z), e, ) is also a codescent
cocone to the higher kernel of (f, f). We claim it is the universal codescent cocone. Observe that since
T-Alg has cotensors with 2 it will suffice, by Proposition 2.5, to verify its one dimensional universal
property.

We begin by considering the codescent cocone to the underlying strict coherence data in Cat(€) as
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drawn below:

A
p d d/1 ¢
O S flf———a IS {La\x
! ¢ N /

By Proposition 10.1(2) U preserves the construction of higher kernels so that the strict coherence
data is the higher kernel of the internal functor f whilst its factorisation f = me is its factorisation
as bijective on objects followed by fully faithful. Furthermore the codescent cocone (X, e, a) is that
induced by the fully faithfulness of m € Cat(€). Therefore, by Theorem 3.67, the above codescent
cocone in Cat(€) exhibits X as the codescent object in Cat(€). Given then another codescent cocone
in T-Alg:
o (4,a) P
(flfzpe) Jo (Yoy)
N A
(4,a) 9.9
the triple (Y, g,0) underlying it constitutes a codescent cocone to the higher kernel of f in Cat(E). By
the universal property of the codescent object X we now obtain a unique 1-cell £ : X —Y such that
koe=gand koa = 6. In order to show that the cocone ((X,z),e,a) is the universal such it will
suffice to verify that k admits a unique extension to an algebra morphism (k, k) : (X, x) — (Y, y) such
that (k,k) oe = (g,9) and (k,k) o o = 6. Upon verifying the first of these two conditions the second
will hold immediately as U : T-Alg — Cat(€) is locally faithful. Thus it suffices to show that there
exists a unique 2-cell isomorphism:

Tx % 1y

i ) i

XY

such that (k, k) is an algebra morphism and such that koTe = g. Now T preserves codescent objects of
cateads by assumption and so preserves the codescent object in Cat(€) of diagram (1) so that its image
under T" has codescent object T'X with universal cocone (T'X,Te, Tx). Using that e : (A, a) — (X, z)
is a strict algebra morphism and that koe = g we see that yoTkoTe =yoTg and that koxoTe =
koeoa = goa. Therefore we have the 2-cell isomorphism g : yoTkoTe=>goa = koxoTe. By the 2-
dimensional universal property of the codescent object TX there exists a unique 2-cell k : yoTk=>kox
such that k o Te = g if and only if the square on the left below commutes:

goTd goTd

yoTkoTeoTd=———=FkogoTeoTd yoTgoTd—————=>goaoTd

yoTkoT« kozoT« yoT't Goxy|y

yOTkOTGOTC:>koxoTeoTc gOaOTC:>goaoTc
goTc goTe

We have yoTkoTa = yoT6 using that ko« = ¢. Similarly we have koxoTa = koaowyy =0oxy
using firstly that o : e o d =>e o ¢ is an algebra 2-cell between strict algebra morphisms, and then
using the equation koa = 6. Consequently the above square reduces to that on the right. That square
simply asserts that 6 : (¢,g) c d=>(g,g) o ¢ is an algebra 2-cell and so indeed commutes. Therefore
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we obtain a unique 2-cell k : y o Tk =>k o x such that ko Te = g as required. One may construct the
inverse of k using the inverse of g in the same manner we constructed k itself; thus k is invertible. It
remains to verify that (k, k) : (X,z) — (Y,y) is an algebra morphism. Consider the following string
of equalities:

T?A T T2°X Tk T?Y T2A iﬁ T?Y T?A iﬁ T?Y T2A T T2X Tk T2Y
Tal T:cl ) J/Ty Tal T} J/HY #AJ/ iuy ”Al uxl l/w
TALSrx Dy = TASSTY = TA—%7TY = TA STx 7Y
SO T A L A O R O L
A—>X ——>Y A—>Y A—>Y A—>X—7—>Y

Consider the first and last of these four composites. Both composites consist of four squares. The
multiplicative axiom for an algebra morphism asserts the two rightmost vertically composable squares
of each of these composites agree. Now T preserves codescent objects of cateads by assumption and
thus codescent morphisms by Proposition 4.20(1). Consequently 72¢ is a codescent morphism and so
cofaithful (by Lemma 2.29). Therefore it suffices to verify the equality of the first and last of the four
diagrams. Using that koe = g and ko Te = § we see that the first and second composites agree. The
second and third agree as (g,g) is an algebra morphism. The third diagram equals the fourth using
that koe = g and k o Te = g again.

It is relatively straightforward to verify the unital axiom for an algebra morphism, now using the
cofaithfulness of the codescent morphism e. Consequently (k, k) is an algebra morphism as required,
completing the proof.

. Suppose that the internal functor f : A — B underlying (f, f) is bijective on objects. Factorising

(f, f) = (m,m) o e as in the first part of the proposition gives e : A —= B bijective on objects and m
fully faithful. Since f is itself bijective on objects it follows that m is an isomorphism. By Remark 10.2
U : T-Alg — Cat(E) reflects isomorphisms so that (m,m) is an isomorphism in T-Alg. By the first
part of the proposition e : (A, a)—=(X, z) is the codescent morphism exhibiting (X, x) as the codescent
object of the higher kernel of (f, f). Now we have (f, f) = (m,m) oe with (m,m) an isomorphism and

so it follows that (f, f) is the codescent morphism of its higher kernel.

If T is a strongly finitary 2-monad on Cat(€) for a locally finitely presentable category £ then certainly
& has pullbacks and, by Corollary 8.18, T" preserves codescent objects of cateads. Consequently the results
of the proposition hold. O

Proposition 10.8. Let £ be a category with pullbacks and T a 2-monad on Cat(€) which preserves codescent
objects of cateads.

1.
2.
3.

4.

The codescent morphisms in T-Alg are precisely those morphisms orthogonal to fully faithful ones.

An algebra morphism (f, f) is a codescent morphism if and only if f : A— B is bijective on objects.

We have an enhanced factorisation system (E, M) on T-Alg where E is the class of codescent morphisms
and M the class of fully faithful morphisms.

Codescent morphisms are effective in T-Alg.

Proof. 1. Let E denote the class of morphisms orthogonal to the fully faithful morphisms in T-Alg. By

Proposition 2.34 codescent morphisms are orthogonal to fully faithful ones. Therefore to prove the

claim it suffices to show that each morphism (f, f) : (A4,a) — (B,b) € E is a codescent morphism.
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We may factor (f,f) = (m,m) o e as a bijective on objects algebra morphism followed by a fully
faithful one (as described in Remark 10.5). By Proposition 10.7(1) e is a codescent morphism so that

e € E. As (f, f) is orthogonal to each fully faithful morphism there exists a unique algebra morphism
(k, k) : (B,b) — (X, z) rendering commutative both triangles of the left square below:

(A,a) D (B, b) (A, q) ¢ — (X, z)
ej, (ko) $1 eJ/ ‘&E)o(m,m) \L(m,m)
(wa)ﬁ)(BJ)) (le‘)ﬁ)(BJ))

To see that (k, k) is the inverse of (m,m) it therefore suffices to show that (k, k) o (m,m) is the identity
on (X,z). The commuting triangles of the left square ensure that both triangles of the right square
above commute. The identity on (X, z) is equally a diagonal filler for that square. Since e € E and
(m,m) is fully faithful it follows that (k,k) o (m,m) is the identity as required. Therefore (m,m) is
invertible. As codescent morphisms are closed under right composition with isomorphisms it follows
that f = e o (m,m) is a codescent morphism.

