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Abstrakt

Prace se zabyva teorii kategorii. Studujeme v ni konkrétni kategorie,
zejména kategorie algeber a koalgeber. Tyto objekty jsou zobecnénim pojmu
algebra v klasickém smyslu univerzalni algebry na mnozinidch. Uvedeme
nékolik druhu algeber a vztahy mezi jejich kategoriemi. Zavedeme pojem
l-algebraickych kategorii, ktery zahrnuje mnoho ptirozenych piipadi.

Ptipomeneme definici variety od J. Addmka a H. E. Porsta na kokom-
pletni kategorii zalozenou na fetézcové konstrukci volné algebry. Jedné se
o kategorialni protéjsek rovnicového zadani variety v klasické univerzalni al-
gebre. Ukézeme jiny pristup k témto tiidam véetné dukazu ekvivalence s
vyse uvedenym. Uvedeme také dulezité vztahy téchto tiid k jinym tiiddm
algeber. Zejména dokazeme, ze kazda varieta je algebraicka, coz spojuje dva
ruzné kategoridlni piistupy k varietam.

Déle se zaméiime na otazku volnych algeber. Protoze tetézcova kon-
strukce nam pro vhodné funktory dava volné algebry, ukazeme, jak z ni
pomoci vysledku G. M. Kellyho z r. 1980 muzeme odvodit existenci volné
algebry ve varieté.

Posledni kapitola se vénuje vztahum mezi existenci volné algebry, Alg-
univerzalnich funktoru a kohustotnich mondad ptislusného zapominajiciho
funktoru. Vysledkem je dalsi charakterizac¢ni véta pro monadické kategorie.
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Abstract

The thesis is on category theory. Concrete categories are investigated, namely
the categories of algebras and coalgebras. These objects are category-theoretical
generalizations of algebras in the sense of the classical universal algebra on
sets. Numerous kinds of algebras are recalled showing the relations between
their categories. A concept of l-algebraic categories is introduced including
many natural examples.

For the cocomplete base category, the definition of variety by J. Addmek
and H. E. Porst is recalled. It is based on the concept of free-algebra chain
construction which enables a categorical counterpart to the equational pre-
sentation of varieties in the classical universal algebra. A different approach
to these classes is presented proving its equivalence with the original one.
Moreover, their relationships to other kinds of algebras are shown. Namely,
each variety is proved to be algebraic, which connects two different categor-
ical approaches to varieties.

Next focus is on the concept of freeness. Since the free-algebra chain
construction yields the free algebra for suitable functors, it is shown how to
use this fact together with the results of G. M. Kelly from 1980 to obtain the
corresponding property for the free algebras in a variety.

The final chapter is devoted to the problem of the relationship between
the existences of free objects, Alg-universal functors and codensity monads
for a given concrete category. This results in another characterization of
monadic categories.



Contents

0.1 Introduction . . . . . . . . . .

I Categories of Algebras

1 Algebras over a General Category
1.1 Algebras and Coalgebras . . . . . ... ... ... ... ....

1.1.1
1.1.2
1.1.3

Algebras for a Signature . . . . . .. ... ... .. ..
Algebras for a Functor . . . . ... ... ... ... ..
Algebras for a Monad . . . . . . ... ...

1.2 Limits of Concrete Categories . . . . . . .. ... . ... ...

1.2.1
1.2.2
1.2.3

Algebras for a Concrete Diagram . . . . . . . .. ...
Algebras for a Diagram of Monads . . . . . ... . ..
Polymeric Categories . . . . . . . ... ... ... ...

1.3 Algebraic Categories . . . . . . .. ... ... ...

1.3.1
1.3.2
1.3.3
1.3.4
1.3.5

Algebras fora Type. . . . . . ... . ...
Equational Theories . . . . . . ... ... ... ....
Functorial Theories . . . . . . . . ... ... ... ...
Equational vs. Functorial Theories . . . . . ... ...
Algebraic vs. L-algebraic Categories . . . . . . . . ...

2 Algebras over a Cocomplete Category
2.1 Chain Constructions . . . . . . . . . . .. ... ... ... ..
2.2 Varieties . . . . . . . ...

2.2.1
2.2.2
2.2.3
224
2.2.5
2.2.6

Equational Classes . . . . .. ... ... ... .....
Naturally Induced Classes . . . . . .. ... ... ...
Conversion Theorem . . . . . ... ... ... .....
Varieties are L-algebraic . . . . .. ... .. ... ...
Varieties vs. Polymeric Varieties . . . . . . . . . .. ..
Varieties are Algebraic . . . . . .. ... ... ... ..



CONTENTS

3 Examples
3.1 Algebras and Coalgebras . . . . . .. ... ... ... ... ..
3.2 Varieties and Covarieties . . . . . . .. .. ... ... ... ..
3.2.1 Classical Varieties as Naturally Induced Classes . . . .
3.2.2 Other Examples . . . .. .. .. ... ... ... ....

II Universality and Freeness

4 Free Algebras
4.1 Freeness and Monadicity . . . . . .. .. .. ... ...
4.1.1 Adjunction: Free 4 Forgetful . . . . . . ... ... ...
4.1.2  Eilenberg-Moore Category . . . . . ... .. ... ...
4.1.3 Kelly’s Theorem . . ... ... ... ... ... ....
4.2  Free Algebras via Chain Construction . . . . . . . . .. .. ..
4.2.1 Free Algebras in an F-algebraic Category . . . . . . . .
4.2.2  Comparison Functors for F-algebraic Categories . . . .
4.2.3 Free Algebras in a Variety . . . . . ... ... ... ..

5 Universality and Codensity Monads
5.1 Universality and Kan Extensions . . . .. ... ... ... ..
5.2  Beck Categories with Codensity Monad . . . . . . . . ... ..
5.2.1 Categories with Pointwise Codensity Monad . . . . . .
5.2.2 L-algebraic Categories with Codensity Monad . . . . .
5.3 An Overview of the Obtained Results . . . . . . . . . ... ..

A Concrete Categories
A.1 Basic Concept of Concreteness . . . . . . . ... .. ... ...
A.2 Comma-Categories . . . . . . . . . . ... ... ... ...

B Universal Constructions in Categories
B.1 Adjunction and Monads . . . . .. ... ... ... ......
B.1.1 Universality and Adjunction . . . . . ... ... .. ..
B.1.2 Monads and Comonads . . . . . . . ... .. ... ...
B.2 Kan Extensions . . . . . ... ... ... 0.
B.2.1 BasicConcept . . . . .. ... ... L.
B.2.2 Codensity Monads . . . . .. ... ... .. .. ....

Bibliography

Index

53
93
o4
95
o6

58

59
99
99
61
62
63
63
64
65

67
67
69
69
69
72

74
74
75

76
77
77
79
80
30
84

85

87



CONTENTS 3

0.1 Introduction

This thesis deals with category theory - an abstract mathematical theory
developed for carrying the results from one mathematical field to another.
Such fields are described by categories consisting of objects and morphisms.
The reader is expected to be familiar with the foundations of this theory. Our
interest is in the concrete categories which are equivalent to categories whose
objects can be thought of as ”structured objects” of some base category.

An important family of concrete categories is that of algebras and coal-
gebras. The well-known notion of universal algebra is generalized in an ar-
bitrary base category by replacing the underlying set by an object and the
operations by certain morphisms. There are many ways to implement such
a generalization. Some of them may even generalize of a variety of algebras,
i.e., classes of algebras satisfying certain additional properties. One of the
aims of this thesis is to provide an overview of the generalizations of a uni-
versal algebra and of their mutual relations. The results on coalgebras may
be then obtained by duality on the base category.

As we know from the classical universal algebra, there is an important
concept of free algebras. Such algebras can be used to simulate all the com-
putations in algebras. On the other hand, the coalgebras are intimately
connected to the theory of automata with cofree coalgebras playing the role
of universal automata, which enable the simulation of all automata of a given
kind.

Both freeness and cofreeness are easy to carry over to a general base
category since it can be described using the concept of adjunction. Then
one may ask about the existence of the free algebras in general. Since its
general existence is not very likely to happen for any kind of algebras, we
may be satisfied with some sufficient conditions. These are usually conditions
determining the some of categories and functors. In some cases, they enforce
the preservation of some colimits by some functors, in other cases, they can
be expressed in terms of the existence of codensity monads, which is generally
a weaker tool than the adjunction.

Thesis Structure

In the following paragraphs, the expressions written in boldface refer to the
features that are considered to be new.

The thesis is divided into two parts and two appendices. In the first part
we are concerned with categories of algebras. We recall the definitions of
algebras for a signature, functor and monad and f-algebraic and monadic
categories. Then we introduce the concept of 1-algebraic categories which
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includes, in addition to the ones mentioned above, the categories of algebras
for a diagram of functors or monads and newly introduced polymeric cate-
gories. Further we recall algebraic categories of Linton and Rosicky consist-
ing of algebras for a type. From their concept of equational theory, we derive
a useful concept of functorial theory and we show their equivalence. We
present a full version of Reiterman theorem converting f-algebraic categories
into algebraic ones. Then we extend it for all polymeric categories.

The second chapter of the first part deals with categories of algebras over
a cocomplete category. We recall Adamek’s free algebra chain construction
and his (and Porst’s) concept of equational classes. We show another way of
defining of these generalizations of classical varieties - by means of natural
identities - and we show the equivalence of these concepts; these classes
are further called varieties. This new concept enables easy conversion of
a variety to l-categorical presentation as a certain limit of f-algebraic
categories. However, we prove that every variety is an intersection of an
ordinal chain of polymeric categories. This makes it possible to prove that
every variety is algebraic, which connects the approach of Adamek - Porst
with that of Linton - Rosicky.

The second part deals with the problem of free algebras. After outlin-
ing the standard notions and results including theorems over adjunction,
Eilenberg-Moore categories, Beck’s theorem and a very important Kelly’s
theorem, we recall the construction of a free algebra in an f-algebraic cate-
gory via the colimit of chains. This procedure is then extended to varieties.
Moreover, we use polymeric varieties for an alternative presentation of
Eilenberg-Moore categories for a free monad.

The final chapter aims to describe the existence of free algebras in Beck
categories in terms of Alg -universality and codensity monads. We prove
that all Beck categories with pointwise codensity monads and I-
categories with codensity monads are monadic and that, generally,
this result cannot be strengthened. Finally we show an overview of the
relationships obtained and a few remaining open questions.

The appendices recall basic notions and facts of concrete categories, uni-
versality, adjunctions, Kan extensions and codensity monads.

Preliminaries

We use the standard language of category theory used namely in books [24],
[7] and lecture notes [26]. Since authors use different notions, in cases where it
may be confusing we refer to the Appendix or to the bibliographic reference.
The reader is expected to be familiar with the basic notions and the principles
of category theory and with discrete mathematics generally.
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We work with collections of four size levels: sets, classes, metaclasses and
hyperclasses. Sets and classes lie in the model of Godel-Bernays set theory
GBC, while metaclasses are collections of classes. Anything ”bigger” is called
hyperclass here, but we use this level rarely.

To explain the basic categorical notions, the categories are collections of
objects and mappings between the objects. According to the collection size
level we have the following:

e small category - objects form a set and morphisms form a class

e locally small category - morphisms between each two objects form a set
e category - both objects and morphisms form a class

e metacategory - both objects and morphisms form a metaclass

e hypercategory - both objects and morphisms form a hyperclass.

Due to these definitions, we have also several levels of functors and natural
transformations, but we do not distinguish these in terminology. However,
in some cases we emphasize the size of entities we work with, by stating a
"Metacategorical remark”. Entities which do not fit within GBC are called
illegitimate.

Throughout this thesis we also use an object-free approach to categories.
From this point of view, each category is a collection of morphisms with the
unit element and a partial binary operation defined whenever the obvious
condition of domain-codomain matching is satisfied. We point out whenever
we deal with this presentation of a category.

Notation

The empty set and an empty mapping with the codomain A are denoted by
(0, ¢4, respectively. The identity morphism on an object A and the identity
functor on a category C are written as id4, Id¢, respectively. Moreover we
set ¢ = gp = idyg. By 1 we denote the category with only one element 0
and identity while category 2 contains two objects 0 and 1 and morphisms
t:0—1,idg, and id;.

The categories are usually denoted by capital calligraphic letters such as
A, B, C, objects are usually typed in capital roman italic from the begining of
the alphabet A, B, C', while the functors have various notation, but usually
also capital roman italic starting from E, F, G . ... The exceptions are in the
case of diagrams - these functors are often labeled by D with the objects in
the domain category denoted by small italic letters ¢, d as well as elements
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of almost any other set. From most of the expression we usually drop the
brackets and composition symbol o.

The class of all objects and morphisms of a category C (in short: the
C-objects, the C-morphisms) will be denoted by Ob(C), Mor(C), respectively.
Each morphism f : A — B has its domain dom(f) = A and codomain
cod(f) = B. The set of all morphisms between two C-objects A, B will be
denoted by home(A, B) or just hom(A, B). For an object A, we denote its
covariant, contravariant hom-functor by hom(A, —), hom(—, A), respectively.
Given functors F,G : A — B, the class of natural transformations between
F and G is denoted by Nat(F,G).

The constant functor C — A mapping all morphisms onto an id, for
an A-object A will be denoted by C4. Given a morphism f : A — B, the
corresponding constant transformation is denoted by Cy : Cy — Cp - it
clearly satisfies Cyps = f for every object M. The domain of the constant
functor is usually considered to be 1, but it may occasionally be redefined.

Let {A;]i € I} be a set of objects in some category C. Their product
is usually denoted by Hie ; A; with projections p; : Hie A — Ajfori e 1.
Dually, the coproduct is denoted by [, ; A; and the canonical injections are
usually written as u; : A; — [[,.; A;. If we have only two objects A, B,
we denote their product and coproduct by A x B and A + B, respectively.
Given morphisms f: A —- Cand g: B — D, by [f,g]: A+ B — C+ D,
we denote a ”coproduct of morphisms” f: A — Cand g: B — D, ie., a
unique morphism such that [f,g] ous =uc o f and [f,g|oup =upogy.

The category of sets and mappings will be denoted by Set. By P we
denote the powerset functor Set — Set assigning to each set the set of its
subsets. Class of ordinal numbers is denoted by Ord. It is often considered
also as a category with the usual order-induced structure.

Note 1 Given a category D, by D* we denote the category made from D by
adding a new terminal object 1 and terminal morphisms ty : d — 1 for each
d € ObD. Dually, we construct a category D, by adding, to the category D,
a new initial object 0 together with morphisms vy : 0 — q for each ¢ € ObD.
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Categories of Algebras



Chapter 1

Algebras over a General
Category

This chapter deals with both algebras and coalgebras - the essential entities
for this thesis. The first section provides an overview of the meanings of
the word ”algebra”, namely of those which are used later on in this thesis.
Further, we recall the well-known free-algebra chain construction introduced
by Jifi Addmek in [5]. It is a chain of functors, here called ”term-functors”,
which may be seen as approximations of the free algebra - this topic is dis-
cussed in Part II. In this chapter, we focus on another application of this
chain, which makes it possible to define the equational class of algebras on
any cocomplete category as shown in [9]. Such a class is an analogue of the
variety in its classical meaning in the universal algebra on Set.

There is a disadvantage to the free-algebra construction - it uses several
kinds of colimits, hence it tends to restrict the research on cocomplete ca-
tegories. To avoid this, we introduce a more general concept of l-algebraic
categories which, as we will see in Part II., enables the general treatment
concerning free objects even without the need of colimits.

Moreover, we recall an approach to variety-like classes introduced by Lin-
ton in [25] and Rosicky in [33]. Finally, we present examples of algebras and
coalgebras and of some varieties including the polymeric ones.

1.1 Algebras and Coalgebras

Algebra is the fundamental mathematical notion. The word comes from the
ancient arabic word ”al jabr” which originally meant the modification of sides
of an equation in order to simplify it. During centuries, it was transformed to
"algebra” and its meaning shifted to today’s "use of operations on set” and
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a derived meaning of this word also denotes a ”set with operations”. These
are algebras for a signature on category of sets, from our point of view. In
this thesis however, we do not have to restrict ourselves to this category and
a use more general definition of algebra for a functor. Then we show several
more sophisticated definitions which tend to reflect the notions of variety of
algebras. However, that will be the topic of the next section.

In this chapter we deal with algebras and, in each case the coalgebras,
can be defined in a dual way. In some cases, if useful, we write its explicit
definition.