2. We saw in Proposition 10.7(2) that each algebra morphism (f, f) with f bijective on objects is a
codescent morphism. Conversely if f is a codescent morphism we have (f, f) € E by Proposition 2.34.
As described in the proof of the first part of the proposition factoring it as (m,m) o e gives (m,mm) an
isomorphism and e : A — X bijective on objects. Therefore m is bijective on objects and so f = me

is bijective on objects.

3. By the first part of the proposition the codescent morphisms are precisely the class E' of morphisms
orthogonal to the fully faithful ones, which we denote by M. The class of morphisms orthogonal to any
fixed class is clearly closed under composition and isomorphisms, and consequently the class E satisfies
these conditions. Certainly the class M of fully faithful morphisms is closed under composition and
isomorphisms. Codescent morphisms in any 2-category are strongly orthogonal to fully faithful ones
by Proposition 2.34. Thus (E, M) is an enhanced factorisation system on T-Alg as required.

4. Each codescent morphism (f, f) has f bijective on objects by the second part of the present proposi-
tion. Applying Proposition 10.7(2) we deduce that codescent morphisms are effective.

O

10.2 Cateads in T-Alg

In the previous section we considered certain cateads, higher kernels, in T-Alg which we saw could be formed
in the representable 2-category T-Alg,. In this section we consider general cateads in T-Alg and are faced
with the problem that T-Alg need not have all pullbacks even if the base 2-category A does. Therefore the
notions of internal category and consequently catead in T-Alg require some care.

Remark 10.9. Recall that in a 2-category A with pullbacks an internal category X may be defined as strict
coherence data:

p d
XQ —m—> X1 < Xo
q c

satisfying the following properties (1), (2) and (3):
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1. The square:

is a pullback.
2. The induced arrows (i,1), (1,7) : X1 —= X satisfy mo (i,1) =1 = mo (1,14).
3. Consider the object of composable triples, the pullback:

X3 = Xo

boob

X2 ?Xl

and the induced arrows (m, 1), (1,m) : X3 —= Xo. These satisfy m o (m,1) = mo (1,m).
The internal category is a catead if:
4 The span (d,c) : Xo — X forms a two sided discrete fibration.

Remark 10.10. On the other hand if we cannot be sure that A has all of the pullbacks above then the above
definition of internal category is insufficient; if we don’t know whether the pullback X3 exists we cannot view
associativity of m : Xo — X7 as merely a property of the diagram. A solution to this problem would be to
introduce the object of composable triples as part of the diagram defining a catead, or to define the notion
of internal category representably. However we will see that in the case of T-Alg this is unnecessary. The
following Remark indicates further difficulties to be overcome.

Remark 10.11. Consider the case of a 2-monad T on a representable 2-category A. In that case T-Alg,
also has pullbacks and cotensors with 2, and the forgetful 2-functor UT : T-Alg, — A preserves them.
In particular, since T-Alg, has pullbacks the definition of internal category and catead of Remark 10.9 is
sufficient. As U7T is a morphism of Rep it preserves preserves two sided discrete fibrations by Corollary
3.41(1). As UT preserves both pullbacks and two sided discrete fibrations it preserves cateads.

We will indeed prove that each of these statements is true for T-Alg and the forgetful 2-functor U :
T-Alg — A. However the situation is not so straightforward as before. T-Alg does not have pullbacks
in general and U : T-Alg— A is only known to preserve pie limits that .4 has. Furthermore, if a pullback
happens to exist in T-Alg it is unknown whether it need be preserved. In Corollary 3.41(1) we characterised
two sided discrete fibrations using pullbacks and comma objects. However pullbacks are not pie limits and
so we cannot use this characterisation to deduce that U : T-Alg—s A4 preserves two sided discrete fibrations.
Therefore we cannot so easily deduce that U : T-Alg — A preserves cateads.

Remark 10.12. The content of the results of this section is to clarify these issues and show that the situation
of cateads in T-Alg is as simple as can be hoped for. These results are collected in Proposition 10.14 and
Corollary 10.16 below. The key to proving those results is the following proposition, which enables us to
replace two sided discrete fibrations in T-Alg by isomorphic strict ones.

Proposition 10.13. Let A be an arbitrary 2-category and 7" any 2-monad upon it. Suppose the span:

(4,a)

(p,p) \(q ,q)

(B,b) (C,c)

=
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is a two-sided discrete fibration in T-Alg. Then there exists a strict span:

(A’ a//)
Y\
(B,b) (C,c)
and a span isomorphism between them.

Proof. The pseudonaturality component of the counit of the biadjunction:

-
T-Alg 1 A
U

at the algebra morphism (p,p) : (4,a) —(B,b) is a 2-cell isomorphism in T-Alg, whose inverse is the 2-cell:

(TA, pa) —= (TB, pp)

I A
(Aa a) W (B7b)

Using the lifting property of the fibration (p,p) we lift this 2-cell to obtain a pseudomorphism (a’ ,a’), its
(p, p)-lift, and algebra 2-cell 0 : (a’,a’) =>a. The pair ((a/,a’),0) is unique in satisfying:

e (p,p)o(a’,a’)=boTp.

(TA,pa) % (TB, jip) (TA, pa) —= (TB, pip)
oD@l - ooz
(A,Q)W‘(BJ)) (A7Q)W(Bvb)

e (g,q) o0 is an identity 2-cell.

It is straightforward to see that 6 is an isomorphism, as it is the (p, p)-lift of an isomorphism p. Now consider
the composite algebra 2-cell:

(TA MA) (TC fic)

(a7 $ 7 J/c
Q (C c)

(9,9)

where g ! is the component of the counit at (q,g). We take its (g,q)-lift to obtain a morphism (a”,a”) and

algebra 2-cell: ¢ : (a/,a’) = (a”,a”). The pair ((a”,a”), ¢) is unique in satisfying:

e (¢,9)0(a",a")=coTq.

(TA,pa) ~> (TC. pic) (TA MA) S (TC, pre)
(a’,a’) :> (a’,a") i/c = (a’,a’) :> /7 l/c
Q) a) — == (Cr0) QA — 2 (Ce)

(g, (¢,9)
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e (p,p) o ¢ is an identity 2-cell.

Again ¢ is an isomorphism, being the lifting of an isomorphism.
We claim that (A, a”) is a strict algebra, and that we have an algebra isomorphism (14,0¢71) : (A4, a)—=(A,a")
whose underlying arrow is an identity, as below:

(TA

| )

a <: /<: 1"

9‘%1,—1 a
\A

Consider the composite 2-cells in T-Alg:

Ta'

7 yrei

(1) (T%A, pra) *Ta’ﬁ‘ (TA uA) (2) (T'A, pa)

u\f (a a >(a’/ a// d na g %,\L:,_l (a”,?)
,a)

(TA ,uA) 7((1 a/

\/

(a"a™)

and their underlying 2-cells in A:

Ta'

7 e

(3) 124 Ty T (4) TA
T

‘uf Taa a %1’¢¢1 a" and a %1¢¢1 a
Yo—?

o—> A

TA A
W La

1"
a

To say that the morphism a” : TA—A equips A with an algebra structure is to say precisely that the domain
equals the codomain 1-cell for each of the 2-cells (3) and (4). In particular if both 2-cells are identities then
(A,a”) is an algebra. In fact to say that both these 2-cells are identities is precisely to say that (A, a”) is an
algebra and that (14,0¢71) : (A4,a)—=(A, a”) an algebra isomorphism. To see this involves a straightforward
rewriting of the defining equations for a pseudomorphism of algebras, bearing in the mind that the 2-cells 0
and ¢ are isomorphisms.

To show that this second pair of 2-cells are identities in A, it will of course suffice to show that the first pair,
(1) and (2), are identities in T-Alg. In order to see that (1) and (2) are identities in T-Alg it will suffice, by
Proposition 2.76, to show that they become identities upon postcomposition with each of (p,p) and (g¢,q).
The 2-functor U : T-Alg— A clearly reflects the property of a 2-cell being an identity, so that it will suffice
to show that the underlying 2-cells (3) and (4) become identities when we compose each with p and q.
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Post-composing (3) with p we obtain:

Ta” Ta' T2B o TB
{mf % T2p . Tp
T2 4 T&’H TA T2A o — TA / v
TO \JTF)/4 \Ti T2 A Ta—> T A
b A Ta TB JA
i N e [ e
TA a——> A TA a—-—> A
p p
\ % /5—1 \ % //5—1 \
TB b—— B TB b———> B

T nwp—— TR
Tp Tp
TQA/ HA— TA/ Tp Tl? b
| ST

A T2A —ra—=TA a A - B = ]-boTpop,A
i Z g
TA a—> A TB

o~ 2 N

TB b——> B

To deduce the first equality we apply the equations po 6 = p and po ¢~ = 1per ( together with their
consequences po =t =p~! and po ¢ = 1,,/) which come from the defining equations for § and ¢ as liftings.
Applying T to these equations enables us to deduce the second equality. The third equality applies one of
the two equations for (p,D) to be a pseudomorphism of algebras. The fourth equality is just a simplification
of the preceding 2-cell, and the fifth equality follows upon cancelling p and p~*.

Similar reasoning shows that the 2-cell (3) post-composed with ¢ is an identity. This time we use the fact
that we know the images of 6 and ¢ under ¢, and one of the equations for (g,q) to be a pseudomorphism of
algebras. Thus (3) is an identity 2-cell.

Consider the 2-cell (4) post-composed with p:

Tp
TA TA TB
na na
a ’ a’ = a == 1
: ]«zﬁ /s P
1a P B A 14 A P B

To deduce the first equality we apply the equations pod =p and po ¢! = 1pa’. The second equality holds
as it is one of the two defining equations for (p,p) to be a pseudomorphism of algebras.

Similar reasoning shows that (4) post-composed with ¢ equals 1,. Consequently (4) is an identity 2-cell and
we have established that (A, a”) is an algebra and (14,097 1) : (A, a) —= (A, a”) an isomorphism of algebras.
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Consider the inverse of this algebra isomorphism: (14,¢07!), and the composite span:
(B,b)

/?p,ﬁ)

\iq@
(C.c)

The 1-cells underlying the top and bottom composite pseudomorphisms are just p and g respectively. We
now show that these composites are actually strict morphisms.
Consider the 2-cell defining the top pseudomorphism:

Tp Tp Tp
TA——1TB TA——1TB TA

AN
Nz

’ a = ’ a = ﬁ =
% 19¢1 % b a 9?1 % b Tp A N b 1boTp
A

TB

RN
—>B  TB— B

A4P>B

The first equality holds as po ¢ = 1,,. The second because po 6! = p~ L. The final equality holds upon
cancelling inverses.
Similarly the bottom pseudomorphism is strict, so that we have a commutative diagram as on the left below:

/ (B,b) @/>
1a,p07 1 /Zm?) (1 ,9
(A, a") (AL; (A4, a) _and so .09 commutes.

A all
(9,9)
S~ N \}
(C,e) (¢:9) C,c)

Proposition 10.14. Let A be a representable 2-category and T" a 2-monad on A.
1. Given a two sided discrete fibration in T-Alg:

(d,d)

(Alzal) (Aoyao)

(e;0)
the pullback of its two legs exists and is preserved by U : T-Alg— A.

2. Consider strict coherence data in T-Alg:

(p,P) (d,d)
(Az, az) —(mm)> (Ay, ay) <—(i,i)— (Ao, ao)
- > _ >
(g,9) (c;0)

with Ay the pullback, as in Remark 10.9. This pullback is preserved by Proposition 10.14(1). The
further pullback:
(A3, a3) —= (Az,a2)

| |wp)

(Az,az) (@) (Alaal)

then exists and is preserved by U : T-Alg — A.
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3. U : T-Alg— A preserves two sided discrete fibrations.

Proof. 1. The two sided discrete fibration is span isomorphic in T-Alg to a strict span (f, g) by Proposition
10.13. Consider the following diagram:

(C,c) —=(B,b)

in which (k, k) is the span isomorphism. As A is a representable 2-category so is T-Alg,, in particular
it has pullbacks. Let the pair (r, s) exhibit (C, ¢) as the pullback of (g, f) in T-Alg,; so that rog = so f.
The inclusion ¢ : T-Alg,—T-Alg preserves all limits that exist so that (C, ¢) is equally the pullback in
T-Alg. We then have (d,d)o(k, k)os = fos = gor = (c,¢)o(k, k)or. Since (k,k) : (B,b)—=(A1,a1) is an
isomorphism it is routine to verify directly that the projections (k, k) or, (k,k)os: (C,c) —= (A1, a1)
exhibit (C,c) as the pullback of the pair (c,e),(d,d) : (Ay,a1) —= (Ao, a0) in T-Alg. Now UT
T-Alg, — A preserves the pullback diagram of the top row. Since (k,E) is an isomorphism it is easy
to see that U : T-Alg— A preserves the constructed pullback of the lower row.

2. Consider the following diagram:

(D, d) ———= (C,¢c) ———= (B,b) ———= (Ao, ap)

where the data on the top row, with exception of the pair (¢, u), is the same as in Part 1; the vertical
morphism (k, k) again the span isomorphism. The vertical morphism (I,1) is the unique arrow into the
pullback (As,az) induced by the commutativity of (d,d) o (k,k) o s = (c,¢) o (k, k) or from Part 1 of
this proposition. From Part 1 we have that (k, k) o s,o(k,k) or : (C,c) —= (A1, a;) are themselves
the projections of the same pullback diagram so that (I,1) is an isomorphism. The arrows t,u :
(D,d)—=(C, c¢) exhibit (D, d) as the pullback, in T-Alg,, of the strict morphisms s, 7 : (C, ¢)—= (B b).