1.1.1 Algebras for a Signature

First we recall one way of generalizing the classical concept of universal alge-
bra - many-sorted algebras. A finitary S-sorted signature X is a set of oper-
ation symbols together with an arity function ar : ¥ — S* with range in the
set of finite sequences over set S. For o € 3, the assignment o +— s185...5;S
is usually written in the form o : s155...5; — s and interpreted as a k-ary
operation with i-th variable of sort s; and with the sort of value s.

Definition 1.1.1 (Finitary many-sorted algebra for a signature) Let S be
a set of sorts and X be S-sorted signature. Let C be a category with finite
products.

An S-sorted algebra A of a signature ¥ (a 3-algebra in shortly) is an
S-sorted C-object {As,s € S} such that, for each operation symbol o :
5182 ...8K — 8, there is a morphism o4 @ As, X Ag, X -+ X A;, — As.

A homomorphism of S-sorted algebras ¢ : A — B is an S-sorted C-
morphism satisfying, for each operation symbol o of arity si1Sq...5, — s,
the equality op o (Ps,, Gsyy - -, 0s,) = ¢s00a. The category of algebras for
S-sorted signature ¥ will be denoted by Alg X.

Remark 1.1.1 By a slight modification of the definition, the algebras can be
defined also for infinitary signatures.

1.1.2 Algebras for a Functor

The fundamental notion for this thesis will be algebra for a functor. Let
F :C — C be a functor.

Definition 1.1.2 (Algebra for a functor) An F-algebra is a pair (A, ) con-
sisting of an object A and of a morphism o : FA — A in C. Given two
F-algebras (A, ) and (B, ) and a morphism f : A — B, then we say that
¢ is F-algebra morphism if o F'f = foa.
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The category of F-algebras and F'-algebras morphisms will be denoted by
Alg o F or just by Alg F' if we do not need to emphasize the base category.
A category isomorphic to Alg F', for some functor F' : C — C, will be called
f-algebraic.

Remark 1.1.2 o Alg F' is concrete over C wia the forgetful functor Ug
given by (A, o) — A.

e Dually, we define F-coalgebras and the category which they form is
denoted by Coalg, F'. It can be also described as the dual category of
Alg cop FP where FP is the corresponding endofunctor on CP.

Remark 1.1.3 Single-sorted algebras on the category of sets may be seen as
algebras for a functor. Indeed, if ¥ is a single-sorted signature, i.e. the set
of sorts is S =1, we can define the polynomial functor

hy = H hom(ar(o),—): C — C,
oeEX

Y-algebras are in one-to-one natural correspondence with hs.-algebras, thus
Alg ¥ =g, Alg hy.
We recall some well-known facts about categories of algebras (see [9]).

Remark 1.1.4 Let F' : C — C be a functor and Up : Alg F' — C be the
forgetful functor. Then the following holds.

1. Ur creates limits.
2. Up creates all colimits preserved by F'.
3. If C is complete, then so is Alg ¢ F.

Metacategorical remark 1.1.5 Given a category C, the metaclass of C-
concrete categories and C-concrete functors will be denoted by Con C and
referred to as metacategory of C-concrete categories. The operator Alg
may be considered contravariant functor EndC — Con C defined on the
metacategory of endofunctors on C. It assigns, to a natural transformation
¢ : G — F, the concrete functor Alg ¢ : Alg F' — Alg G given by equality
(Alg ¢)(A,a) = (A a0 ¢4). This functor translates colimits to limits, i.e.,
e.g., Alg (F+G) = Alg F x¢c Alg G as defined in Remark 1.2.4.

See the Definition A.1.4 for the explanation of the notion of Beck category.
As a direct consequence of Remark 1.1.4 we get another well known fact,
which will be used later on.

Proposition 1.1.6 FEvery f-algebraic category is Beck.
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1.1.3 Algebras for a Monad

Another important definition of algebra arises from the theory of adjunctions
and monads.

Definition 1.1.3 (Algebra for a monad) Given a monad M = (M,n, 1) on
C, we define a category M —alg of M-algebras (also called Eilenberg-Moore
category) as a full subcategory of Alg M consisting of all M-algebras (A, «)
satisfying the Eilenberg-Moore identities:

aony = idy,

aoMa = «opg,

i.€., the following diagrams commute

A—Yo A A A

AN

MA MA—"— A.

A category concretely isomorphic to M —alg for some monad M is called
monadic.

Metacategorical remark 1.1.7 Consider the metacategory Monad C of
monads over C with monads as obejcts and monad transformations as the
morphisms (see Appendix A). Now the assignment M +— M—alg can be seen
as a contravariant functor—alg : Monad C? — ConC. Since MonadC is a
concrete metacategory over EndC via some forgetful functor Z, the functor
—alg is clearly a subfunctor of the composition Alg o Z : Monad C? —
ConC.

The proof of the following proposition can be found in [17].

Proposition 1.1.8 The assignment —alg : M — M —alg induces a con-
travariant equivalence between monads with monad morphisms and monadic
categories with concrete functors.

Metacategorical remark 1.1.9 Let MonC be the full submetacategory of
ConC made of monadic categories. Now we can express the above correspon-
dence using the metacategorical language: there is a contravariant equaiva-
lence between the metacategories Monad C and Mon C.

In chapter 4.1 we will recall more results on monads with connection to free
algebras.
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1.2 Limits of Concrete Categories

In this section we will work with diagrams of concrete categories over a base
category C. By a (small) diagram D of concrete categories we mean a functor
D form some (small) category D to a metacategory of concrete categories over
C and concrete functors.

Metacategorical remark 1.2.1 Since there is an obvious ”forgetful func-
tor” to the metacategory CAT of categories given by (A,U) — A, we may
consider ConC to be a submetacategory of the "slice-metacategory” CAT/C
containing those pairs (A,U) where U is faithful. Since CAT is complete
w.r.t. small diagrams, so is CAT/C (Remark A.2.2). We will show that
Con C 1s complete, too.

Recall the assignment D +— D* adding a new terminal object to a category
- see Note 1.

Lemma 1.2.2 Let D be a small category and D : D* — CAT a diagram
with D(1) = C and let D(tq) = Uy be faithful for every d € ObD. Let A and
{Lq : A — Dd|d € ObD*} be the limit and the limit cone, respectively, of D.
Then Ly is faithful.

Proof: Let o, : X — Y be a pair of A-morphisms with Li(«) = Li(5).
Let d be an object in D. Since Ly = Uy o Ly and Uy is faithful, we have
Li(a) = Lq(B). Consider the category 2 and define a functor M, : 2 — Dd
such that M;(t) = Lq(c). The collection of all functors M; for j € ObD now
forms the D-compatible cone. Certainly, both assignments R, : ¢ — a and
Rg : v +— [ define the functors 2 — A satistying L; o R_ = M,. However,
the factorization over the limit cone is unique, hence a = 5. 0

Corollary 1.2.3 The limits in ConC exist.

Proof: Due to the Metacategorical remark 1.2.1 we have the limits in
CAT/C in the form as described in Remark A.2.2. Since Con C contains
those pairs (A, U) € Ob(CAT/C) where the structure arrow is faithful, by
Lemma 1.2.2, the terminal-object component of the limit cone is faithful as
well, i.e., the limit in CAT/C of the diagram in Con C is in Con C. O

Remark 1.2.4 In particular, there exist products in ConC. Given two con-
crete categories A, B, their concrete product will be denoted by A x¢ B, and
can be obtained as a fibre-wise product, i.e., Fib (Ax:B)(A) = Fib (A)(A) x
Fib (B)(A). The products of an infinite number of concrete categories can be
described analogously. The terminal object, i.e., the product over the empty
index set, is the base category itself and the terminal morphisms are forgetful
functors.
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Metacategorical remark 1.2.5 [t is easy to see, that, moreover, the in-
tersection of a large collection of subcategories exists. Clearly, it contains all
objects and morphisms, which occur in all categories of collection.

Lemma 1.2.6 A limit of a (possibly large) diagram of Beck categories is
Beck.

Proof: Let (A, U) be the concrete limit of a diagram D : D — Con C with
Dd = (A4, Uy) being a Beck category for every object d and let Ly, d € D
be the limit cone. To show A is Beck, consider a category Q and a diagram
G : Q — A such that there is a limit A =lim UG in C and a limit cone A,
q € Q. Let G = ImG. Consider the category G, by adding obtained from
G by adding a new initial object - see Note 1. We define Z : G, — C by
Zig = Ujg and by Z(1q) = A\q which makes G, a concrete category. Let d € D.
Since (Ag, Uy) is Beck and UG = UyL4G, the forgetful functor U, creates
the limit Ay and the limit cone A? of the diagram LyG. Then there is a
concrete functor Lj : G, — (Ag, Ua), such that L), = Lgg and Lj(,) = AL
Now, given another object d' € D, we get the functor L), : G. — Dd' and
due to the uniqueness of creation of limits by each U_, for each D-morphism
f:d— d, the compatibility condition D fo L), = L}, is satisfied. Hence, L’
forms a D-compatible cone, therefore, there is a unique functor P : G, — A
with L_ o P = L. Thus, P(0) is the limit and Py, ¢ € Q is the limit cone
for G.

The proof of creation of absolute coequalizers follows the same line. [

1.2.1 Algebras for a Concrete Diagram

Definition 1.2.1 A limit, denoted by Alg D, of a (possibly large) diagram
D : D — Con C with every object mapped on an f-algebraic category, will be
called an l-algebraic category. If the category D has a weakly initial object,
we say Alg D is homogenous.

Remark 1.2.7 Let D : D — EndC be a diagram with D(x) = AlgF,, where
F, : C — C is a functor for every object x € D. The objects of category
Alg D may be seen as algebras for the diagram D, i.e., the collections of
C-morphisms {c, : F,A — Alx € D} satisfying, for each f : x — y in
D, the D-compatibility condition D(f)(A, o) = (A, o). The morphisms in
Alg D are the morphisms of algebras for each z, i.e., ¢ : (A, a) = (B, ) is
a morphism if ¢ o ap, = B, 0 F(¢) for every x € ObD.

The concrete product Alg F' x¢ Alg G for some endofunctors F,G on
C is an example of l-algebraic category. Its objects are C-objects with two
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structure arrows - for both F' and G. However, if C has coproducts, then
the category Alg F' x¢ Alg G is isomorphic to Alg (F' 4+ G). Generally, if
C is cocomplete and the diagram in the definition maps all morphisms on
"f-algebraic functors”, i.e., those concrete functors which are Alg -images of
natural transformations, then, due to Metacategorical remark 1.1.5, the ob-
tained category is an f-algebraic category. Therefore we will focus especially
on the diagrams which do not factorize over functor Alg .
Here we show the basic property of each l-algebraic category.

Lemma 1.2.8 FEvery l-algebraic category is Beck.

Proof: The statement is a direct consequence of Lemma 1.2.6 and Proposi-

tion 1.1.6. 0
In Part II, Example 5.2.1 we show a Beck category which is not an I-

algebraic category. Hence, the above implication cannot be reversed.

1.2.2 Algebras for a Diagram of Monads

If we substitute the monadicity for f-algebraicity in the concept above, we get
the category of algebras for a diagram of monads. In fact, a concrete diagram
D of monadic categories may be, due to Lemma 1.1.8, seen as D =—algo D’
for some diagram D’ : D — (Monad C)®?. Hence it makes sense to define
algebras for a diagram of monads directly by the diagram D — Monad C as
follows.

Definition 1.2.2 (Algebra for a diagram of monads) Let D : D — MonadC
be a diagram and D(x) = (M,,n", u*) for every object x € D. We define a
category D —alg of algebras for a diagram D of monads whose objects are
collections of C-morphisms {a, : M, A — Alx € D} where o, is in D(x)—alg
for every object x € D and for each f : x — y in D the D-compatibility
condition oy, 0 D(f)a = « is satisfied. The morphisms in D —alg are the
morphisms of algebras for each x, i.e., ¢ : (A, a) — (B, ) is a morphism if
¢ oa, =0 M(p) for every x.

To avoid the use of illegitimate notions, one may replace Monad C by its
suitable subcategory. The category of algebras for a diagram of monads
was introduced by Kelly in [20]. The reason was the investigation of an
algebraic colimit of monad digram D. This colimit is a monad K, such that
K —alg =¢ D—alg. Kelly’s result from this research will be very important
in Part II.
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1.2.3 Polymeric Categories

In the text bellow we will introduce an important class of l-algebraic cate-
gories. The way they are obtained will be later used analogously to define
varieties. Let F' be an endofunctor on a category C.

At first, we introduce the notion of polymer (see [29]).

Definition 1.2.3 Let (A, «) be an F-algebra. Given n € w, a n-polymer of
an algebra (A, @) is the morphism o™ : F*(A) — A in C defined recursively:

a9 =idy, ") = a0 FalM.

Remark 1.2.9 The assignment (A, o) — (A, a™) clearly defines a functor
P,: Alg ' — Alg F".

Now we have a sequence of functor functors F” together with functors be-
tween the categories of their algebras. This lead us to the definition:

Definition 1.2.4 Let n be an ordinal and G be an endofunctor on C. A
natural transformation ¢ : G — F™ is called n-ary polymeric G-term in
category of F-algebras. A pair (¢,v), of polymeric G-terms of arities m,n,
respectively, is called polymeric identity of arity-pair (m,n) with domain
G)(polymeric G-identity in short). If m = n, we say that (¢,), has an
arity of n. Moreover, for an F-algebra (A, «), we define

(A4,0) £ (6,0), E a™ogy=a™oyy,

and we say that the F-algebra (A, o) satisfies the polymeric G-identity (¢,v),.

For a class T of polymeric identities we define a polymeric variety of
F-algebras as the class of all algebras satisfying all (¢,v), € Z. The corre-
sponding full subcategory of Alg F' is denoted by Alg (F,Z). If T is a set
or singleton, we say that Alg (F,Z) is set-induced or single-induced, respec-
tively. A category concretely isomorphic to Alg (F,Z) for some F and Z will
be called polymeric.

Lemma 1.2.10 FEvery polymeric category is l-algebraic and homogenous.

Proof: It is easy to see that a single-induced polymeric variety Alg(F, (¢,v),),
where (¢, 1), is (m,n)-ary polymeric G-identity, is an equalizer of the pair
of concrete functors obtained by the following compositions:

Alg F™
>
Alg F Alg G
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A polymeric variety induced by a class of polymeric identities is an intersec-
tion of polymeric varieties induced by single polymeric identities, hence an
l-algebraic category. 0

The following lemma shows the presentation of monadic categories by
polymeric identities.

Lemma 1.2.11 FEvery monadic category is polymeric.

Proof: Given a monad M = (M,n, u), the Eilenberg-Moore category M —
alg is a polymeric variety of M-algebras induced by polymeric identities
(n,ida)p, (idps2, i), of domains Id, M?, respectively, and arity-pairs (1,0), (2,1),

respectively.
14— M
N
M

Thus we have a conclusion:

0 MQ—H>M1

.
M2,

1
)

Corollary 1.2.12 FEvery monadic category is l-algebraic.

1.3 Algebraic Categories

1.3.1 Algebras for a Type

Another kind of algebras on a general category was developed by F. E. Linton
(see [25]) and J. Rosicky in [33]. We start with the definition.

Definition 1.3.1 (Algebra for a type) Given a category C and a class 2 of
operation symbols, a type on C with the domain §2 is a mapping

t:Q = (ObC)2.

Given o € Q, t(o) = (to(0),t1(0)) is called an arity-pair for w. If Q is a set,
we say that the type is bounded.

An algebra for a type t (a t-algebra in short) is a pair (A, S) made up of a
C-object A and a mapping S : Q — MorSet such that S(o) : hom(ty(o), A) —
hom(t,(0), A) for each o € Q. A morphism of t-algebras f : (A, S) — (B, T)
is a morphism f : A — B such that, for every o € €1, the following diagram

commutes:

hom (fo(0), A) —— 2~ hom(t: (), A)

lhom(to(a),f) lhom(tl(o),f)
hom(ty(c), B) hom(t1(0), B),
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i.e., foS(o)(m)="T(o)(fom) for every m: to(c) — A. The metacategory
of t-algebras and their morphisms will be denoted by t—alg.

1.3.2 Equational Theories

Type algebras enable a variety-like treatment. Although the varieties will be
studied in the following chapter, now we will show how they are defined for
type algebras. Let t be a type on a category C with the domain {2 for the
rest of this section.

Definition 1.3.2 The terms of type t (or t-terms) and their arity-pairs will
be defined recursively:

1. o is the term of arity-pair t(o) for every o € €.