Again this is a pullback diagram in T-Alg since ¢ : T-Alg, —= T-Alg preserves all limits. Since (I,1) is
an isomorphism it is straightforward to see that the pair (I,1) ot, (I,1) ou : (D, d) — (Az, as) exhibit
(D,d) as the pullback of the pair (¢,7), (p,D) : (Aa,a2) — (A1,a1) as required. Furthermore this
pullback is preserved, as the pullback of the top row is, and (I,1) is an isomorphism.

3. Given a two sided discrete fibration ((p, D), (¢,q)) in T-Alg, consider the isomorphic strict span (f, g)
in T-Alg,, and span isomorphism in T-Alg:

(4,a)
I
(p,p) (kf) (g,9)
(D,d)
= g\~
(B,b) (C.o)

guaranteed by Proposition 10.13. The property of being a two sided discrete fibration is an isomorphism
invariant of spans in any 2-category. Therefore (f,g) is a two sided discrete fibration in T-Alg. Suppose
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that we can show (f, g) to be a two sided discrete fibration in T-Alg, and consider the underlying span
isomorphism:

A

k
P q
/ X\ C
in A. As described in Remark 10.11 UT : T-Alg, — A preserves two sided discrete fibrations so that
if (f,g) is a two sided discrete fibration in T-Alg, then (f,g) is one in A. Consequently it will suffice
to show that (f,g) is a two sided discrete fibration in T-Alg,. T-Alg, is a representable 2-category
and the inclusion ¢ : T-Alg, — T-Alg preserves all limits, in particular comma objects and pullbacks.
Furthermore the inclusion reflects isomorphisms, since the composite U7 = U o+ does so. Therefore, by
Corollary 3.41(2), the inclusion ¢ : T-Alg, — T-Alg reflects the property of being a two sided discrete

fibration. Since (f, g) is a two sided discrete fibration in T-Alg it consequently follows that it is one in
T-Alg,.

D
B

O

Remark 10.15. By Proposition 10.14 we see that the definition of catead of Remark 10.9 is sufficient for
the consideration of cateads in T-Alg, all of the necessary pullbacks being guaranteed to exist.

Corollary 10.16. Let T be a 2-monad on a representable 2-category A. Then U : T-Alg — A preserves
cateads.

Proof. Consider a catead in T-Alg:

(p,p) (d,d)
(Az,az) —(mm)> (Ay, ay) <—(i,i)— (Ao, ao)
- s - 5
(¢,9) (c;e)

By Proposition 10.14(1) the pullback (As,as) is preserved by U. By Proposition 10.14(2) the pullback
(A3, a3) exists and is preserved by U : T-Alg— A. Therefore U preserves the internal category structure of
the catead. By Proposition 10.14(3), U preserves two sided discrete fibrations. Therefore U : T-Alg — A
preserves cateads. O

10.3 Cateads effective in T-Alg

The aim in this section is to establish sufficient conditions on a 2-monad T so that T-Alg has codescent
objects of cateads and such that cateads are effective in T-Alg. We begin by assuming that T-Alg has
codescent objects of cateads and that they are preserved by the forgetful 2-functor and deduce that cateads
are effective. We then establish sufficient conditions on T so that T-Alg has codescent objects of cateads
preserved by U.

Proposition 10.17. Let A be a representable 2-category with codescent objects of cateads and suppose
that cateads are effective in A. Consider a 2-monad T on A and suppose that T-Alg has codescent objects
of cateads and the forgetful 2-functor U : T-Alg — A preserves them. Then cateads are effective in T-Alg.

Proof. Consider a catead in T-Alg:

(p,P) (d,d)
(A2, a2) —(mm)> (A1, a1) <—(i,))— (Ao, ao)
— > 7 5

(¢,9) ()
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with codescent object (A, a) with universal cocone:

In order to show the catead is the higher kernel of its codescent morphism (f, f) : (Ag, ao)—=(4, a) it suffices
to show that the domain and codomain maps of the catead ((d,d), (c,c)), together with the 2-cell a exhibit
(A1,a;) as the comma object of (f, f) : (Ao, ag) —= (A, a). That comma object exists, by Proposition 10.1,
and so the comma cone ((A1,a1),(d,d), (c,¢), ) induces a unique morphism (g,7) : (Al, ar) —= (fIf,zzy)
satisfying the evident constraints. In order to show that cateads are effective we must show that the unique
comparison (g,g) is an isomorphism in T-Alg. By Corollary 10.16 U preserves cateads and it preserves
codescent objects of them by assumption. Therefore the underlying strict coherence data in A:

P d
A2 m A1 7 A(]
q c

is a catead and the underlying cocone:

Al/?;x\/l
NS

exhibits A as its codescent object. By Proposition 10.1 U : T-Alg— A preserves comma objects, so that the
unique arrow into the comma object induced by the triple (d, o, ¢) is exactly g : Ay—f|f. Since cateads are
effective in A the morphism g : A1 — f|f is an isomorphism. As described in Remark 10.2 U : T-Alg— A
reflects isomorphisms and so (g,9) : (A1, a1)—=(f[f, zs) is an algebra isomorphism. Therefore cateads are
effective in T-Alg. O

Remark 10.18. The following proposition concerns the extent to which codescent objects of strict reflexive
coherence data lift to T-Alg. In particular it implies that if T preserves codescent objects of strict reflexive
coherence data then T-Alg has such codescent objects and the forgetful 2-functor preserves them. It should
be noted that it is not the case in general that if a class of colimits exists in the base 2-category and is
preserved by T then it lifts to T-Alg; this being in contrast to the easily understood case of T-Alg,. The
substance of such a counterexample is contained in [7] and we give the details now. If J is a small 2-
category then we may consider the inclusion 0bJ —= J. Left Kan extension gives a left 2-adjoint to the
2-functor [J, Cat] — [0bJ, Cat] obtained by restriction along the inclusion. This restriction 2-functor is
strictly monadic so that for the induced 2-monad T' we have T-Alg, = [J, Cat]; and furthermore we have
T-Alg = Ps(J,Cat). Now [0bJ, Cat] is cocomplete and so admits splittings of idempotents. As splittings
of idempotents are an absolute colimit they are preserved by T. Yet in Example 6.2 of [7] an instance of a
small 2-category J is given for which Ps(7,Cat) does not admit splittings of idempotents.

Proposition 10.19. Let A be an arbitrary 2-category and T' a 2-monad upon it. Consider strict coherence
data:

(p,P) (d,d)
(A2, a2) —(mm)> (A1, a1) <—(i,)— (Ao, ao)
— > 7 5

(¢,9) ()
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in T-Alg. Suppose that the codescent object of the underlying strict coherence data in A exists and is
preserved by both 7' and T2. Then the codescent object of the strict coherence data in T-Alg exists and is
preserved by U : T-Alg— A.