2. For every C-morphism f, there is a term f of arity-pair (cod(f), dom(f))
- such a term will be called morphism-constant.

3. Given terms q, p of arity-pairs (Z,Y) and (Y, X), respectively, by its
composition q - p we denote another term of arity-pair (Z, X).

4. Pairs of terms f -G and g o f are considered to be equal for every pair
of composable morphisms g, f.

5. Fvery term is formed by a finite sequence of the four steps above.

The class of all terms of type t will be denoted by T(t). By (X,Y)-ary t-
equation we mean a pair of t-terms of the arity-pair (X,Y).

Remark 1.3.1 Given a type t : Q@ — (ObC)?, T(t) can be defined as a free
partial algebra with binary operation - and a class of morphism-constants with
generators in the class ) with the operations defined whenever the types of
elements are compatible, i.e. composable in the sense of domain-codomain
pairs. Hence there is universal inclusion h : Q — T (t) satisfying the following
property. For every partial algebra A with these operations and with a "type”:
A — (ObC)? and for every type-preserving mapping m : Q — A, there exists
a unique algebra-homomorphism m : T (t) — A such that

mo hy = m.

Given an object A in C, we may get such a partial algebra on the class MorC
with the usual composition and morphism-constants of the form home(f, A).
Hence, for each algebra (A, S), the mapping S : Q — MorC induces a partial-
algebra homomorphism S : T (t) — MorC such that Soh = S. This property
will be used later on.
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We will define such a mapping more explicitly.

Definition 1.3.3 Let (A, S) be a t-algebra. An evaluation of term on (A, S)
is an extension of the mapping S on the class of all t-terms S : T (t) —
MorSet given by the following recursion:

o S(o) = S(o) for every o € Q.

o For every C-morphism f, S(f) = hom(f, A).

e For the composition q-p of terms q and p, we define S(q-p) = S(q)oS(p).

Remark 1.3.2 Note that, for each term p of arity-pair (X,Y), the evalua-
tion on an algebra (A, S) defines a mapping S(p) : hom(X, A) — hom(Y, A).

Now we can define a variety-like class of type-algebras ([33]).

Definition 1.3.4 Let (A, S) be a t-algebra and (p,q) be a t-equation. We
say that (A, S) satisfies the (p, q) if

S(p) = S(q)-

Then we write
(A,9) E (p, 9)-

For a class € of t-equations, the pair (t,E) is called an equational theory
over C and we define an algebraic metaclass of t-algebras as the class of all
algebras satisfying all equations (p,s) € €. The corresponding full submeta-
category of t—alg will be denoted by (t,€)—alg. A (meta)category will be
called algebraic, if it is isomorphic to (t,E)—alg for some equational theory
(t,€). Two theories are said to be algebraically equivalent if they induce the
same classes of algebras.

Note 2 We point out the incompatibility of terminology: the notion of alge-
braic category has a different meaning in [7].

Recall the usual inference rules for equational logic: reflexivity, symmetry,
transitivity and composition. Another inference rule of the composition of
morphism-constants is implicitly given by property 4. in the Definition 1.3.2.
Theory closed under these rules will be called closed. Then, for each equa-
tional theory, there exists its closure - the smallest of its closed superclasses
of equations. Clearly, every equational theory is algebraically equivalent to
its closure.
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Definition 1.3.5 Let (¢,€) and (t',E’) be closed equational theories with the
domains of types 2, ', and universal inclusions h, h',respectively. An inter-
pretation of (t,€) — (¢, &) is a mapping i : Q — Q' such that the induced
morphism T (i) = b oi : T(t) — T (') between the classes of terms yields a
mapping (T (2), T (i) : € = &

Since the composition of interpretations is obviously an interpretation, we get
a metacategory EqC of closed equational theories and their interpretations.
The following relationship is derived from the results in [33].

Lemma 1.3.3 The assignment (t,€) — (t,€)—alg can be extended to a
contravariant functor —alg® : EqC — Con C

Proof: Let i : (t,€) — (¥,&') be an interpretation of closed equational
theories. Then there is a concrete functor i—alg : (¢, &) —alg — (¢,£)—alg
given by the assignment (A, H) — (A, H o), which preserves the satisfaction
of equations. The rest is clear. 0

Definition 1.3.6 A concrete functor between algebraic categories will be
called algebraically concrete if it is isomorphic to i—alg® for some interpreta-
tion of equational theories. A diagram D : D — ConC is called algebraically
concrete if it factorizes over —alg®.

Canonical Theories

Linton in [25] and Rosicky in [33] studied algebraic categories of a certain
kind which play the role of the universal algebraic categories over a concrete
(meta)category. Although they will not be of our interest, to make the
overeview complete we state the definitions and main results.

Definition 1.3.7 Let (A, U) be a concrete category. By an algebraic meta-
closure of (A,U), we mean an algebraic metacategory (D, Z) = (ty, Ey)—alg
together with a concrete functor T : (A,U) — (D, Z), such that for every al-
gebraic metacategory (t', E")—alg and every functor S : (A, U) — (¥, E')—alg,
there is a unique interpretation e : (t',E") — (t,Ey) between the corresponding
closed equational theories such that S = e—algo T.

If (D, Z) is a category, we call it an algebraic closure of (A, U).

The following description of algebraic metaclosure is from [33].
Definition 1.3.8 Let (A, U) be a concrete category. Let
Qux,y) = Nat(hom(X, —)U, hom(Y, —)U)

be the class of operation symbols of arity-pair (X,Y). Then we have a canon-
ical type ty defined on Q = Jy ycone Qx,v)- Let E consist of equations
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1. (f,hom(f,—)U) for every morphism f in C

2. (o-p,00p) for every composable pair of natural transformations o, p €
Q.

Let &y be a closure of &. The theory (ty,Ey) is called U-canonical and the
resulting category (ty,Ey)—alg will be denoted by U —alg.

The following statement is proved in [33].

Theorem 1.3.4 (Rosicky’s theorem) Let (A, U) be a concrete category. Then
U —alg is the algebraic metaclosure of (A,U).

Linton proved in [25] the following property:

Theorem 1.3.5 (Linton’s theorem) Let (A, U) be a concrete category with
a pointwise codensity monad for U. Then the category U—alg is monadic.

For an overview of facts over codensity monads, see Appendix B, B.2.2. The
concrete categories with codensity monads will be studied in Chapter 5.

1.3.3 Functorial Theories
Object-Identical Functors

Definition 1.3.9 Let P, Q be categories built on the same class of objects.
A functor S : P — Q is called object-identical if (VX € ObC)S(X) = X.
Object-identical functors will be denoted by P = Q.

Remark 1.3.6 Let P, Q, R be categories with the same class of objects and

let there be functors S : P — Q, T : Q — R. If any two functors of S, T, TS
are object-identical, then so is the third.

Metacategorical remark 1.3.7 We will be interested in object-identical
functors with the wvalues in a metacategory. If the objects form a class,
it just means that we work with a not necessarily locally small category.
Given a category P, the metaclass of P-object-identical functors (object-
identical functors defined on P) and object-identical functors as morphisms
will be denoted by P || METACAT and referred to as hypercategory of
P-object-identical functors. Since there is an obvious “forgetful functor”
to the hypercategory METACAT of metacategories given by (Q,S) — Q,
we may consider P || METACAT to be a submetacategory of the ”co-
slice-metacategory” P\METACAT containing those pairs (Q,S) where S
is object-identical. Since METACAT is cocomplete w.r.t. small diagrams,
so is P\METACAT due to Metacategorical Remark A.2.2 and duality. It
15 straightforward to show that P || METACAT has colimits, too.
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Metacategorical remark 1.3.8 Moreover, even some large colimits, such
as those of Ord-directed chain, exist. Consider an ordinal chain of S;; :
(Qi,T;) = (Q,,T};) object-identical functors with each S;;, i < j, full. Then
there 1s a category Q with ObQ = ObP and, for objects X,Y,

homg(X,Y) = [ homg,(X,Y)/ ~
1€0rd

where ~ is the equivalence generated by p; ~ o; < (In € 0rd)S;,(p) =
Sin(0). The composition s given simply by [o] o [T] = [0 o 7]. Clearly, there
are functors S! : Q; — Q such that SJ’.SM = S! fori < j. LetT = SyTp.
Then (Q,T) is the colimit of the corresponding chain as we show bellow. Let
U:P =R be a functor together with a collection of object-identical functors
Vi (Q:,T;) = (R,U) such that V;S; j =V, fori < j. Then there is a unique
functor Z : Q = R assigning, to each [o], 0 € MorQ;, the morphism V;(o).
The correctness is easy to prove. Hence ZS! =V, for every i and (Q,T) is
the colimit.

Functorial Theories

In paper [25], F. E. Linton studied various categorical representations of
category U —alg. We will extend his approach to an arbitrary theory. We
start with the notion of clone of operations - see [25].

Remark 1.3.9 Let T : P — Q be a functor. All hom-functors will be
considered on category Q.

A clone of operations on T' is the category C1T with Ob(C1T) = ObP
with each morphism X — Y in C1T being a natural transformation

hom(X,—) oT — hom(Y,—) o T.
Then there is an obvious functor
expp : Q7 = CIT

given by expp(f) = hom(f, —)T.

Given an object A in Q, we use the notation ClA = ClCy, expy =
expg, (here Cy is the constant functor defined on P). There is a functor
Y4 :ClA — Set given by an assignment X — hom(X, A) on objects and
"identity” on morphisms since each morphism in Cl A is actually a mapping
hom(X, A) — hom(Y, A). Then the functor ¥4 clearly satisfies

Ypoexpy, = hom(—,A). (1.3)



CHAPTER 1. ALGEBRAS OVER A GENERAL CATEGORY 22

Now let C be a fixed category.

Definition 1.3.10 Let Q be a metacategory with ObQ = ObC. A pair
(Q,T) with
T:C?=Q

is called functorial theory over the base category C with the type-carrier Q.
The hypercategory
ThC =C? || METACAT

will be called hypercategory of functorial theories over C.

From now on, Th C and the codomains of its objects will be referred to as
categories if we do not need to emphasize their actual size.

According to the Remark 1.3.9, for each object A in C, there is a functorial
theory (C1 A, exp 4 ), which we will call A-constant theory. Now we can define
the notion of algebra.

Definition 1.3.11 (Algebra for a functorial theory)

Let (Q,T) be a functorial theory over C. A pair (A, G) consisting of a C-object
A and a morphism G : (Q,T) — (Cl A,exp,) of functorial theories is called
a (Q,T)-algebra. Given (Q,T)-algebras (A, G), (B, H), a morphism f : A —
B is called (Q,T)-algebra morphism if there is a natural transformation f* :
YAG — YgH such that

f*T = home(—, f).
The metacategory of (Q,T)-algebras and their morphisms will be denoted

Remark 1.3.10 Coalgebras for functorial theories are defined as algebras
for functorial theories over a dual category. Hence we need co-theories of the
form C = Q to define coalgebras.

The following property is a generalization of Linton’s observation.

Proposition 1.3.11 Given a functorial theory T : C? = Q, then (Q,T)—
alg is a pullback of the diagram
(Q,T)—alg - - -~ - ~hom(Q, Set)
|
| Z lhom(T,Set)

Y Y
cer hom(C, Set)

where Y s the Yoneda embedding.
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Proof: Let Z be the forgetful functor and J be given by the assignment
(A, G) — X 4G on algebras and by f +— f* on morphisms. Then we have for
every algebra

hom(T, Set) o J(A,G) = hom(T,Set)(X4G) = L4GT
= Yaexpy =hom(— A)=Y(A)=YZ(A,G)
and
hom(T, Set) o J(f) = hom(T,Set)(f*) = f*T
= hom(—, f) =Y(f) =Y Z(f)
on morphisms.

Now, suppose there is a metacategory D with functors Z’ : D — C and
J": D — hom(Q, Set) with YZ' = hom(T, Set).J'. For each object D € D,
there is an object Ap = Z'(D) and a functor Hp = J'(D) : Q — Set
such that HpT = hom(—, Ap), hence for each object X € ObC, we have
HpT(X) = hom(X, Ap). Therefore, each morphism ¢ : X — Y in Q is
mapped on Hp(o) : hom(X, Ap) — hom(Y, Ap), thus it is an 3 4, -image of
o'+ X =Y in Cl Ap. Therefore we have a functor Hj, : Q@ — Cl1 Ap such
that ¥4, 0 Hp, = Hp. By analogy, we get the property for morphisms which
implies that the assignment (¢ : D — D') — Z'q : (Ap,Hp) — (A, Hp)
defines a unique functor M : D — (Q,T)—alg. Clearly, it satisfies JM = .J’
and ZM = Z'. Hence (Q,T)—alg is the pullback of (Y, hom(7,Set)). O

Remark 1.3.12 There is an obvious contravariant functor —alg’ : ThC —
Con C given by

(S:(9,T)— (Q,T")) — (S—alg : (Q,T")—alg — (Q,T)—alg)
with S—alg(A,G) = (A, GS).
Lemma 1.3.13 The contravariant functor —alg’ turns colimits of theories
into concrete limits of categories.
Proof: Let {F; : (Q;,T;) = (Q;,Ty)|f : i« — j € D} be a diagram of
functorial theories. Let (Q,T') be its colimit with the colimit cocone S; :

Q;, = Q and let Z; : (Q,;,T;)—alg — C be the forgetful functor for each i.
According to Proposition 1.3.11, (Q, T)—algf is a pullback of

hom(7T,Set)

c—Y- hom(C, Set) hom(Q, Set).

Since homcar(—, Set) = homgarer(Set, —), which preserves limits defined
in CAT", the functor hom(—, Set) turns colimits into limits. Hence the
diagram in question can be mapped contravariantly by hom(—, Set) with
the limit pair (hom(Q, Set), hom(T, Set)). Since the limits commute with
limits, the pair ((Q,T)—alg, Z) in the pullback considered is the limit of
pairs ((Q;,T;)—alg, Z;). O
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1.3.4 Equational vs. Functorial Theories

We will show that both functorial and equational concepts are equivalent.
We still work with the fixed category C. Throughout this section, we identify
categories with the classes of their morphisms, i.e. in some cases, we consider
their object-free presentation. Hence, e.g., instead of a functor T': Q — Set
we may write a morphism-mapping T : MorQ — MorSet and vice versa.

Lemma 1.3.14 For every closed equational theory (t,E), there exists a func-
torial theory (Q,T) such that (t,€)—alg = (Q,T)—alg.

Note 3 As in the Remark 1.5.9, all hom-functors will be considered on the
base category C unless explicitly denoted by a subscript such as homg.

Proof: Let (¢,£) be a closed equational theory with the type-domain (.
Consider T (t) as a category with object-identical functor V' : C®? = T (t)
embedding the morphism-constants. The required functorial theory will be
obtained by prolonging the functor V. We will define a category Q = Q)
on the class of objects ObC. For a pair of C-objects X, Y, let Qx vy, &x,v),
T (t)1x,y] be the classes of operation symbols, t-equations and ¢-terms of arity-
pair (X,Y), respectively. Since £ is clearly a type-preserving congruence
on the partial algebra T (t), we may apply a factorization process obtain-
ing the natural surjection N : T (t) — T (t)/€ and still having a mapping
t : T(t)/E = (ObC)%. Let MorQ = T(¢)/€ and t' = (dom, cod). Then
homg(X,Y) = T(t);x,v)/&x,y)- The composition is clearly induced by the
factorization and identities are given by the morphism-constants idy. Let
T = NoV,then T(f) = N(f) for every morphism f in C°.

We will show (¢,€) —alg =¢ (Q,7)—alg. Let (A,G) be a t-algebra
satisfying £. Then the term evaluation G : T(t) — MorSet considered as a
functor T (t) = Set factorizes over N and assigns, to each term 7 of arity-
pair (X,Y’), a mapping G(7) : hom(X, A) — hom(Y, A) which can be seen as
a morphism X — Y in Cl A. Hence, we have a functor G : @ = CI A such
that ¥4 0 G o N = G. Therefore, G : (Q,T) — (Cl A, exp,) is a morphism
in ThC,ie K(A G)=(AG)isa (Q,T)-algebra.

cor —L— T (1) h

Q
G
T N €Xpa G
G T4

Q=———=0ClA Set

Let ¢ : (A,G) — (B, H) be a morphism in (¢,€)—alg. Then ¢ : A — B
is a morphism in C and, for every o € Q of arity-pair (X,Y’), we have
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hom(Y, ¢) o G(0) = H(c) ohom(X, ¢). Since Q is generated by the elements
of €2 by compositions and morphism-constants, the diagram

G(7)

hom(X, A) hom(Y, A)
lhom(X,(;ﬁ) lhom(yﬁ)
hom(X, B) 2o hom(Y, B),

commutes for every (X, Y)-ary t-term 7. Note that, for f: X — Y in C, the
morphism-constant f = T'(f) is mapped by G onto the natural transforma-
tions hom(f, A) = exp4(f) and by H analogously.

Let ¢* = hom(—, ¢). Since (A, G), (A, H) = &, we have the induced func-
tors G : @ — Cl A, H : Q — CI B satisfying hom(W, A) = ¥,G(W) and

hom(W, B) = Y3 H (W) for every object W in C, and get the commutative
diagram

$AG(X) —20 L 5,G(y)
l@( laﬁ?
SpH(X) —2 S H(Y)

hence we have a natural transformation ¢* : ¥4G — YgH with ¢*T =
hom(—, ¢). Therefore, ¢ : (A, G) — (B, H) is a morphism of (Q, T')-algebras.
We have defined a concrete functor K : (t,€)—alg — (Q,T)—alg and we
will find its inverse.

Let (A,G) be a (Q,T)-algebra. Define G = ¥4GNh, the resulting al-
gebra K'(A,G) = (A,G') clearly satisfies € since G = ¥4GN due to the
universality of h. If there is a (Q, T')-algebra morphism ¢ : (A, G) — (A, H),
we have a natural transformation ¢* : X 4G — XpH with ¢*T = hom(—, ¢).
Then, for every o € €2, we have

hom(Y, ¢) o G'(0) = hom(Y,¢) o XAsGNI(o)
— SHNA(0) o hom(X, ) = H'() o hom(X, &)

hence the diagram

hom(X, A) @) hom(Y, A)
lhom(X,qﬁ) lhom(Y@)
hom(X, B) — 9 hom(Y, B),

commutes and ¢ is the morphism of t-algebras (A, G') — (B, H'). Therefore
K':(Q,T)—alg — (t,£)—alg
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We will show that the assignments K and K’ are mutually inverse. Since,
for a t-algebra (A, G), we have (G) = Y 4GNh = Gh = G, we get (G) =G,
thus K'K = Id(;¢)alg. Conversely, for every (Q, T)-algebra (B, H), we have
the functor H' : Q@ — Cl B satisfying XgH'Nh = H' = X3 HNh. Hence,
by the universality of h, SgH'N = L5HN and since N and Xp are clearly
epi, mono, respectively, we get H = H, thus KK’ = Id(g,7)-a1g- Therefore

(t,€)—alg and (Q,T)—alg are concretely isomorphic. O

Remark 1.3.15 Given a concrete category (A, U), its canonical theory (ty, Ev)
is converted into the functorial theory (C1U, expy).

Lemma 1.3.16 There is a functor L : EQC — ThC such that
—alg’ o L =—alg®.

Proof: All we need is to extend the assignment (£,&) — (Q.¢), T(,e)) on
morphisms. Let i : (t,€) — (', £’) be an interpretation between two closed
equational theories with domains €2, €' and canonical functors h;, Np and
hy, Ngi, respectively. Then the mapping Ng o hy o4 factorizes over Ng o hy
and there exists a unique L(i) : Q; g — Qp g such that

L(i) o Ngohy = Ngr o hy o1.

We will show that the assignment L carries i—alg® onto L(i) —alg’. Let
i:(t,€) — (t',&") be an interpretation of closed equational theories. Then,
given (A4, G) in (¢, &")—alg, we have

EAOQOL(i)ONtht = ZAOQONE/oht/oi
= Goi
= Yj0GoioNgoh
hence by universality of h;, X4 being mono and N; being epi we get Go L(i) =
G o i, thus the diagram

—alg

(A4.6) (A.Goi)
lK(t’S) K(t’,gl)

(A, G)— 28 (4 Go L(i)
commutes, and the property is satisfied. 0

Remark 1.3.17 By an enlargement of an equational theory (t,E) we mean
an interpretation idaom) : (t,€) — (t,€') for some & 2 E. The enlargement
1s converted by the functor L to a surjective morphism of functorial theories
L(i) : Quey = Query given by factorizing of the classes of morphisms.
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Lemma 1.3.18 For every functorial theory (Q,T), there exists an equa-
tional theory (t,&) such that (t,€)—alg = (Q,T)—alg.

Proof: Let (Q,T) be a functorial theory over C. Let @ = MorQ, to : Q2 —
(ObC)? be a mapping given by the assignment tg(c) = (dom(c), cod(c)) and
let & consist of the following equations

1. (T'm,m) for every morphism m in C? (here 7 is the morphism-constant
for tQ)

2. (p-o,poo) for every pair of composable Q-morphisms o, p

Let &r be the closure of &, then (tg,&r) will be the required equational
theory. It easy to show that (Q,7)—alg =¢ (tg,&r)—alg. In fact, (Q,T)-
algebras (A, H) are in a natural one-to-one correspondence with (tg, Er)-
algebras (A, G) by

cor —L—~ T (t) 0
<. k
QI —clAa—22 - Set

as well as in the Lemma 1.3.14, but here the composition N o h is even the
isomorphism on object-free categories. The rest is straightforward. 0

Lemma 1.3.19 There is a functor P : ThC — EqC such that
—alg®o P =-alg’.

Now we see that the equational and functorial approaches are equivalent.
Hence we can state the following.

Corollary 1.3.20 A concrete category is algebraic iff it is concretely isomor-
phic to (Q,T)—alg for some functorial theory (Q,T). A concrete functor be-
tween algebraic categories is algebraically concrete iff it isomorphic to S—alg
for some morphism S of functorial theories. A diagram D : D — ConC is
algebraically concrete iff it factorizes over —alg’ .

Remark 1.3.21 One can prove an even stronger relationship. The functors
L, P are mutually adjoint L 4 P so that:

e Th C is a reflective subcategory in EqC,

e Th C is monadic over EqC.
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1.3.5 Algebraic vs. L-algebraic Categories

First we state the relation to Beck categories - see [33].
Proposition 1.3.22 Fvery algebraic category is Beck.
Our aim is now to compare algebraic and l-algebraic categories.

Lemma 1.3.23 Let C be a category with copowers. Then every algebraic
category over C is l-algebraic.

Proof: At first we prove that each metacategory t—alg is the limit of a
(possibly large) limit of f-algebraic categories. Let t : Q — (ObC)? be
a type. Given a t-algebra (A, @), we have, for every ¢ € (), a mapping
Q(o) : hom(ty(c), A) — hom(t;(c), A). Since C has copowers, the functor
hom(t; (o), —) has the left adjoint — e t1(c) (see Remark B.1.7). Now we
use the functors Gy x defined in Remark B.2.8 for obejcts X,Y in C. Hence
the algebra is Bl\li/quely determined by the object A and by the collection

of morphisms Q(0) : G, (0)4(0)(A) — A in C. We get structure arrows of
algebras in Alg Gy, (5)10(s)- Hence,

t—alg = [] Alg G,

o€

where Gy = Gy, (0)4(0) for every o € €. Note that if (2 is a class we get
a metacategory. We will show that the t-terms are in the following one-to-
one correspondence with some concrete functors defined on ] ., Alg G,.
For each t-term of arity-pair (X,Y’), the corresponding functor will have the
values in Alg Gy x. Let A=1]] ., AlgG,.

For o € Q, let P, : A — Alg GG, be the projection functor.

Given a morphism f :Y — X, then P;: A — Alg Gy,x is defined by

(A, H) — (A, hom(f, A)) where hom(f, A) : Gy x(A) =hom(X,A)eY — A
is derived from hom(f, A) by the adjunction — e Y 4 hom(Y, —).

Now consider a composition ¢ - p of terms ¢ and p of arity-pairs (X,Y),
(Y, Z), respectively and suppose both P, : A — Alg Gy x and P, : A —
Alg Gzy are defined. Then there is an obvious functor (P, F,) : A —
Alg Gy x xc Alg Gzy. The unit n* : Idsey — hom(Y,—) o (— @ Y) of
the adjunction — e Y 4 hom(Y, —) yields the transformation h : Gz x —
GzyGyx, h = (— e Z)n"hom(X, —). Then we have a functor Szyx :
Alg Gy x x¢c Alg Gzy — Alg Gz x defined on an object (A, a, ) by a
Gz x-algebra (A, f o Gzya o hy). We define P, = Szy x o (P, P,).



CHAPTER 1. ALGEBRAS OVER A GENERAL CATEGORY 29

The assignment s — P together with algebra reformulation (A, H) ~»
(A, H) yields, for each term s in T (t), the structure arrow of Ps(A, H) being

P

A(r,5) = H(s).

The proof leads through an induction. If s is in {2 or is a morphism-constant,
then it holds by definition of H and P,. If s = ¢ - p and q are p terms from
the previous paragraph satisfying this property, then

Q(Hqp) = Q(Hg) o Gzy(my) OhA— ( )OGZYH( Yo hya
— H(q)o(— e Z)(hom(Y, H(p) ) o 7" hom(X, A))

= H(q)o(~»2Z)(H(p) = H(g)o H(p) = H(qp)

where the last but one equality follows from adjunction as in B.1.4. Hence
the property holds for ¢ - p, too. Then the t-algebra (A, H) satisfies an
identity (p, g) iff its counterpart (4, H) in A satisfies P,(A4, H) = P,(A, H).
Hence (A, H ) lies in the equalizer of P, and F,. Therefore, each category
(t,7)—alg is the intersection of some collection of equalizers on the category
[I,cq Alg G, ie., (t,7)—alg is an l-algebraic category. O

We may state also a converse relation. In fact, J. Reiterman proved, but
did not publish, the following result:

Theorem 1.3.24 (Reiterman’s theorem)
FEvery f-algebraic category is algebraic.

Proof: The paper of Kurz and Rosicky [22] presents the dual version of this
theorem with the base category Set. By modification of its proof we get the
following;:

Given a functor F': C — C, let € contain symbols ox of arity-pair (X, FX)
for every object X in C and let Z be the closure of a class of equations

(F—f'UX>UY'7)

labeled by all morphisms f : ¥ — X in C. Now we have an assignment
R:Alg F — (t,7)—alg given by (A,«a) — (A, R,) for an F-algebra (A, a).
Here R, denotes the following assignment: given an object X and morphism
h:X — A we set

R,(ox)(h) = ao Fh.

If g: (A a) = (B, ) is a morphism of algebras, then, also, g is a morphism
(A, R,) — (B, Rg). In fact, fo Fg = goa and, for every object X in C, the
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diagram
hom(X, A) falox) hom(F X, A)
lhom(X,g) lhom(FX,g)
hom(X, B) — ") hom(FX, B),

commutes since, for every h : X — A, we have

(Rs(ox) o hom(X, g))(h) = Rs(ox)(goh)=poF(goh)
= PoFgoFh=goaoFh
= go Ra(ox)(h) = (hom(FX, g) o Ra(0x))(h).

We will prove that every (A, R,) satisfies all equations in Z. Let f : Y —
X be a C-morphism, then, for every h: X — A, we get

Ro(Ff-ox)(h) = (Ra(F[)o Ra(ox))(h) = Ra(F[)(cxo Fh)
= aoFhoFf=aoF(hof)

= Ra(oy)(ho f) = Ra(oy)(hom(f, A)(h))

&(UY f)(h)a

hence (A, Ry) = (Ff-0x,0y-f), therefore (A, R,) |= T since Z is the closure
of the class of all such equations.

Now, we need to define a functor S : (¢,Z)—alg — Alg F' which will play
the role of R7!. Let

S(A’ H) = (A’ H(UA)(idA))'

Let g : (A, H) — (B, &) be a morphism of t-algebras. Then g is a morphism
of F-algebras since (B,G) = (Fg-o0p,04-7) and

9o Hoa)lids) = (hom(FA.g) o H(o.)(idn) = (Glo
= Gloa)(hom(A, g)(ids
= Gloa)(hom(g. A)G
= G(Fy-on)(ids) -
= (hom(Fg. B) © G(0))(id5) = G(os) ids) o Fy.

Hence S is a functor. To conclude the proof, we need to show that it is
inverse to R. Let (A, a) be an F-algebra, then

SR(A,) = S(A Ra) = (A, Ro(04)(ida))
= (A aoFida) = (A, a).
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For an algebra (A, H) in (t,Z)—alg let & = H(04)(ida). Then RS(A, H)
(A, a) = (A, R,) and R,(ox) = H(ox) for every X € ObC, since (A, H)
(Fh-o4,0x - h) and, for each morphism h : X — A, we have

Tl

R.(ox)(h) = aoFh=H(oa)(ida)o Fh o

hom(Fh, 4)(H(o4)(idx)) = (H(FB) o H(w2))(id4))
H(Fh-o4)(ida) = H(ox - h)(id4)

= H(ox)(hom(h, A)(ida)) = H(ox)(h).

Therefore, RS = Id(; 7)-alg and SR = Idalg r and R is an isomorphism.  [J

Definition 1.3.12 Given a functor F' : C — C, then the equational theory
(tr,Zr) = (t,Z) and the functor Rp = R : Alg F' — (t,Z)—alg given by
(A, ) — (A, R,) and used in the proof above will be called Reiterman theory
and Reiterman isomorphism, respectively.

This isomorphism enables even more. We may use it to classify some I-
algebraic categories. Namely, the polymeric categories will be proved to be
algebraic by the enlargement of the corresponding Reiterman theory. More-
over, if we modify the Reiterman theory for a set of C-endofunctors, we
may redefine the Reiterman isomorphism even for some non-homogenous -
algebraic categories such as products of f-algebraic categories. Generally, this
concept will be called Reiterman conversion.

We will show the proof for polymeric categories explicitly. Let F' be an
endofunctor on C for the rest of this section. We will need the following
notion:

Definition 1.3.13 Given an object X in C and k € Ny, then we define k-

polymeric tp-term 7')(?;) by recursion: 7-)(?) =idy and 7—)((”“) — Opnyx .7_)((71) for

n € Ng.
Remark 1.3.25 Observe that the terms 7')(?) have arity pairs of (X, F*X).
Lemma 1.3.26 Let X be a C-object and k € N, then

Ry(rP)(h) = a® o F¥h

for every F-algebra (A, «) and morphism h : X — A. Here R, is the struc-
ture arrow of Rp(A, «).

Proof: Let (A,«) be an F-algebra and h : X — A be a morphism. By
induction we have:
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Initial step: &(T)(?))(h) = R,(idx)(h) = hoidx =idg o h = a(® o FOh.
Inductive step: Let n € Ny and &(T)(?) (h) = a™ o F"h be satisfied. Then

Ro(r¢™)(h) = Ra(opax - 7¢7)(R)
= (Ra(0pnx) - Ra(m{")(h)

Ro(opnx)(Ra(m{”)(R))
R

oo F(Oz(") o F"h)
ao Fa™ o Frtip
— a(nJrl) o F"Jrlh.

O

Lemma 1.3.27 Given a functor G : C — C, k € Ny and ¢ : G — F* be a
natural transformation. Then

Ro(6x -7¢)(h) = o™ ogyoGh (1.4)
for every F-algebra (A, ) and every morphism h : X — A.

Proof: Let (A, «) be an F-algebra and h : X — A be a morphism. If k = 0,
then ¢ : G — Id and we have

Ra(9x -7} (h) = Ra(@x)(h) = ho ¢x = ¢4 0 Gh=al¥ 0 6, 0 Gh.
Now suppose k£ > 0. Then we have

Ro(6x - 7¢)(h) = hom(ex, A)(Ra(ry))(h)) = Ra(my))(h)) 0 dx

— Q(k)oFkhO(bX:O[(k)O(bAOGh
[

Lemma 1.3.28 Given a functor G : C — C and an (m,n)-ary polymeric
G-identity (¢,1), in the category of F-algebras, then, for every F-algebra
(A, ),

(A,0) £ (6,4), & (VX € ObC) (A, Ra) [ (dx - 7" 0x - 7)),
Proof: Let (A, «) be an F-algebra.
= Let (A, ) E (¢,1),, then a(™ o ¢4 = a™ o), and we have

1.4)

Ra(@x - 78 (h) "2 0™ 0 640 Gh = a™ 01y 0 Gh
for every h: X — A. Hence due to symmetry of calculation we get
Ra(6x - 73")(h) = Ra(Wx - 7{")(h).
Hence (A, R,) E (¢x - T)((m), Ux - T)(?)) and the right-hand side holds.
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< Now suppose (A, R,) = (éx - T)((m),@/)—x . 7')((”)) for every object X in C.
Then the satisfaction of (¢4 - Tﬁlm),@ : 7;(1”)) yields R, (@-T&m))(id 4) =
Ry(Ya - Tj(f))(idA). And since R,(¢a - TI(L‘m))(idA) =a™op,o0Gidy =
a™ o ¢, we get

a'™ o gy =a oy,

hence (4, @) = (¢,v),.