Proof. Consider the underlying coherence data in A:

d A f
P d 7N
(1) Ay —m—> A ~—i—— Ao Ay n A
q c N /Jf
A

and its codescent object A € A with universal cocone as on the right above. We will show that there exists
an algebra structure a : TA— A such that f becomes a strict algebra morphism and the triple ((A4, a), f,7n)
a codescent cocone in T-Alg. Now T preserves the codescent object (1) in A by assumption; therefore to
give a morphism with domain T'A is to give a codescent cocone to the coherence data:

Tp Td
TA2 —T'm—> TA1 <—Ti— TAO
Tq Tc

in A. We claim that:
TAO a4> AO

N \

(2) TAl *> A1 H/
k Ve /;
TAg o Ay

is such a codescent cocone. The unital axiom for the proposed codescent cocone now asserts that:

TA() L AO

/w/\

TAQ T \H] = TAO

\vl\ /

TA e A

~

ao

Ao A

Inserting inverse isomorphisms the left hand side above may be rewritten as the left composite below:

TAp

y ao
TA, d Ap

_ o )

Al N a 7N

TAy o Ay — > A, ﬂn A = TAg— > Ay —'> A, ﬂn A
Tc TA

d
c

TA,

NN

ao

0

Using that (d,d) o (i,4) = 1 the top leftmost pair of 2-cells of the left composite above equal the identity.
Similarly the lower leftmost pair equal the identity, now using that (c,¢) o (i,4) = 1. Thus the left and right
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composites above agree. Now 701 is the identity on f as the triple (4, f,n) is a codescent cocone. Thus the
rightmost composite above is the identity on f o ag as required.

It remains to verify that (2) satisifies the multiplicative axiom to be a codescent cocone. This involves a
lengthier, though straightforward, diagram chase and we omit the proof.

Upon observing that (2) constitutes a codescent cocone we obtain a unique arrow a : TA— A out of the
codescent object such the following two equations hold:

3. aoTf = foap.

4.
TA —2 ~ A T Ay —— Ay
N NN 2 \
TA;, ﬂTn —2 =4 = TA; s Ay ﬂ

N /A i NN

TAO TAO T> AO

Suppose that (A,a) is an algebra. Then equation (3) asserts precisely that f : (A,a) — (B, b) is an algebra
morphism. The above equality of 2-cells of (4) can be seen, upon pasting by ¢ on the lower left of each,
to assert that precisely that n : f o (d,d) => f o (c,¢) is an algebra 2-cell. Assuming then that (4,a) is
an algebra we have a triple ((A4,a), f,n) constituting an algebra, a strict algebra morphism and an algebra
2-cell in T-Alg. The triple constitutes a codescent cocone to the coherence data in T-Alg; for the underlying
data (A4, f,n) in A constitutes a codescent cocone to the coherence data in A4 and U : T-Alg— A is locally
faithful. Therefore in order to show that the triple ((A,a), f,n) constitutes a codescent cocone in T-Alg it
suffices to show that (A4, a) is an algebra.

For this we must verify that the diagrams:

(5) 1245714 (6) TA
S S
TAT>A A?A

commute. We will prove that diagram (5) commutes, (6) being relatively straightforward. Now T2 proves
the codescent object of diagram (1) by assumption. Thus the image of that coherence data under 72
has codescent object T2A with universal cocone (T2A, T?f, T?n). In order to prove that the square (3) is
commutative it suffices, by the universal property of the codescent object T2 A to prove that both paths of
the square agree upon precomposition with both T2 f and T?n.

We have the equation:

aopproT?’f=aoTfoua, = foagopus, =foagoTag=aoTfoTay=aoTaoT?f

The first equality uses naturality of u. The second equality uses equation (3). The third equality uses that
(Ap,ag) is an algebra. The fourth equality holds by equation (3); the fifth equality holds by equation (3)
again, now under the image of T'. In order to prove that the square (5) commutes it remains to show that
both paths agree upon precomposition with 72n. Upon precomposition with 72n the lower path of the
square becomes the left composite below:

T2 A, T2A Teo_ 14,
T2d T2f
/ \ Ta a \U/ / \
T2 A ﬂT n T?A TA A = 724, T, TA; H/Tn TA A =

T%\}QA 0/::2 f T% UTT K %f

T?Ag — T Ao
Tao
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T4, TAy > A T2 Ay~
T 2 e 7 N L, /w/\
T2A, 9 TA, "> A ﬂn A = qea u _
A VN N T% \ U”1\* /
T2A0 Tao TAO a0 AO T AO rAag
Ay AL
HA y \ Td/ \ na
T2 A, — TA; \UTU TA—/—A = T2A, H/TQ T2A TA 2 A

& /T4 f T2:\ /Tr2 f
T A T? A

The first equality of the string holds by equation (4) under the image of T', whilst the second equality holds
by equation (4). The third equality holds as both (d,d) and (c, ¢) are algebra morphisms. The fourth equality
holds upon a further application of equation (4). The fifth equality holds by 2-naturality of u. Therefore
both paths of the square (5) agree upon precomposition with both T2 f and Tn. Consequently the square
(5) commutes.

Therefore (A,a) is indeed an algebra® and the triple ((4,a), f,n) a codescent cocone in T-Alg. We claim
that this codescent cocone exhibits (A, a) as the codescent object of the coherence data in T-Alg.

Consider a second codescent cocone ((B,b),(g,9),0) in T-Alg; consisting of an algebra (B,b), a pseudomor-
phism (g,9) : (Ao, ag)—=(B,b) and an algebra 2-cell 6 : (g,g) o (d,d)=>(g,9) o (c,¢). To begin with we must
show that the cocone ((A,a), f,n) satisfies the one dimensional universal property of the codescent object;
that there exists a unique algebra morphism (h, h) such that:

7. (haﬁ) of=1(9,9) and
8. (h,h)on=24.

The underlying triple (B, g,6) in A constitutes a codescent cocone to the coherence data of (1). Therefore
there exists a unique arrow out of the codescent object in A, h : A— B, such that ho f =g and hon = 6.
It suffices to show that h : A— B admits a unique extension to a pseudomorphism (h, k) : (4,a) — (B, b)
such that (7) holds, (8) holding immediately as hon = . Given that ho f = g and that f is a strict algebra
morphism (7) amounts to the equality of 2-cells: h o Tf = g. By the 2-dimensional universal property of
the codescent object T2A a 2-cell h : bo Th=>h o a is uniquely determined by its precomposite with the
codescent morphism T'f : T Ag—sT A, thus the required equation hoT f = G ensures that such a h is unique
if it exists. To show that h does exist it suffices, by the 2-dimensional universal property of the codescent
object T'A, to exhibit the equality of 2-cells:

boThoTfoTd—atM" o boThoTfoTe

§on\U/ \U/EOTC

hoaOTfOTd?>hoaOTfOTc

1Observe that in order to prove that (A4,a) is an algebra we required that both T" and T2 preserve the relevant codescent
object, and not only T'.
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The lower left path of the square is the leftmost composite 2-cell below:

boThoT f

TA, - boThoT f T A, ML A

NN 2e N b
TA, U’TU TA T B = TA, S Ay H 3 —>B =

! o b N /

TA TAy —— Ao

boTg
TA) —2 > A Ja TA, o

/ a / \ \ b

TA--a - o TB—t _op =

pd
TA, !
NI / ATAKQ 7

TAO ? AO

/ \

Tn 4)3

The first equality holds by equation (4). The second equality holds as ho f = g and hon = 6. To say that
0:(9,9) 0 (d,d)=>(g,79) o (c,¢) is an algebra 2-cell is to say that the equation:

TA1 TAO TAl L TAO
c Tyg Tg
\ To \ B ﬂ \
ay d aop
TAg TB ﬂ TB
@ = 9
Ay | ﬂ Ay d Ao
ag g b
g
Ao B Ay B

g9

holds, which upon cancelling ¢ and its inverse gives the third equality. The fourth equality of the string
holds as 70 = Th o T and the final composite 2-cell is precisely the top right path of the square. Therefore
we obtain a unique 2-cell h : bo Th=>h o a such that h o Tf = b. This equality ensures that once we
verify that (h, ) to be a pseudomorphism we will have verified the one dimensional universal property of the
codescent cocone in T-Alg. In order to show that (h,h) is a pseudomorphism we must first show that A is
invertible. One may construct the inverse of h using the inverse of g. More generally observe that codescent
morphisms, in this case T'f, are liberal. It remains to verify the equations for an algebra morphism. One of
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the two equations asserts that the 2-cell:

TA—"~ 7B
Vla EU lb
A——>A———>B

is the identity on h. Now boThons = bong oh = h so that the domain and codomain of the above
2-cell agree. Since codescent morphisms are co-faithful it consequently suffices to show that the above 2-cell
becomes an identity upon precomposition with the codescent morphism f. We have the equation:

honaof=hoTfona, =gona, =1

firstly using naturality of 7, secondly using that h o Tf = g and finally that § is an algebra morphism.
Thus hn, is indeed an identity. The other equation for an algebra morphism concerns the equality of a
pair of composite 2-cells with domain object T?A. To verify that equation in the case of (h,h) one uses the
co-faithfulness of the codescent morphism 72 f : T? Ay —=T? A, naturality of y and that (g,g) is an algebra
morphism; this being just the same as our proof of the corresponding case in Proposition 10.7(1).

Therefore (h, h) is an algebra morphism and so the codescent cocone ((A4, a), f,n) satisfies the 1-dimensional
aspect of the universal property of the codescent object. That it satisfies the two dimensional aspect may
be verified in a similar manner. We omit the proof since T-Alg, in all the cases of interest, has cotensors
with 2, and in such situations the two dimensional universal property follows, by Proposition 2.5, from the
one-dimensional universal property. O

Remark 10.20. Any strongly finitary 2-monad on Cat preserves all sifted colimits, by Corollary 8.21, and
in particular preserves codescent objects of strict reflexive coherence data. Proposition 10.19 ensures that
for such T, T-Alg admits codescent objects of strict reflexive coherence data and that U : T-Alg — Cat
preserves them. In [28] the authors’ prove the analogous result for reflexive coinverters, another example of
a sifted colimit that we have considered. One may also show, though we won’t give proofs here, that for
such T, T-Alg admits Kleisli objects and (iso)codescent objects objects of general reflexive coherence data
and furthermore U preserves them. Again each such colimit is sifted as shown in Chapter 8. One may give
proofs, in each case, using ad-hoc methods, much as those employed in the proof of Proposition 10.19. In
the case of Kleisli objects this is not very difficult; in the case of the more general codescent objects such
a proof would require a substantially lengthier version of the already long Proposition 10.19. What these
colimits that lift to T-Alg have in common, in addition to being sifted, is that their defining weights are pie
weights (see Remark 9.28). We will remark further upon this point in the Concluding Remarks of Chapter
11.

Corollary 10.21. Let T be a 2-monad on a representable 2-category A with codescent objects of cateads.
Suppose that both T' and T2 preserve codescent objects of cateads. Then T-Alg has codescent objects of
cateads and U : T-Alg — A preserves them.

Proof. Given a catead in T-Alg the strict coherence data underlying it is again a catead by Corollary 10.16.
As both T and T? preserve its codescent object it follows from Proposition 10.19 that the codescent object
of the catead in T-Alg exists and is preserved by U : T-Alg — A. O

Theorem 10.22. Let T' € Catp, be a monad on a category with pullbacks £ and consider the induced
2-monad Cat(T) on Cat(E). Then Cat(T)-Alg has codescent objects of cateads and they are effective.

Proof. Cat(€) is a representable 2-category as &£ has pullbacks and Cat(T) is a morphism of Rep. By
Corollary 10.16 U preserves cateads. If we can show that both Cat(T) and Cat(T)? preserve codescent
objects of cateads then it follows by Proposition 10.19 that T-Alg has codescent objects of cateads and U
preserves them; then by Proposition 10.17 we see that cateads are effective in T-Alg. Both 7" and T preserve
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pullbacks. Consequently by Theorem 3.66 both Cat(T) and Cat(T?) = Cat(T)? preserve codescent objects
of cateads. O

Theorem 10.23. Let T be a strongly finitary 2-monad on Cat. Then T-Alg has codescent objects of strict
reflexive coherence data, in particular cateads, and cateads are effective in T-Alg.

Proof. Certainly Cat is a representable 2-category and any strongly finitary 2-monad on Cat preserves
codescent objects of strict reflexive coherence data, indeed all sifted colimits, by Corollary 8.45. Therefore
both T and T2 preserve codescent objects of strict reflexive coherence data and it follows from Proposition
10.19 that T-Alg has codescent objects of strict reflexive coherence data and these are preserved by U.
Therefore by Proposition 10.17 cateads are effective in T-Alg. O

Example 10.24. In Example 8.46 we considered the 2-adjunction:

and remarked that the underlying functor of ¢ has a right adjoint. Consequently the functor underlying ¢
preserves coequalisers. Using Proposition 2.5 we see that ¢ preserve coequalisers as a 2-functor. It clearly
reflects isomorphisms so that by Beck’s monadicity theorem we have Gpd ~ T-Alg, for the 2-monad 7" = 'R
on Cat. We observed that 2-monad is not strongly finitary. Indeed, as described in Example 8.46, the unit
is bijective on objects; this is easily seen to imply that T-Alg, = T-Alg. We will show momentarily that
cateads are not effective in Gpd, from which it follow by Proposition 10.23 that there does not exist any
strongly finitary 2-monad for which Gpd ~ T-Alg or Gpd ~ T-Alg,.