Corollary 1.3.29 FEvery polymeric category is algebraic.

Proof: Consider a class P = {p;|i € I} of polymeric identities in the category
of F-algebras. Due to Reiterman’s theorem and Lemma 1.3.28 we have, for
cach p; € P, aclass P; of t p-identities p; x such that a subcategory A of AlgF
satisfies p iff the Rp-image of the category A satisfies every px. Hence a class
P is, in this sense, algebraically equivalent to the class P = J;c; Pi of tp-
identities. This implies that the Reiterman isomorphism can be restricted
as

Alg (F7 P) %JC (tFa j)_alga

where J is the closure of Zp U P. O

By functorial Reiterman conversion we mean an application of the Reiter-
man isomorphism composed with the conversion into the functorially induced
algebraic categories, i.e., the assignment F' +— L(tp,Zp).

The functorial Reiterman conversion has the following couniversal prop-
erty. Let F°P : C? — C° be the dual functor for F. Consider a discrete
category D on ObC with identities being the only morphisms. Then there is
an embedding U : D — C° and we still have the morphism-constant embed-
ding Vi : C? — T (tr). Now the collection {ox|X € ObC} defines a natural
transformation o : VU — V FPU.

Lemma 1.3.30 Under the above assumptions, the factorization of T (tr)
over the Reiterman theory Ip yields a category Qp and a functor Ng such
that

1. Npo : NpV — NgV F° s a natural transformation

2. For every N' : T (tp) = Q with N'o being a natural transformation
N'V — N'V F°P there exists a unique R : Q@ = Q' such that N' = RNp.

Proof: In fact, the collection of equations (F f-ox, 0y - f), for C-morphisms

f Y — X, yields exactly that o is natural transformation in the corre-

sponding factor-category. The factorization property is obvious. ([l
We will show that it can be extended on natural transformations.
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Lemma 1.3.31 Let ¢ : ' — G be a natural transformation between C-
endofunctors. Then Alg¢ : AlgF — AlgG s algebraically concrete functor.

Proof: Consider closed Reiterman equational theories (tp,Zr), (ta,Zq)
with type domains Qr = {c%|X € ObC}, Q¢ = {6¥|X € ObC}, Reiter-
man isomorphisms Rp, Rg, the conversion L form Lemma 1.3.19 and iso-
morphisms Kp, Kg from Lemma 1.3.14 for F' and G, respectively. Then
L(tp,Zr) = (Qr,TF), L(tg,Zc) = (Q¢, T;) and we have a diagram

Alg G ——% > (tg, I¢) —alg —— (Qg, Ti;) —alg

lAngs |

R K
Alg F Lo (tp,Ip)—alg —— (Qp, Tp)—alg

with the induced functor M = K FR;;AIg(bRélK G . We will find a morphism
Qs (Qr,Tr) — (Qa,T¢) such that M = Qy—alg. Let Vi, Vi be the
morphism-constant embeddings.

Let ¢ : G? — FP be the natural transformation gained by dualization
of ¢ and consider the type-preserving mapping P, : Qp — T (t¢) given by
Py(o%) = ¢ - 0§. Each morphism-constant ¢% in 7 (tg) can be seen as
a component of V¢, The induced functor P, : T (tp) — T (tg) preserves
morphism-constants, hence PyVr = Vi and using the natural transformation

of 1 VpU — Vi FPU we get a natural transformation
&O’F =Vgo® oo : VU = PyVrU — PV FPU = Vo FPU.
Now we shift it by Ng to Qg and get
NG&UF = NeVgd™ o Ngo© : NgVeU — NV FoPU.

But NgVgé® o Ngo© is a natural transformation NV — Ng Ve FOP since it
is a composition of Ngo® : NoVe — NgVeGP and NgVao® : NoVaGoP —
NeVeFP. Hence the functor N’ = NgPy : T(tr) = Q¢ yields a natural
transformation N0 : N'Vp — N'VpF. Thus, by Lemma 1.3.30 there
exists a unique Q, : Qp = Qg such that Q,Np = N’ = Ng o P,. Therefore,
we have a morphism of theories Q4 : (Qp, Tr) — (Qa, Ta).

It remains to show that Qs—alg = M. For every (Qg, T¢;)-algebra (A, H)
we have

M(AH) = KprRpAlg¢R,'K ' (A H)
KrRrpAlg ¢R;' (A, H') H' = Y HNghg
KpRpAlg ¢(A, H'(0§)(ida))
KrpRp(A H'(05)(ida) 0 ¢4)
= Kp(A, Rp,) a = H'(0f)(ida) 0 ¢4
= (A>@)
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We will show that Rp.(0F) = H'(¢x - 0$) for every object X in C. Consider

a morphism f: X — A in C. Then

Rra(ok)(f) = OéOFfZH'(Ug)(idA)O%OFf
= H'(o )(idA)onoqﬁX

= hom(¢x, A)(hom(Gf, A)(H!(0F)(id4)))
= hom(¢x, )(E(Gf o5)(ida)))

= hom(¢x, A)(H (0§ - f)(ida)))

= hom(cbX, )(_’(Ux)(ldAOf))

= H'(¢x - o%)(f).

(Note that we do not distinguish the symbols o from hr(c%) here.) There-
fore Rp, = H'oPy = EAHN(;&hF =YHQ4yNphp. Hence (Rp,) = HoQy

and we have (A, (Rpao)) = (A, Ho Qy) = Q,—alg(A, H) O

Corollary 1.3.32 There is a functor Th : EndC — Th C such that

—alg’ o Th = Alg .



Chapter 2

Algebras over a Cocomplete
Category

Let C be a cocomplete category throughout this chapter and F': C — C be a
functor. Our aim is to define a category of certain F'-algebras which replaces
a variety of algebras in a classical sense.

2.1 Chain Constructions

In order to define a variety, we need to recall the concept of free-algebra
chain construction (introduced in [5], generalized in [9]). Its connection to
free algebras will be studied in the second part. We will show the definition
in the functorial form.

Definition 2.1.1 We will use transfinite induction to define term functors
F, :C = C, forn € Ord and natural transformations wy,,, : F,, — F,, for
m < n:

Initial step: Fy = Ide, wpp = id

Isolated step: Let F,, 41 = FF, + Ide, the transformations wop41 =
tny1 and q, @ FF, — F,.1 are the canonical injections of Ide and
FF,, respectively, into the coproduct and W41 n+1 = [FWm p, 1d1a,] for

36
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m < n is defined by

Fwm.n

FF, : FE,

o Jo

Fppy —"% FF, + 1de = Fpy
Lm+lT /
Id¢

If m is a limit ordinal, then we define Wy, i1 as the unique factoriza-
tion of {wg.m+1lk < m} over the colimit cocone {wy |k < m}.

Limit step: F,, = colim F},, and w,,, s the corresponding component
- m<n

of the colimit cocone.
The construction gives rise to the transformation y, : F' — F,, defined by
Yn = W1,n © 4o
for every ordinal n > 0.

To distinguish the transformations for different functors we put the name of

the functor in the superscript: wfk, . ¢, o, yl.

For every m < n, the construction yields the property:
Wmmn ©Gm = (Gn© me,n- (21>

Note 4 Despite the name "n-ary term functor” refers to the arity of a term,

its universal-algebraic counterpart for a given type is a "set of terms of depth
ofn”.

Remark 2.1.1 If we substitute Ido for Cy in initial step of construction, we
get an equivalent concept.

As a consequence of the definition we get the following properties (see [9]).

Remark 2.1.2 Given an F-algebra (A, «), for every n € Ord, there is a
morphism (a term-evaluation on (A, «))

€n,(Aq) - FnA — A
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defined recursively by: € (a,0) = ida, €ng1,(4,0) = [a o Fe, a0 id 4],
Fen «
FF,A—22% . pg
Qn,Al l/a
€n+1,(A,Q)
Fn+1A +1,(A A
ln+41 AT
idg
A
and by €, (4,0) = colirln €m,(A,a) for a limit ordinal . Then, for everyn, m < n,
m<
we have:
€nt1,(A,0) ©Gn,A = QO Fen,(A,oz) (22)
€n,(A,a) © ln,A = 1dA (23)
€m,(A,0) = €n(Aa) C WnnA (24)
€n,(A,a) ©Yn,A — Q, (25)

where the last property requires n > 0. We write the name of the functor in
the superscript € (a,a) = %F,(A,a) if necessary.

2.2 Varieties

There are several ways how to define a class of algebras called ”variety”.
Its classical meaning is ”an equationally presentable class of algebras”. An
“equation” in universal algebra, also called ”identity”, is a pair of terms of
corresponding language. An algebra satisfies this identity iff these terms
have the same evaluation on this algebra for each evaluation of variables.
This is how one can define a variety of algebras for a signature but we are
not concerned with this case and we refer to it just in the Examples section.
Instead, we focus on algebras for a functor and describe the varieties for such
a case. We show two ways how to define them and prove that these concepts
are equivalent.

2.2.1 Equational Classes

We recall here the notion of equational category of F-algebras introduced in
[9].
Definition 2.2.1 Let X be an object of C, n € Ord . An equation arrow of

arity n over X is defined as a reqular epimorphism e : F,X — E. The object
X is called a variable-object of e.
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We say that an F-algebra (A, o) satisfies an equation arrowe : F, X — E
if for every f : X — A there is a morphism h : E — A such that

€n,(A,a) © F.f=hoe.

For a class £ of equation arrows, we define an equational class of F-
algebras induced by & as the class of all algebras satisfying all equations
e € £ Viewed as a full subcategory of Alg F, it is called an equational
category and denoted by Alg (F,E). Fquational category presentable in this
way by a single equation arrow is called single-based.

Two equation arrows are said to be algebraically equivalent iff they define
the same equational class. By analogy, we define algebraic equivalence for
the classes of equation arrows.

As shown in [9], this approach generalizes the classical universal algebra on
sets since every identity uniquely determines the regular epimorphism on
the set of all terms which is given by identifying the terms included in the
identity.

2.2.2 Naturally Induced Classes

Now we introduce a concept of algebras induced by natural transformations.
(see [28]).

Definition 2.2.2 Let n be an ordinal and G be a C-endofunctor. A natural
transformation ¢ : G — F}, is called a natural term, more precisely an n-ary
G-term. By G-identity we mean a pair of G-terms. Such pairs are called
natural identities.

Let ¢ and v be m-ary and n-ary G-terms, respectively. The functor G is
called a domain and (m,n) is an arity-pair of identity (¢,v). If m = n, we
say that (¢,) has an arity of n.

We say that an F-algebra (A, ) satisfies the identity (¢,1)) if

€m,(A,a) © (bA = €p,(4,0) © 1/%4-

Then we write
(A, @) = (¢, 9).

For a class T of natural identities we define a naturally induced class
of F-algebras as the class of all algebras satisfying all identities (¢,) € I.
The corresponding full subcategory of Alg F' is denoted by Alg (F,T). If it is
expressable with T being a singleton, we say that Alg(F,Z) is single-induced.
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Two natural identities are said to be algebraically equivalent iff they induce
the same classes of F-algebras. Analogously, we define the algebraic equiva-
lence of classes of natural identities. The algebraic equivalence relation will
be denoted by =~.

Remark 2.2.1 1. Arities of components of a natural identity can be ar-
bitrarily raised. Clearly, for an identity (¢,v) of arity-pair (mq, ms)
we have (¢,1) = (Wpy n © O, Wiy 0 V) for every n > max{m, ma}.
Hence, every natural identity is algebraically equivalent to the identity
consisting of natural terms of the same arity .

2. FEvery set N = {(¢s, )i € I} of n-ary natural identities is alge-
braically equivalent to a singleton. Clearly N ~ {(¢,v)}, where ¢,
are the unique factorizations of the cocones ¢;, 1;, respectively, over
the coproduct of domains of single identities.

3. As a consequence, every class naturally induced by a set of identities is
single-induced.

2.2.3 Conversion Theorem

Our aim is to prove that naturally induced classes and equational classes
coincide on a locally small base category. At first we show that every single-
based equational class is naturally induced. Then, conversely, we prove that
every class induced by a single natural identity is equational.

Lemma 2.2.2 FEvery single-based equational class is naturally single-induced
class.

Proof: Let S be a single-based equational class of F-algebras defined by an
equation arrow e being a regular epimorphism F, X — E such that (E,e)
is a coequalizer of some ¢g, 1y : Q —= F, X . We define a mapping 0y 4 :
hom(X, A) — hom(Q, F,,A). For every f: X — Alet 04 4(f) = Fnf o 9o :
Q — F,A. Now let

G=Gox=(—eQ)ohom(X,—),

Pa = é;;; :hom(X, A) e Q — F,A.

Clearly, ¢4 is a component of a natural transformation ¢ : G — F},. Observe
that, due to Remark B.1.7, for every f: X — A,

paour="0ya(f)=F,f oo
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Analogously, we define natural transformations 6, _ : G — F,, and ¢ : G —
F,, satisfying ¥4 ouy = F,, f o1)y. Now we have the functor G and G-identity
(¢, 7). It remains to show that it induces exactly the equational class S.

Let (A, a) satisfy the equation arrow e. Then, for every f: X — A, there
isan h: B — A such that €, (4,4) 0 F,,f = hoe. Then we have

6n,(A,a)o(bAouf = 6n,(A,a)oF’nfo(bO
= hocod=hoeod

and, by symmetry, we get €, (4a) © $4 O Uf = €n(a,a) © P4 © uy. Since f
was chosen arbitrarily and the injections uy form a colimit cocone, we have
€n(Aa) © P4 = €n(a,0) O Ya, ie., (A, a) satisfies the G-identity (¢, ).

Now let (B, ) be an F-algebra in the class induced by the G-identity
(¢,7). Let g : X — B be a morphism in C. Then we have

€n,(B,8) © Fngo o = € (B,g) © PBO U,
— €n,(B,B) @) ’l/}B O ug

and, again by symmetry, we get €, (p,3) © F,g © ¢9 = €n,(B,8) © g © 1, hence
€n,(B,8) © Fng coequalizes the pair (¢, o) and there is a unique h : £ — B
such that €, g o F,,g = hoe. Thus (B, 3) satisfies the equation arrow e. [J

Remark 2.2.3 Within the proof of Lemma 2.2.2, we have proved the alge-
braic equivalence of the n-ary equation arrow with variable-object X and a
n-ary natural G-identity.

The functor G is in fact equal to Ggq x defined in Remark B.2.8. As
observed by J. Velebil, the natural identity (¢,1) can be easily derived from
the pair of morphisms ¢o, Yo by isomorphism (B.8) since Gg x 1is the left Kan
extension of Cg along Cx.

The assignment (X, e, E) — (G, ¢,v) may be uniquely determined if the
category C satisfies some additional requirements.

Lemma 2.2.4 FEvery naturally single-induced class is equational.

Proof: Let G be a C-endofunctor. Let N be a class induced by a G-identity
(¢,1). Due to Remark 2.2.1 we may assume that ¢ and v have the same
arity, say n. Therefore, both are the natural transformations G — F,,. Let
(E, e) be the coequalizer of ¢ and 1). Then, for every object X of C, we have
a morphism ex : F,X — EX. Let &€ = {ex|X € ObC}. We will prove
N = Alg (F,€).

Let (A, a) satisfy (¢,1). Then, for every X € ObC and f: X — A, we
have

€n,(A,0) © an © (bX = €n,(A,0)° (bA © Gf

€n,(A,a) © wA © Gf
€n,(A,a) © an © ¢X'
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Therefore, we have a coequalizing morphism €, (4,4)0 Fy, f for (¢x,1x). Since
the colimits of functors are calculated componentwise, ex is a coequalizer
of (¢x,1x), which means that there is a unique h : EX — A such that
en,(A,a) @) an =ho €x.

Given an F-algebra (B, () satisfying all equation arrows from &, it sat-
isfies the arrow ep : F,B — EB and there is h : EB — B (chosen for
idp : B — B) such that €, (5 3y = hoep. Thus, the property is satisfied since
ep coequalizes the pair (¢g,¥p). O

Theorem 2.2.5 (Conversion theorem) Let F' be an endofunctor on a co-
complete category C. Then the equational classes of F-algebras coincide with
the naturally induced classes of F-algebras.