In order to see that cateads are not effective in Gpd consider a category A and the corresponding pointwise
discrete category in Cat:

Pa dq

Maq—> A1 ~<—ig

As

Ag

da Ca

This is equally a catead in Gpd as each discrete category is a groupoid. Its codescent object in Cat is just A.
As Gpd is reflective sub 2-category of Cat we may form the codescent object of this catead in Cat and then
take its image under the reflection R. Therefore the codescent object of this catead in Gpd is TA. Now T'A
has the same objects as Ag and the codescent morphism is the bijective on objects inclusion j : Ag — T A.
The comma object j|j in Gpd is simply the discrete category T'A; with objects the arrows of TA. The
elements of Ag are of course the arrows of A itself. The induced functor (in fact function) into the comma
object A; —j|j = (T'A); assigns to an arrow of A the corresponding invertible arrow of the groupoid T A.
The comparison Ay — j|j = (T'A); will not be an isomorphism unless the category A is a groupoid itself
so that each object of A; is an invertible arrow. For a small explicit example consider A = 2. Then A; is
the discrete category whose objects are the three arrows of A: two identity arrows and a single non-identity
one. We have TA = I(2) so that j|j is the discrete category with four elements (those of A; together with
an inverse to the only non-trivial arrow of A). The comparison A; — j|j is evidently not an isomorphism.
Consequently cateads are not effective in Gpd.
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Chapter 11

Concluding Remarks

We conclude by remarking upon prospects for further development of the results of this thesis, beginning
with the most concrete.

In Remark 10.20 we observed that for a strongly finitary 2-monad on Cat, T-Alg has codescent objects of
strict reflexive coherence data and U : T-Alg — Cat preserves them; the substance of that argument being
Proposition 10.19. We mentioned in Remark 10.20 that various other colimits, each of which is both sifted
and pie, lift to T-Alg for such T'. We remarked further that similar ad-hoc methods to those of Proposition
10.19 may be employed to prove these claims, the length of such proofs being dependent upon the complexity
of the colimit in question. Based upon as yet unpublished work of Lack and Power concerning the relationship
between two dimensional Lawvere theories and strongly finitary 2-monads (the finitary case being touched
upon in [35]) T have proven, for such T, that T-Alg admits all colimits whose weights are both sifted and pie;
this including such cases as codescent objects of general reflexive coherence data, for which a proof along the
lines of Proposition 10.19 would be very complicated. The characterisation of pie weights of [45] provides
an easy method for determining whether a weight is pie. A method for determining whether a weight is
sifted would therefore be useful; which combined with the characterisation of pie weights would enable one
to determine whether T-Alg admits a certain colimit for strongly finitary 7.

The property of codescent morphisms being effective played an important role in Chapter 4, being one of
a list of properties characterising those 2-categories of the form Cat(€) for £ a category with pullbacks.
It appears likely that this condition may be replaced by a more natural stability condition which we now
discuss. Recall that in any 2-category with higher kernels and codescent objects of them a 1-cell f: A— B
factors through the codescent object of its higher kernel:

P d

U == fIf =<=i— A B

q c \ /
f1 f2
C

where fi is a codescent morphism. If one can show that the induced arrow fy : C — B is fully faithful (as
is the case in Cat(£)) then it follows that codescent morphisms are effective. The one dimensional analogue
of this situation is the factorisation of a morphism of a category through the coequaliser of its kernel pair;
if regular epimorphisms are stable under pullback it follows that fs is a monomorphism. Returning to the
two dimensional case one might initially anticipate that if codescent morphisms are stable under pullback
then it should be the case that the induced arrow fo would be fully faithful. This does not appear to be the
case. On the other hand the condition that regular epimorphisms are stable under pullback is equivalent to
an apparently stronger condition: coequalisers of kernel pairs are stable under pullback. A 2-dimensional
analogue of this condition, that codescent objects of higher kernels are stable under pullback, in a suitable
sense, appears as though it may be sufficient to ensure that the induced arrow is fully faithful. This requires
further investigation which would ideally result in the proposed stability axiom replacing the condition that
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“codescent morphisms are effective”; the stability condition would then additionally ensure that one obtains
an enhanced factorisation system (E, M) with E the class of codescent morphisms, and M the class of fully
faithful morphisms.

Categories of algebras for monads on Set may be characterised as those exact categories admitting a suitable
projective cover [14]. It would be interesting to characterise T-Alg for strongly finitary 2-monads on Cat
in such terms. On the other hand T-Alg does not admit a projective cover in the sense considered in this
thesis. However T-Alg;, does so and is biequivalent to T-Alg. It is likely that one could characterise T-Alg;,
up to 2-equivalence, and plausible that one could weaken the resulting characterising properties to obtain
properties characterising T-Alg up to biequivalence. Another possibility is to replace the notion of codescent
morphism by its bicategorical version, which amounts in Cat to replacing bijections on objects by essentially
surjective on objects functors. T-Alg does admit a “projective cover” in this weaker sense, and it is plausible
that one could characterise T-Alg up to biequivalence in these terms.

202



Chapter 12

Appendix
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12.1 Completion of proof of Proposition 3.19

Proposition 12.1. Let £ be a category with pullbacks.

1. Given X € Cat(€) its cotensor with 2, X2 exists. One may choose the cotensor and its universal 2-cell:

dx
/’\
x2 n X
~_ 7

cX

to satisfy the following properties: X2 = X1, (dx)o = dq, (cx)o = ¢, and 7 : X = X; — X is the
identity on X;.

2. A 2-cell in Cat(€):

f
TN
Yy o X
~_ 7
g

exhibits Y as the cotensor of X with 2 if and only if:

e 0:Yy—X;isan isomorphism.
e The naturality square:
(aodyvgl) X

11— A2
(f ,aocy)i/ imz

Xo ——> X4
is a pullback square.

3. Given F : A—B of Catyy, the induced 2-functor Cat(F) : Cat(A)—Cat(B) preserves cotensors with
2.

Proof. We have verified Parts 1 and 2 of the Proposition in the case of Cat = Cat(Set) and observed that
Part 3 follows from Part 2. Therefore it suffices to prove Parts 1 and 2 for the general case. We will use
the Yoneda embedding y : &€ — [E°P, Set] to deduce the general case. As &£ has pullbacks y preserves them
and we obtain a 2-functor Cat(y) : Cat(E) — Cat[E°P, Set]. This is easily seen to be 2-fully faithful as the
Yoneda embedding is fully faithful. We shall show the claims of Parts 1 and 2 hold in Cat[£°P, Set] and
thereby deduce they hold in £. Now an object of Cat[£°P, Set] is an internal category:

p d
F2 m F1 0 F()
q c

of presheaves F; and natural transformations. Equally such an internal category may be seen as an object
of [£°P, Cat(Set)]; the above internal category corresponding to the 2-functor whose value at an object e € £
is the small category:
p(e) d(e)
Fye —m(e)— Fe <—i(e)— Fpe
q(e) c(e)
This extends to an isomorphism of 2-categories Cat[E°P,Set] = [E°P, Cat(Set)]. Since Cat(Set) = Cat

is complete so therefore is [£°P, Cat(Set)] and consequently Cat[E°P,Set]. Now the evaluation 2-functors
eve 1 [E°P, Cat(Set)] — Cat(Set) jointly create all limits. They correspond, across this isomorphism, to the
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pointwise evaluation 2-functors Cat(ev) : Cat[E°P, Set|—=Cat(Set), now for ev, : £°P —=Set. Therefore the
pointwise evaluation 2-functors jointly create cotensors with 2. Now we have verified the claims of Parts 1
and 2 of the proposition in the case of Cat(Set). As the functors ev, : £°P—Set jointly reflect isomorphisms
and create pullbacks we deduce these conditions also hold in the case of Cat[E°P, Set].