Proof: Every equational class S is a (possibly large) intersection of single-
based ones and these are, by the Lemma 2.2.2, naturally induced, more
precisely single-induced. Hence, § is naturally induced by the class of cor-
responding natural identities. Conversely, the naturally induced class N is
a (possibly large) intersection of the ones induced by a single natural iden-
tity, which, due to Lemma 2.2.4, are equational classes induced by a class of
equation arrows. The union of these classes defines the class of all equation
arrows defining the class A as an equational class. 0

Definition 2.2.3 A class of algebras induced by equations or natural iden-
tities is called a variety.

2.2.4 Varieties are L-algebraic

Let F' be an endofunctor on a cocomplete category C. We show that every
variety of F-algebras is an l-algebraic category. And as we will see in next
section, every variety is algebraic. In fact, since C is cocomplete, due to
Lemma 1.3.23 it is also l-algebraic. But the proof in this section seems to be
much more transparent and constructive, so we present it, too.

Lemma 2.2.6 For every ordinal n, the assignment (A, o) — (A, €, a,q))
defines a functor E,, : Alg ' — Alg F,,.

Proof: Let Up be the forgetful functor for Alg F' and f : (A, o) — (B, )
be a morphism of F-algebras. We will show by induction that the diagram

FnA €n,(A,a) A
lFf l/f
FnB €n,(B,B) B

commutes for every ordinal n:
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Initial step: Since Fj = Id¢ and €y — = id_Up, the statement is obvious.

Isolated step: Let the diagram commute for ordinal m. Then we have
the commutative diagram

FGm,(A,a)

FF,A FA

Y

dm, A Ff
Em+1,(A,a)
FFmf F1A A

Fe,, L
FF, B Nl

Fog1f B
dm,B
€m+1,(B,8)
Fm+1B B !
idp
tm+1,B
B

which makes the property f o €1 (4,0) = €ms1,8,8) © Fnf valid.

Limit step: Let the diagram above commute for every ordinal m smaller
then a limit ordinal /. Then we have for every m < [:

fo€aa)0Wnia = [06€maa
= em(Bg) ° Fmf
== 617(3’5) (¢] wmylyB o me
= B3 ° Fif ownpga.

Since €;,(a,0) = colim e, (4,0), We get f o €1,(4,0) = €i,(m,5) © F1f-

Hence the assignments send a morphism onto a morphism. Since they now
commute with forgetful functors, they preserve identities and compositions
of morphisms. Thus these assignments define functors. 0

Lemma 2.2.7 FEvery single-induced variety is an l-algebraic category.

Proof: Consider an n-ary natural G-identity (¢,). Since ¢,¢ : G — F,
are natural transformations, we may use their Alg -image and compose it
with E, to get the diagram:

Alg F -2 Alg F, Alg G

lg 3

Then Alg (F, (¢,1)) is clearly the equalizer of Alg¢o FE, and Algy o E,. O
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Theorem 2.2.8 Fvery variety is an l-algebraic category.

Proof: The statement clearly follows from the Lemma 2.2.7 and Metacate-
gorical remark 1.2.5. 0

Remark 2.2.9 Observe that, by duality of the construction above, one gets
the covarieties to be also limits of concrete categories, namely of Coalg-
categories. Hence it makes sense to consider co-l-algebraic category to be
dual of l-algebraic category over the dual base category.

2.2.5 Varieties vs. Polymeric Varieties
Polymeric Varieties are Varieties

The notion of polymeric variety can replace variety if the category does not
have colimits. For the case of cocomplete category C the relations of poly-
meric varieties to varieties will be clarified in the following text. In the section
Examples we show examples of both varieties and polymeric varieties and one
can see that many of natural examples of varieties of functor-algebras are in
fact polymeric. Therefore it makes sense to consider polymeric presentation
even if C is cocomplete. Finally, every single-based variety can be seen as
limit of polymeric categories, as we show further on.

Definition 2.2.4 Natural transformation r, : F" — F,,, for n € w, is de-
fined by induction:

Initial step: 7o = idu,,

Inductive step: forn € N let r,11 = g a0 Fry,.

Given an n-ary polymeric G-term ¢, we define polymeric natural term G-
term

~

¢ =1r,00.
The following lemma converts evaluations of finitary terms to the polymers.
Lemma 2.2.10 Let (A, «) be an F-algebra, n € w. Then €, (a,0)07Tn = a™
Proof: By induction we have:

Initial step: For n = 0 we have €y 4,) 0719 =idg0idy = a©®



CHAPTER 2. ALGEBRAS OVER A COCOMPLETE CATEGORY 45

Inductive step: Let n € N and assume €, (4,0)07, = 04(”), then we have:

ot = go Fa®

a0 Fen7(A7a) oFr,
€nt1,(Aa) © n+1,4© F'rp
€n+1,(A,a) © Tn+l

O
As an immediate consequence we get compatibility of polymeric varieties
with varieties of F-algebras on a cocomplete category:

Lemma 2.2.11 Let G be a C-endofunctor, m,n € w, ¢ and 1) be m-ary and
n-ary polymeric G-terms, respectively. Then for every F-algebra (A, o)

(A,@) [ (6,9), & (4,0) E (6,9).

Corollary 2.2.12 FEvery polymeric variety of F-algebras is a variety.

Induction of a Variety by Polymeric Identities

We will show a converse connection between varieties and polymeric varieties.
In fact, every variety presentable by a set of natural identities can be treated
as a polymeric, hence algebraic, category, as we prove bellow.

In our investigation we derive the term-functors from various functors
and but all the natural transformations between the endofunctors on C are
derived from the functor F| i.e., e.g., Wy, : £, — F),, even when we use it
to constrain F},-algebras.

Let n € N. Consider an (0, 1)-ary polymeric Id¢-identity hy, o = (idiaz, tn)p
and, for every k < n, (1,2)-ary polymeric F Fj-identities hy, = (Wgt1,, ©
Gk, Yn * W) in category of F),-algebras as shown bellow.

ynFn

hno: F,=—— (Fn)l Do FF, F.F,— (Fn)2
LnT ka,nT yn*wk,n// Tank,n
/31an
lde —— (F,)° FE 0 BE,
qkl
Fk-i-l T F,—— (Fn)l

Lemma 2.2.13 For every F,-algebra (A, «) and m < n,

(A, a) = hpmn = (YE <m)(A, a) = hyn.



CHAPTER 2. ALGEBRAS OVER A COCOMPLETE CATEGORY 46

Proof: Clearly vy, ), o Fwy,, = ynF), 0 Fwy, n, © Fwy,, and since

Wr+1,n © Gk = Wm+1,n © Wk+1,m+1 © Gk
= Wm41,n 94m © ka,ma

the satisfaction of h,,, implies satisfaction of hy,,. O

Note 5 We will use the notation Pyi1 = {hni1.0, hnnt1} for n € Ord.

Lemma 2.2.14 For every ordinal n, the assignment (A, ) — (A, €u41,(4,0))
defines a concrete isomorphism 1,1 : Alg F — Alg (F11, Pni1})-

Proof: Since F, | : Alg F — Alg F, . is the functor defined in Lemma
2.2.6, we need to show that it is an embedding with the image Alg(F, 11, Pri1)-
To prove the former, consider the functor Ej_, : Alg F,, ;1 — Alg F' given
by (A, B) — (A, Boyni1,4). The property (2.5) in Remark 2.1.2 yields E],_,
being the left inverse for E,.;. Hence FE, ; is an embedding and we will
prove that Im(E,+1) = Alg (F,, {hnt1.0, Pnnt1})-

C : Let (A,a) be an F-algebra. Let 8 = €, 4,a). At first we verify
satisfaction of hy,110:
BOolnt1,4 =  Ent1(Aa) O lntl,A
(2.3) .
= ldA.

By composition of the properties (2.2), (2.4) and (2.5) together, one
can get

B o wn—l—l,n—l—l O dgn © ldA - B o Fnﬁ o (yn+1Fn o Fwn,n+1)A

hence (4, 8) = hppi1-

Let (A, ) = hnt1,0s hnns1. Then, according to Lemma 2.2.13 we
have, for every k < n, the property (A, ) = hgni1. To prove (A, ) €
Im(E,41), we show (A,8) = B, B, (A, B). Let @ = 309,414, then
Enn B, (A B) = (A €nt1,4,0))- Now we prove by induction that

U

€k(Aa) = B0 Wrpni1,A-

Initial step €0,(A,0) = 1da = Botyi1.4 = Bowypni1,a BY hnyi-
Isolated step Assume the hypothesis €, (4,0) = 80 Wy ny1,4 1S satis-
fied for an ordinal .
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Then 0 Wyy1n41,4 © te1,4 = ida = €441,(4,0) © let1,4 and we have

(hli,nJrl)
= B o FnJrlﬁ O Yn+1,Fp11A° Fwn,nJrl,A
= B O Yn+1,4 © Fﬁ o Fwn,nJrl,A
(induction)
= @ o Fép(a,a)

- €k+1,(A,0) © Gk, A,

ﬁ O Wg+1,n+1,4 © Gk,A

thus 8o wei1n11,4 = €xt1,(A,0)-

Limit step Let A < n+1 be alimit ordinal and €, (4,0) = Bows nt1,4
for every K < A Since Wy pi1,4 = Wrng1,4 © Wera and €, (40) =
€),(A,0) ©Wx A for every k < A, we have the equality of A-chains and the
uniqueness of its factorization over the colimit €y (4.q) yields €y (a,0) =

6 O Wxn+1,A-
Now, we get the required property by setting k£ = n+1 into the received
equation.

OJ
Another consequence gives us the relation between natural identities in
Alg F and Alg F),:

Corollary 2.2.15 Every natural identity (¢,v) satisfies:
(Aa Oé) ): (¢7 1/}) = [n+1(A7 Oé) ): {(¢7 w)pa hn+1,07 hn,nJrl}-

Theorem 2.2.16 Let N be a class of natural identities of arites smaller
then some ordinal n. Then there is a class of polymeric identities Q and a
concrete isomorphism:

Alg (F,N) = Alg (Fy1, Q).

Proof: Let n be an ordinal, Z be a class and N' = {(¢;,¢;)|i € Z} be a class
of natural identities where each (¢;,1;) is a natural G,-identity of arity k;
smaller then n. Due to Remark 2.2.1,(1), we can substitute some algebraically
equivalent identity (¢}, !) of arity n+ 1 for every identity (¢;, ;) in N. Let

pOIyn-i-lN = {(QS;, ¢;)p|2 € I}a and Q = Pn-i-l U pOIYn—I—lN'

Due to the previous corollary, we have, for every 1,

(A’ Oé) ): (Cb;, ¢;) <~ In+1(A> a) ): {(Qb;? wz{)P’ hn+1,0’ hn,n-H}a

hence

(A0) F{(@eDli eI} & Lun(Aa) U@L Dp hnii0s i} = Q.
€T

Therefore Alg (F,N) = Alg (F41, Q). O

As a direct consequence we get the following.
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Corollary 2.2.17 FEvery single-induced variety is a polymeric category.

As we will see in the Chapter 4.2 (Remark 4.2.2), the results 2.2.14 and
2.2.16 are in full correspondence with the well known result on f-algebraic
categories with free algebras which states that such categories are monadic.

2.2.6 Varieties are Algebraic

Let F : C — C be a functor and ¥V = Alg (F,N) be a variety. Then N =
Uicorq V's where N is the subclass of A containing the natural identities of
arity smaller then i (this class will be called is the i-th restriction of Alg F).
Then
V= () Alg(FN") = () Alg(F,N"),

i€Ord i€Ord
hence each Alg (F,N") is the i-th approximation of V and Alg (F, N**1)
is, due to the Remark 2.2.1, a single-induced variety. Then from Corollary
2.2.17 we have each Alg (F, N"™!) polymeric.

We will use the following notational system for the expressions of ap-
proximation of V of a given restriction and given term functors in whose
language the restrictions are expressed. The notation follows a general rule:

superscript - the size of restriction

subscript - the arity of the "language” term functor.
To make the system complete, we write o instead of a blank space such as
F, = F. Then we have the embedding

U™ Alg (F,N™) — Alg (F,N™)

for every n > m. Let P7; = Pj;1 and, for given m < j + 1, we define

", = P¢,y Upoly;  Njt, where poly, ;N1 is the class of polymeric
identities in category of F};-algebras obtained by procedure described in
Theorem 2.2.16 from the class N}, of m-ary natural identities expressed in
terms of j + l-ary identities as in Remark 2.2.1. Then we have an obvious
embedding U : Alg (Fjy1,P}y,) — Alg (Fj41,Pjty) for n > m, since
clearly P}, D PJi,. Analogously, we define UJ»* and U}'}.

Moreover we use the isomorphism /;; from Lemma 2.2.14 to define
]](')+1,i+1 = Iz‘jrll ol Alg (Fjyq, 7)](')+1) — Alg (Fipa, PiOJrl)

for i < j.
We will describe the variety V as a concrete limit of a reversed ordinal
chain of polymeric categories. Clearly, V is the limit of the chain

pItlitl

V----- = Alg (F N7+ — Alg (F. N

U£+1,o

Alg F
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indexed by all ordinals j > ¢. Due to the Theorem 2.2.16, for each pair if ordi-
nals j > i there is an isomorphism I/7] | : Alg (Fj, 73”1) — Alg (F,N1).
Let I ;0 = 174 0 (1], )" for every j >, i+ 1> m.

Observation 2.2.18 The above diagram may be extended as follows:

Lt yitlo
o

V- ———=Alg (F, N7+ Alg (F,N**1) Alg I
i IT
i+10
i, Alg (Fi, Pil) ——— Alg (Fi1, PYy)

. i+1 o
150 /IJ+1 HlT Ij+1»i+1T
AL+l Lt

Alg( +1>73J111) - Alg ( J+17PZ+1) o Alg (Fj+1>733(')+1)

J

—~
-
-
-
-

Limit

and V is the limit of the reversed ordinal chain S : Ord” — Con C given by

Si = Alg (Fi1, Pi),

(2

_ ri+l J+1,04+1
Sij= It o UTHHL

This property can be rewritten as follows.

Proposition 2.2.19 Fvery variety is the limit of a concrete reversed ordinal
chain of polymeric varieties.

Since every polymeric variety is algebraic, every variety is a limit of alge-
braic categories. However, we will prove even more.

Lemma 2.2.20 FEvery variety is the limit of an algebraically concrete re-
versed ordinal chain.

Proof: Consider a variety V = Alg (F,N') and the diagram S : Ord” —
Con C from Observation 2.2.18; we have V = lim S. Due to the Corollary
1.3.20 it suffices to find an ordinal chain D of functorial theories such that
S = —alg’ o D. We will find it via functorial Reiterman conversion which,
for i € Ord yields the isomorphism

Ri+1 : Alg ( i+1) PZ_H) (QFi+17 +1)/\-7zl+1_alg

with J;1 1 described further on.
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Let i <j,m=i+1,n=74+1and (A, 5) be an F,-algebra satisfying
the polymeric identities in P, and let o = 3 o yy, 4.
We have

LA, B) = I 0 (In o)~ (A, B) = ITo(A, B o yna) = (A, €m(aa))

As shown in the proof of the Lemma 2.2.14, €, (4,0) = 8 © Wp,n,4, hence

IVTm(Aa B) = (Aa 6 © wm,n,A)-
Hence the functor I

18 given by the same assignment as Alg w,, .
Consider the diagram

Alg wm,n

Alg F, Alg F,,

o] oeed
Im

Alg (F,, P™) —" ~ Alg (F,,, P™).

Let x € {m,n}. The class PI" is generated by identities from P, and
by all unary polymeric identities (¢, 1), in category of F,-algebras obtained
from natural identities (¢,) € N™. This means that P, P™ consist of all
(D, 0)p, (Win © Gy Wiy © ), Tespectively, with (¢, 1) € N

The Reiterman conversion sends the embedding of polymeric categories
ure . Alg(F,, PI") — AlgF, on the enlargement of theories id : (tg,, Zr,) —
(tg,, JJ") with J™ described bellow. We will use the notation, t, = tg,,

T, = Ir,, 0® = of= and the arity of the the polymeric t,-term T)(?) will be

denoted in the superscript such as T)T(n’@).

The class J," is the closure of Z, UB,UH,. Here, B, is the set of two kinds
of polymeric equations obtained by Reiterman isomorphism from polymeric
identities in P, (as shown in Corollary 1.3.29) and H, corresponds to P

Hence H, = {(¢x - 0%, ¢¥x - 0%)|X € ObC, (¢, ), € Pi} and B, consists of

identities:
1. (idx,7zx - 0%) for every object X in C,

2. (Gix - 0%, (Yo *xwiz)x - 7';’(2)) for every object X in C.

The functorial counterparts for the theories (tg,,Z.), (tr,, J.") are the
theories (Qr,, Tr,), (Qr,, Tr,) /TS = (Qr, /T, Tk, | TI), respectively, where
Tr,/JM™ is T prolonged into the factorized category.

The functor Algw,,, is algebraically concrete due to Lemma 1.3.31. The
transformation w,, , induces, via functorial Reiterman conversion, the func-
tor Q... : Qr,, = 9Qr, such that Algw,, , = Q,,, ,—alg. We will show, that
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there is a morphism of theories W,,,, : (Qr,.,Tr,.)/Tm — (Qr,. TF,)/ T2
and a commutative diagram

me,n

Or, QF,
i[ lgm i[ lzim
Wij

Here the surjections are given by enlargements of Reiterman theories. It is
clear that it suffices to prove that the derived mapping P, , : 7 (tm) = T (tn)
sends an equation from 7, into . Here, P,

is defined by the assignment

m,n
m T n
O-X '_> wm’nyX * O-X

as in the proof of Lemma 1.3.31.
Let X be an object in C. In the following, the equations in 7" will be
denoted by ~. Given a polymeric identity (¢,%), € P, then P, . maps

(¢_X : U}?ﬂﬁ—x . 0-7)7(1) on (¢_X . wm,n,X : U}?ﬂﬁ—x : wm,n,X : 0-7)7(1) BUt

(b_X *Wmn,X * O-S(n ~ (wm,n o (b)X : 0';7(1
~ (ﬂm,n o ¢)X . USZ(
~ i/fx *Wmn, X O-S(n

hence (¢x - Wmpnx - 0%, Ux  Wmnx - 0%) € T2 Moreover, P, = sends the

X-instance of the identity (1) on v = (idx, ImX * Wmnx - 0%). We have:

3. — n n —_— n
ldX ~ilpx Ox ™~ (wm,n,X o Lm,X) *Ox ~Ylm X WmnX " Ox,

hence v € J,. Recall from the Definition 1.3.13 that T;(n’@) = 0p x 0%,

hence the X-instance of identity (2) is mapped on 6 = (G x - Wmnx -

O-Sb(a (ym * wi,m)X *Wmn, Fr X O-E'mX *Wmn, X * 0’?{) Then we have

X Wmnx Oy ~ Fwjx-Qx- 0%
n n
~ Fwijx - (Yn* Wjn)x - Op,x "O0x
n n
~ (Yo *xwjno Fwij)x o x - 0%

and due to properties of Godement product - see Remark B.0.3 - we have

(Yn * wjp) 0o Fw;j = yp* (Wi, 0w ;)

(wm,n © ym> * (wm,n o wi,m)
(wm,n * wm,n) o (ym * wi,m)

- anm,n o wm,nFm o (ym * wi,m)
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hence

(Yn * Wjn o Fwij)x -0 x - 0% ~ (Ym * Wisn)X * Wi b X - FnWin,x - OF x - O

YT n YT n
~ (Ym * Wign) X * Wi F X O, x " W X * 0%

therefore § € 7, hence P,

Wm,n

preserves identities and W, ; : Q,, — Q,, is the
corresponding factorization of Q,,, ..

Finally, since P O P, the functor U™ : Alg (F,,, P)) — Alg (F,, P)")
induces an enlargement of equational theories id : (tg,, J5') — (tg,, I, ).
This, converted to functorial theories, clearly yields a morphism

Zij: (Qrn:Tr,)/ T = (Qrus Tr,) /T

of theories such that Z; ;—alg = U™,

Hence, we have found a collection of morphisms

D;; = R;Lll oZijoW;jo Ry : Alg (Fjy, 735111) — Alg (Fiy1, 5111)
such that D,; —alg = S;; for every i« < j € Ord. Thus, the diagram
S =-alg’ o D is algebraically concrete. U

As a consequence, we get the final theorem which connects two categorical
approaches to variety-like classes.

Theorem 2.2.21 FEvery variety is an algebraic category.

Proof: Due to the previous lemma, for every variety ) there is an ordinal
chain D of functorial theories, such that V is the limit of D;—alg. But, due
to the Metacategorical remark 1.3.8, the colimit K of D; exists. And since
the contravariant functor —alg’ turns colimits into limits (Lemma 1.3.13),
K —alg is the limit of D;—alg, hence

Y = K—alg.
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Examples

3.1 Algebras and Coalgebras

Many examples of algebras and coalgebras can be found in [7], [9] and [11].
As representatives we show the following:

Example 3.1.1 Let C = Set, ¥ = {x,*} be single-sorted signature with
ar(x) = 2,ar(x) = 0.

o The X¥-algebras are groupoids with a fized point, i.e., the sets equipped
with the binary operation (the realization of X ) and with one chosen
element (the realization of x).

o The ¥-coalgebras are the dynamic systems with two inputs and a set of
final states, i.e., the sets equipped with a transition function assigning,
to every element, a pair of other elements - the transition along both
inputs (the “corealization” of x ) or nothing - final state (the "coreal-
ization” of x).

Example 3.1.2 Let P be a powerset functor.

o A P-algebra is a sets A equipped with function PA — A. The category
Alg P contains the category of all join-complete semilattices as the
subcategory (Example 3.2.3).

e The P-coalgebras can be seen as directed graphs (the coalgebra function
f A — PA yields the binary relation EDGE given by

(a,b) € EDGE < a € f(b).

However the P-coalgebra morphisms are the graph homomorphisms re-
flecting the incidence of edges, i.e., the image of an edge e is incident
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with an edge d iff d itself is an image of some edge d' incident with the
edge e.

Here we show less standard examples of algebras and coalgebras.

Example 3.1.3 Given a functor F' : C — C, then there is an endofunctor
Fug on Alg F given by the assignment (A, ) — (FA, Fa). Then the cate-
gories Alg arg pFuy and Coalgag pFuy consist of all triples (A, a, 8) making
the following squares commute:

Alg Coalg
F2A fa FA FA o A
Fﬂl Bl Fﬁl Bl
FA o A F2A Fa FA,

i.e., satisfying equations ao F3 = fo Fa and Fao Ff3 = [ o «, respec-
tively. Let us note, that here a always stands for the structure arrow of
the underlying algebra. Dually, we may consider an endofunctor Fioqg on
Coalgl’ given by the notationally same assignment as Fy4. Then the cat-
egories Alg coalgr Feoaty and CoalgoaigrFeoaty are, 1n sense of the previous
discussion, given by the equations ao 3 = Fo Fa and Faof = Foa, re-
spectively, where 8 stands for the structure arrow of the underlying coalgebra.
Namely, if F' = 1dc, in all four cases we get the pairs (o, ) of endomorphisms
on some base object A satisfying o f = [ o a.

Example 3.1.4 Let C = FIld be category of fields. Then Algld, and
Algcld x¢ Algcld are categories of fields with an endomorphism, a pair
of endomorphisms, respectively. Since Fld does not have colimits, the latter
l-algebraic category is neither a variety nor a polymeric variety over Fld.

If P is a field and F = Cp is the corresponding constant functor, then
AlgF is the category of extensions of P.

3.2 Varieties and Covarieties

As shown in [9], every variety of algebras in classical sense is equational class.
Hence, due to the Conversion theorem, it is a naturally induced class. An
explicit correspondence is shown in the following.
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3.2.1 Classical Varieties as Naturally Induced Classes

Let C = Set, X be a single-sorted signature with arity function ar : ¥ — Ord.
Let F' =[], .y hom(ar(c), —) and u, : hom(ar(c), —) — F be the canonical
inclusion for every o € 3. Then, as discussed in Remark 1.1.3, the category
of Y-algebras is isomorphic to Alg F'. For each ¥-term 7, let X, be the
set of variables occurring in 7 and let d(7) be the depth of 7 (supremum of
ordinals corresponding to the chains of the proper subterms of 7 ordered by
the subterm-relation).

We define a d(7)-ary G,-term ¢, where G, = hom(X,, —) for a given term
7. The transformation ¢, is defined inductively: if 7 is a variable x, then
¢, : hom({z}, —) — [} is an obvious isomorphism. If 7 = o(p;;i € ar(o))
and we have ¢,, : hom(ar(p;), —) — Fy(,,) for each i € ar(c), we can extend
all transformations ¢, to ¢} : hom(ar(p;), —) — F,, where n = sup{d(p;)|i €
ar(o)}. We define ¢, in the following way. Since X,, C X, for every i, we
have p; : hom(X,, —) — hom(X),,, —), hence the factorization over the limit
cone yields a unique 7 : hom(X;, =) = J[;c,(,) hom(X,,, —). We define ¢,
as the following composition:

hom(X,, —) —— H hom(X,,;, —) 19 H

i€ar(o) ar(o)

ér

S0

uq I

Foi1 o FF, hom(ar(c),—) o F,
Observe that n + 1 = d(7).

To each X-term, we have assigned a natural term. Now, to an identity
(11, T2) consisting of two X-terms with variables in X, we assign a pair of
corresponding natural hom(X, —)-terms. It is easy to see, that we get an
identity which induces exactly the variety given by (71,72). Monoids, for
example, are objects of Alg ((hom(2, —) 4+ hom(0, —), {4, j, k}), where i is a
binary identity with domain hom(3, —) and stands for associativity while j, k
are unary with domain Id and correspond to left and right neutrality of 1.

A polymeric term in Alg? for a signature X corresponds to a Y-tree given
by the following restriction: all the branches having the variables in leaves
have the same length and the others (i.e. the branches with constant symbols
in leaves) are not longer. Hence commutative groupoids form a polymeric
variety while semigroups do not.
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3.2.2 Other Examples

The concept above may be used to define naturally induced classes of algebras
even on some illegitimate categories. The following example reformulates the
well-known property that each monad on a category A is defined as a monoid
in the strict monoidal category End.A (see [24]).

Example 3.2.1 Let C = EndA be the metacategory of endofunctors on
some cocomplete category A. The composability of objects of C yields, for
every k € w, the existence of the composition power functor Sy : C — C
given by composition on functors and by Godement product on natural trans-
formations (see Definition B.0.2). We can define analogies for universal
algebras - all we need to do is to substitute composition of functors for the
products of sets and Sy for each hom(k, —) in the description above. As ana-
logy of monoids, we get the category Monad A of monads on A. Namely,
Monad A = Alg ((S2 + So), {7, 7, k}), where domains of identities i, j, k are
Ss, S1, 51, respectively. FEach operation w : (S + So)(P) — P decomposes
into = Se(P) = PP — P andn : Sy = Id — P and the satisfaction of
identities fully corresponds to usual condition claimed on p and 7.

Another example is quite general, frequently used by G. M. Kelly in [20].

Example 3.2.2 Let F : C — C be pointed functor, i.e., a functor equipped
with a natural transformationt : I1d — F. Then (A, «) is a pointed F-algebra

iff oty =idy, i.e.
(Aa Oé) ): (lda t)P

Theorem 3.6 in [9] describes the equational presentation of category of
algebras for a monad. The Lemma 1.2.11 shows their presentation by poly-
meric identities. Here we depict its instance for powerset monad.

Example 3.2.3 Consider the power-set monad on Set defined by power-set
functor P and transformations n : Idges — P, 1 : P> — P given by assign-
ments nx (x) = {z}, ux({Xsli € I}) = U;c; Xi- As a concrete instance of the
Filenberg-Moore category for power-set monad (P, n, i) we get the category of
join-complete semilattices JCSlat. Hence, due to Lemma 1.2.11, this class
is presentable by a pair of polymeric identities - compare with presentation
by a proper class of equation arrows (see [9], Example 3.3 - we need equation
arrows ey : F3X — Ex for every set X ).

Example 3.2.4 Given a functor F : C — C, then there is a natural trans-
Jormation h : Fy, — ldagr given by hao = a. Moreover if C has
(Epi, Mono )-factorizations, then there is an Alg F-endofunctor

Imalg : (A7 OZ) = (Im(a)a QEpi © FaMono)
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(determined uniquely up to isomorphism) and a natural transformation
d: Imalg — IdAlgF

with d(A@) = O'Mono-

The class of F-algebras with the structure arrow being an isomorphism
(respectively epimorphism) forms a polymeric covariety in CoalgFy, (resp.
in Coalglm,,) induced by (id, h), (resp. (id,d),). Since covarieties are
classes which tend be coreflective, this coheres the result of J. Lambek from
[23], which proves reflectivity of dually defined class of coalgebras (the cate-

gory of fixpoints).



Part 11

Universality and Freeness
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Chapter 4

Free Algebras

Free algebras play an important role in universal algebra. They enable us to
study the properties of a family of algebras within a single algebra. On the
other hand, in the theory of coalgebras one often asks for the existence of
terminal (final) coalgebras, which are mathematical counterparts for univer-
sal automata in computer science. Both of these notions have a property in
common: they are "best” in some sense - either universal or couniversal with
respect to some properties, which are easily expressible for every concrete
category. These objects are the matter of study for this part of the thesis.
We will focus only on the free objects and the corresponding results for cofree
objects follow from duality.

Our aim for this chapter is to prove the theorem, which states the suffi-
cient condition for a variety having the free objects. It will be done in Section
4.2.3. Before that, we need to recall the useful facts. They include some well
known results on free monads (4.1.1), Eilenberg-Moore categories (4.1.2),
very important Kelly’s theorem (4.1.3) and free-algebra chain construction
(4.2). Most of the facts are taken from [24], [7] and [20].

4.1 Freeness and Monadicity

4.1.1 Adjunction: Free - Forgetful

Definition 4.1.1 The endofunctor F' on category C is called a varietor if
the free F'-algebra exists over every object of C.

Let I be a varietor on a category C. Then by Remark B.1.8 the forgetful
functor U = Uaigr : Alg F' — C has a left adjoint W : C — Alg F. Let
V =U oW, then it is easy to see that there exists a natural transformation
v:FoV — V such that WA = (VA,vs). The adjunction W - U has
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the unit 7, where each universal arrow 174 : A — VA can be considered
an "insertion of generators”. The counit € : UW — Idajgr is given by
€A0) = idy : UW(A,a) — (A,a). Since every adjoint situation induces a
monad, we have a monad M = (V,n, u), where pg = Ue€ya,,.

We recall two important properties. Although they are not crucial for
the following results of this thesis, we present them to enable deeper under-
standing of the relation of the freeness on the level of algebras and on the
level of monads. The proof of the following well known fact can be found e.g.
in [7], Theorem 20.56. Let Z : MonadC — EndC be the forgetful functor.

Proposition 4.1.1 (Free monad property) The monad M, = (Uaig W, 1, )
induced by adjunction W = Uaig r 15 the free monad over the functor F' in the
metacategory of monads. Namely, the monad M has a Z-universal arrow
y: F — ZMy for the functor F' such that

y = wvolFn, (4.1)
where v : FUpig pW — Uaig pW is the structure arrow of the free algebra.

It means that for each monad M’ = (M, i, h) and a transformation p : F' —
M there is a unique monad transformation p : M . — M’ such that poy = p.
One can derive another auxiliary equality:

v = poyV. (4.2)

More detailed approach to the theory of monads can be found in [7], [15] and
[20].

Now we use another varietor G and work with its algebras. The corre-
sponding entities for each of the functors F', G will be distinguished by the
notation in the subscript (for the functors) and superscript (for the transfor-
mations). The discussion above has the following consequences.

Proposition 4.1.2 (Extension property) Let there be a transformation p :
G — Vg. Then there is a transformation o : Vg — Vg, subject to the
conditions:

1. 0 =p is given by the freeness of M . as the unique monad transforma-
tion Mo — My corresponding to p : G — Vp; thus

ooy’ =p.
2. given a C-object A, o4 = ;)E 1s gwen by the adjunction Wg = Ug
as the unique G-algebra morphism Wg(A) — P(A) corresponding to
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ni:A—VpA=UgP(A), where P : C — AlgG is a functor assigning,
to an object A, a G-algebra (VrA, B4) and Ba = (u” o pVr)a; hence
ogon® =nt.

3. 0 =Uge®P o VenF.