Given then X € Cat(€) consider Cat(y)X € Cat[E°P, Set] the internal category whose components Cat(y)X;
are the representables £(—, X;) = X,;. We choose the canonical value of Part 1 for the cotensor with 2:

= (Cat(y)X)?:
b )%
z /iv\??at(ym iﬂil Zi/m(@lqu
g H
N %o

We wish to show that we take Z to be in the image of Cat(y). By the second part of the proposition we
know that Z; is a pullback as on the left below:

A 4>X2 Py Xo
b |
XQ TXl X2 T,>X1

Since y preserves pullbacks we may take the pullback in £ and set Z; = P,. Then we have both Zy and Z;
in the image of y. As y is fully faithful it follows also that dz and cz are in the image of y. As Zs is the
pullback along these domain and codomain maps it follows that we may take Zy = P, for the corresponding
pullback in £. Now we see that all of the objects of the internal categories Z and Cat(y)X are in the image of
y. By the fully faithfulness of y it follows that the structure maps of Z and the internal functor components
of f and g are uniquely in the image of y. It follows that the internal natural transformation:

f
7 Cat(y)X

g

is the image under Cat(y) of a 2-cell in Cat(E):

satisfying the conditions of Part 1 of the Proposition. As Cat(y) is 2-fully faithful it follows that is indeed
the cotensor in Cat(€). Therefore we have verified Part 1 of the Proposition.

As Cat(€) is closed in Cat[E°P, Set] it follows that Cat(y) reflects cotensors with 2. Since y reflects isomor-
phisms and pullbacks it follows that Cat(y) reflects the characterising properties of Part 2, which we know
to hold in Cat[€£°P, Set]. Thus the properties of Part 2 equally characterise cotensors with 2 in Cat(£).
Part 3 follows immediately from Part 2. O
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12.2 Completion of proof of Lemma 8.40

Lemma 12.2. Consider a pseudonatural transformation of coherence data f: A— B as depicted below:

Pa da
A2 Ma Al la BO
da Ca
fe = f1 = fo=1
Db dp
By my B, ib By
9b Cb
such that
e fy is an identity,
o fy is co-fully faithful and
e f5 is co-faithful.
1. Suppose that
B
d 0 &
27N
Bl « QB
N

exhibits QB as the codescent object of the bottom row.
Then

By B,
27 27 N
4, "B ﬂa OB
SNHTN A
By By

exhibits @B as the codescent object of the top row.

2. This equally applies to the case of the isocodescent object.

Proof. In the main text we left the proof of two parts of this lemma to complete in the appendix. We prove
these two details here, in order, continuing exactly where we left off in either case.

1. In order to show that we have a codescent cocone it remains to establish the codescent cocone equation
(1) of Definition 6.31 holds. That is to show that the first and last composite 2-cells of the following
string are equal:

By

/w\
/w /w % *\ /w /w o *\
\w\w\a/ \w\w\“/

\W/
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Bo By

d/7 W\*B / M\A

Ay d B, —= 0
Sk 27 N e N /“wwxw\
= Ao EEELEN B Jm» By—=QB = QB

my%yﬂﬁ% \\Kw%%/
S vt L Uf/

The first equation is again the only of these which require significant justification. The second equation
holds since (QB, «, @) is a codescent cocone to the bottom row. The third equation interchanges the two
sides of a cube. This interchange is precisely the equation for pseudonaturality of f at 7, : caPa = daqq
upon pasting both sides of that equation on the top by f. ! and on the bottom by fq_l.

By pseudonaturality of f we have the equation:

dqOpa
m . .,
A2*>A1*>Bo Ay —= A —= By
fzJ/ fm J{fl {fa \Ll = le o J{fl fa i1
mp dy Db dy
Bg*>31*>30 BQH31*>30
Y
db0mb

Pasting f.! on the lower left of both composites gives the equation:

By
TN
f1 dy

- By — By Ay By By
V \U/Ta y ‘U’f‘l d/ V U’fﬁ y ‘U’Tb d/
Ay =Moo p, L B = 4B lm™. B
N2
fioma
Similarly we have:
fioma
f {}fm
Ay —" > A —" =B .
b N WO = \W \U”’ N
A1 BO BO Cp BO

1

f1 .
x W/
By

These two equalities enable us to rewrite the first composite 2-cell, and, upon cancelling f,, and its
inverse, to obtain the first equation. Thus we have a cocone to the top row.
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2. We must show that the cocone condition (1) of Definition 6.31 is verified in the case of (C, g, B,) which
is to show that we have an equality of pasting diagrams:

B14>Bo BlL>BO

AT AN
PN N A

B1 4b> B() Bl H BO

Since fz : Az — By is cofaithful and the 2-cells f, and f° ! both isomorphisms this is equally to show:

A TS A
\w\w\ / \w\ /b w/

It follows from the pseudonaturality of f : A—= B that the right composite 2-cell above equals the left

hand side below:
B1 dp
f1 T ‘m

AIHBO

/ \ uf \b W\ / \“ I \

C’ = ’I’a

\ /a wd/b w/ \ /a w/
i

c

= 2 Ay B C
P
Ay —— Bo

The first equation above holds by the definition of B/ precomposed with f; upon cancelling - L
fa with their inverses. The second equation holds since (C, 3, ) is a cocone to the top row. The left
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hand composite above equals:

/@fN
/Ufp/%/\ / /Wd/\

\w\w\u/ ) A\w\w\ﬂ/

f1
1 \U/f%

By

Only the first equation here requires some justification. The second equation holds by definition of B/
precomposed with f; upon cancelling inverses. The main difference between the first two diagrams is
that the former has my fo along its middle whilst the second has fim,. This change is obtained by
an intermediate step, where one introduces the pair of inverse isomorphisms: f,.} : myfa & fim, and
fm + fima = myfo through the middle. We will equate the top left sections of each composite, and
lower left sections separately: focusing only upon the top lefts. It will suffice to show that:

B,
f1 \de_l dy
Ay h B e By Ay do By — 0
Pa P d Pa d,
/i}fpb/’{m/ /i}m/i}fd/
2 By "> By = 2 - — By
—1

Ma \U/fm f1

Pasting the isomorphisms f; and f,, top and bottom on either side this is equally to show:

L Wd\ .

By Ay ~— By By

/ Wp / @n, / V Y y sa dy’
™ B = Ay —— A ) B
k W’%
By
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This latter equality holds by pseudonaturality of f. Thus we have justified the above string of equations
and have therefore verified the codescent cocone condition (1) of Definition 6.31.

O
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