Proof: Since Vr = Z(Mj) then the Z-universal arrow y“ yields the exis-
tence of a monad transformation o = 5 : M, — My such that po y“ = p.
Consider the transformation § = uf o pVr : GVr — Vg and the functor
P = (Vp,5) : C - Alg G from the lemma. Due to (4.2) and p being a
monad transformation, we have the following commutative diagram

GVr

where x is the Godement product (see Appendix A). The diagram yields, for
each C-object A, a G-algebra morphism p, : (Vg,v§) — (VrA, B4). Since p
is a monad transformation, it satisfies p o n% = n¥. From the uniqueness of
factorization we have p, = nf for each A. Therefore o satisfies the first two

properties. Since it can be seen as Ugn! and since we have the adjunction
We 4 U, it follows that o = Uge®P o UsWent = Uge®P o Vant. O

4.1.2 Eilenberg-Moore Category

We recall some facts on free algebras for a monad. Most of the results and
their proofs can be found in [7].

Given a monad M = (M, n, ), then the Eilenberg-Moore category M—alg
has free objects. The corresponding free functor Wy a1 assigns, to an object
A, the algebra (M A, ). It is indeed an object in M —alg and it is easy
to prove, that this functor is left adjoint to Uprale. Then, it yields the
adjunction Wy alg 4 Unralg With the associated monad equal to M. Since
the adjunction yields a codensity monad (Proposition B.2.10), the forgetful
functor Upralg has codensity monad - it is M itself.

The following theorem characterizes all monadic categories:
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Theorem 4.1.3 (Beck’s theorem)
Let A be a concrete category. Then

A is monadic < A is a Beck category with free objects.

Remark 4.1.4 Given a concrete category (A, Uy) with free objects, consider
the adjunction (n,€) : Wy 4 Uy : A — C with the associated monad M =
(M,n, 1) and the Eilenberg-Moore category (M —alg, Upralg) with the free
Junctor Wyraig. Then there is a unique comparison functor / : A — M —alg
satisfying:

o [ is concrete, i.e., Upraigol = Uy
o [ preserves freeness, i.e., I o W4 = Wi alg

The functor I assigns, to an A-object o, the M-algebra (U(a),€,).

The following fact will be useful:

Proposition 4.1.5 The comparison functor for a monadic category is an
1somorphism.

4.1.3 Kelly’s Theorem

In the paper [20], chapter VIII., G. M. Kelly asked about the existence of
algebraic colimit of the diagram of monads as defined in 1.2.2. It came out to
be equivalent to existence of the free objects in the category D—alg of algebras
for a diagram D of monads. He proved the existence in his Theorem 27.1
in [20] under the general assumptions of existence of suitable factorization
systems and some smallness requirements for the monads. Using the trivial
factorization system (Iso, Mor) and preservation of colimits of A-chains, we
get this theorem in the following form:

Theorem 4.1.6 (Kelly’s theorem) Let the underlying functor of each D(x)
preserve the colimits of A-chains. Then D—alg has free objects.

This statement will be crucial for the existence of free algebras in a variety
- see Section 4.2.3.
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4.2 Free Algebras via Chain Construction

We recall here more of the results obtained from the free-algebra construction.
Namely, we show the description of the free algebra as was done in [5] but
we use it also in relation to varieties. It enables us to convert the problem
of free algebras in a variety to the problem of free algebras for a diagram
of monads which was solved out by Kelly in [20]. This is how we reach one
of the main results of the thesis (Theorem 4.2.5). Author is grateful to his
supervisor Jifi Rosicky for his advise to connect the matter of varieties with
concept of Kelly.

4.2.1 Free Algebras in an F-algebraic Category
This section summarizes some results from [5], [9] and [§].

Definition 4.2.1 Let A be an infinite limit ordinal. Given a category C, a
diagram A\ — C will be called A-chain.

We will work with C-endofunctors preserving the colimits of A-chains where A
is an infinite limit ordinal; let the class containing these functors be denoted
by End,C. Since the colimits commute with colimits we get the following
property (see also [20], 2.4.).

Proposition 4.2.1 The class End,C is closed under colimits and composi-
tions.

Let F preserve the colimits of A-chains. Recall the free-algebra chain
construction:

ida+Fwo,1,4

w1,2,A

LA+FA
wo,1,A

ida+Fq1,2,4
42,3,A

A A+ FA

A+ F(A+ FA)

As proved in [5], this situation yields that F'is a varietor. We will explain
briefly how the construction works. Since F' preserves the colimits of A-
chains, F'F) is a colimit of chain { F'F,,|n < A}. Hence one can see that wy x+1
is an isomorphism. In such a case we say that the free F'-algebra construction
stops after X steps and the functor F' is called constructive varietor. Let
v = cgl<i/r\n ¢n- Given an object A in C, we get the free F-algebra over A in

the form
WFA = (F,\A, ’UA).

The property of being constructive varietor is generally stronger then of being
just a varietor - see [10] for the counterexample.

Dually, we get the construction of cofree coalgebra. If it stops, i.e., some
of the connecting morphisms is an isomorphism, then cofree coalgebra exists.
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Proposition 4.2.2 For every A-accessible set functor both free-algebra and
cofree-coalgebra constructions stop.

Proof: The situation for algebras is discussed above. For the coalgebras we
need the theorem of J. Worrell [39] which proves that if FF € End,C, then
the chain stops after A 4+ \ steps. 0

Corollary 4.2.3 For every signature X on the base category Set, the cate-
gories Alg > and CoalgY have free, cofree, respectively, objects over every
object.

4.2.2 Comparison Functors for F-algebraic Categories

Out of the main line of research, we show an alternative description of f-
algebraic categories and Eilenberg-Moore categories for a free monad.

Let F' € End,.C for some infinite limit ordinal x and let A = k + 1.
The adjunction given by the freeness on Alg F' yields the free monad M, =
(Ve,m, ) over F. But since the free algebra Wg(A) over an object A is
in the form (F,A,v,) and F, = F\ we may assume Vp = F. The unit
of the adjunction is clearly n = ¢,, while one can see that the counit is
given by the evaluation of terms on the level of A, i.e., i = €, (r, 4,)- Then
Alg F = M, —alg and that is, due to Lemma 1.2.11, a polymeric variety
induced by polymeric identities hy o = (ty,id1a), and by = (EAy(F)\yfb\)?ide)p’
The Lemma 2.2.14 yields the isomorphism I : AlgF = Alg(Fy, {hxo, hxa})s
where h, » can be written as the polymeric identity (ga, yaFh)p, because wy, x
is an isomorphism. The assignment (A, a) — (A, €,q)) defines both the
functor I, and the comparison functor I and since they are isomorphisms
(Lemma 2.2.14 and Proposition 4.1.5), the polymeric presentations of Alg F’
in Alg F) are equal:

Alg F =¢ Alg (Fy, {hxo, hen}) = Alg (Fx, {haoh)})-

Hence, I, = I and the isomorphisms [,y : AlgF — Alg(F,+1, {hro, hnnt1})
for n < X\ are sort of "lower instances” of the comparison functor.

It also implies the algebraic equivalence of {hyg,hs} and {hyo, )}
However, since g\ = €) (r, q,) © Y, the former is satisfied by an F)-algebra
(A, «) iff the following conditions hold:

aony = Idg, (4.3)
OéOF,\OéO(y/\F,\)A = OZO,LLAO(y)\F)\)A- (44)

We compare them with Eilenberg-Moore identities {h,, k) } and since h)
can be rewritten as o Fyxao = avo iz, clearly b = h, » but the converse does
not hold generally. However, their conjunctions with h) o are equivalent.
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4.2.3 Free Algebras in a Variety

Our aim is to find the free algebras in varieties. To prove the existence
theorem, we will need the restriction on the following cases.

Definition 4.2.2 Let G be an endofunctor on C. The natural G-identity is
called accessible if G preserves the colimits of A-chains for some infinite limit
ordinal \.

Connection to the Concept of Kelly

We will use Kelly’s theorem 4.1.6 to prove that, in a variety induced by
accessible identities, the free objects exist. Let F' be a functor in End,C for
some infinite limit ordinal x and consider the variety of F-algebras induced
by a set of accessible natural identities. Since the free F'-algebra construction
stops after k steps, we may consider arity of each natural term to be less or
equal to k. Then, due to the Remark 2.2.1, a single identity (¢, ) can be
substituted for the whole set of natural identities. Its domain, denoted by
G, is the coproduct of domains of single identities, hence, due to 4.2.1, it
preserves colimits of v-chains for some limit ordinal v large enough. Let
A = max{k, v}, then F,G € End,C. Hence the arity of (¢,) can be set to
A

Lemma 4.2.4 For the M\-ary G-identity (¢,1)) there ezists a diagram D of
monads such that:

Alg (F,(¢,v)) = D—alg.

Proof: Since both F' and G are varietors, both comparison functors I :
Alg F' — M p—alg and I : AlgG — M —alg are isomorphisms. Using the
diagram from the Lemma 2.2.7 we may get Alg (F, (¢,1)) as an equalizer of

—1
My —alg —5> Alg F -2 Alg F, Alg G L9~ M, —alg.

Alg ¢

Since every concrete functor between monadic categories is an —alg-image of a
monad transformation (see Lemma 1.1.8), we have Alg(F, (¢, v)) isomorphic
to the limit of —alg o D for a suitable diagram D of monads.

O
Now we can use Kelly’s theorem to conclude our investigation:

Theorem 4.2.5 Let F' preserve the colimits of A\-chains for some limit or-
dinal \. Then the free algebra exists in every variety induced by a set of
accessible identities.
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To express the consequence for the varieties presented by equation arrows,
recall the notion of presentability of an object (see [12]):

Definition 4.2.3 Let \ be a regqular cardinal. An object A of a category is
called A-presentable provided that its hom-functor hom(A, —) preserves A-
directed colimits. An object is called presentable if it is \-presentable for
some \.

Theorem 4.2.6 Let F' preserve the colimits of \-chains for some limit or-
dinal \. Then the free algebra exists in every variety induced by a set of
equation arrows with presentable variable-objects.

Proof: As stated in Remark 2.2.3, an equation arrow e : F,, X — E converts
to a natural identity with the domain G x = (— @ ) o hom(X, —) for some
Q) € ObC. If the variable-object X is presentable, hom(X, —) preserves x-
directed colimits for some x and, since (— o @)) is left adjoint, G preserves
r~directed colimits, too. Therefore the colimits of k-chains are preserved and
due to Theorem 4.2.5 the corresponding variety has free objects. The rest is
obvious. OJ



Chapter 5

Universality and Codensity
Monads

In order to solve some problems involving categories of algebras (coalgebras)
on category C such as existence of free (cofree) objects, it might be useful
to know their properties on the level of objects of metacategory Con C.
Their status can be expressed in terms of properties of contravariant functor
Alg for algebras and functor Coalg for coalgebras. Since both concepts
are mutually dual, it suffices to study only one of them. Namely we focus
on the property of categories having universal arrows for these functors. To
simplify the proofs, we express the concept of universality in the language of
Kan extensions and codensity monads. The main results characterize free-
objects existence in l-algebraic categories and all Beck categories and provide
an alternative characterization of monadic categories.

The author acknowledges the advises from H. E. Porst, J. Rosicky and
J. Velebil concerning the connection of universality and the concept of Kan
extensions.

All the topic in this chapter deals with the category C, generally without
any additional assumptions.

5.1 Universality and Kan Extensions

Remark 5.1.1 Let F' be an endofunctor on C , Ugp : Alg ' — C be the
forgetful functor and A be a category. Then each functor H : A — Alg F
can be seen as H = (K,k) where K =UpoH : A —Candk: FK - K
is a natural transformation such that HA = (KA, k) for every object A in
A. Moreover, if (A,Uy,) is a C-concrete category and H is concrete, then
K = Uy. This property can be easily expressed in terms of isomorphism
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between two (illegitimate) contravariant functors
homeonc(A, —) 0o Alg = homgnac(—, Ua) o homear(Ug,C), (5.1)

where homcar(Ua,C) is given by the assignment F +— F oUy4 (see Metacat-
egorical remark B.2.1).

Recall the concept of universal arrows (see Appendix B). We will apply it on
the contravariant functor Alg between the metacategories EndC — Con C
as follows (see Remark B.1.2):
Given a C-concrete category A, a C-endofunctor F' with a concrete functor
H: A — AlgF, then (F, H) is an Alg-universal arrow for A iff for every C-
endofunctor G with a concrete functor J : A — Alg G there exists a unique
transformation J : G — F such that J = Alg Jo H.

Our aim is to find a relation between the existence of an Alg -universal
arrow and the existence of free objects.

Since the functor Alg is contravariant, we may use the property (B.6)
from the Remark B.1.2 to express the existence of an Alg -universal arrow
for A with the base object (which is a functor, in fact) F' by

homeonc(A, —) 0 Alg = homgnac(—, F). (5.2)
The following observation is due to J. Rosicky:
Lemma 5.1.2 Let A be a concrete category. Then
A has an Alg -universal arrow < A has a codensity monad.

Proof: Since the existence of a codensity monad is just a different way of
saying that Ran;U exists, we need to show that Alg -universal arrow exists
for A iff Ran,;U does. But the natural isomorphisms (5.1) and (5.2) together
with (B.7) yield exactly what we need: a functor F' is a base of an Alg -
universal arrow for A iff F' = RanyU since

(52) (5.1)
hom(—, F') = homconc(A, —) 0 Alg =

(5.1) (B.7)
= homgpdac(—, Ua) o homear(Ug,C) = hom(—, F)

ot

OJ

This fact enables us to investigate the universality in terms of Kan ex-

tensions and codensity monads. In the following sections, we will use this

language to characterize the free-objects existence for two significant families
of concrete categories.

Remark 5.1.3 By duality, the Coalg-universality is equivalent to the exis-
tence of a density comonad.
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5.2 Beck Categories with Codensity Monad

5.2.1 Categories with Pointwise Codensity Monad

Lemma 5.2.1 Let U : A — C be a functor which creates all limits and has
a pointwise codensity monad. Then U has a left adjoint.

Proof: Let (M, n) be the pointwise codensity monad for U. Then, for every
A e, MA =1lim(U o Q4) where @ is the projection functor A | U — A.
Since U creates the limits, there exists an object L(A) = lim @4 in A such
that im(U o Q4) = U olim@4 (see Appendix B.2). Moreover, the whole
limit cone can be lifted to A, i.e., for every morphism f : A — UB there is
a unique morphism f : L(A) — B such that Uf is (f), i.e., the f-labeled
component of the limit cone for Uo(@) 4. This implies the equality f = U fon A
for every f. Hence ny : A - MA = UL(A) is the U-universal arrow for A.
Therefore the assignment A — L(A) can be extended to a functor L : C — A,
which is left adjoint to U. OJ
As a direct consequence we have the following.

Corollary 5.2.2 Fvery Beck category with a pointwise codensity monad s
monadic.

This, in fact, implies a stronger version of Beck’s theorem:
Theorem 5.2.3 Let A be a concrete category. Then

A is monadic < A is a Beck category with a pointwise codensity monad.

5.2.2 L-algebraic Categories with Codensity Monad

In the text bellow we show a seemingly weaker result, that every l-algebraic
category with a codensity monad has free objects. However, this framework
is independent of pointwiseness of a given codensity monad and cannot be
derived from the above theorem, as shown at the end of this chapter.

Lemma 5.2.4 Let (A,U) be a C-concrete category with the right Kan ex-
tenston of U along itself. Then for every C-endofunctor F' and a concrete
functor J : A — Alg F there exists RanyJ = (V,e). This Kan extension is
preserved by

1. the forgetful functor Up : Alg F' — C,

2. every concrete functor T : Alg F — Alg G (for every G :C — C).
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Proof: Let J: A — Alg F be a concrete functor and Ran,,U = (M, €). Due
to the Remark 5.1.1, J = (U, ¢) for some natural transformation ¢ : FU — U.
Then € : MU — U yields the natural transformation ¢ o Fe : FMU — U.
Hence there is a transformation v : FM — M such that the diagram

MU - U
oo, ]
Fe
FMU FU

commutes. We have gained a functor V = (M, v) : C — AlgF. The diagram
above implies that the transformation e can be extended to a transformation
¢ : VU — J such that Up( = e.

Let GG be another C-endofunctor and let Ug : Alg G — C be the forgetful
functor. Let T' = (Up,7) : Alg F' — Alg G be a concrete functor. We will
show, that (T'V,T() is the right Kan extension of T'J = (U, 7.J) along U.

Consider a functor K = (UgK, k) : C — Alg G and a transformation
A: KU — TJ. Then Ug) : Us KU — U is a natural transformation, hence
there is p : Us K — M such that Ug\ = eopU. Since A is the transformation
(UsKU,kU) — (UgTJ,7J), we have UgA o kU = 7J o GUgA. The functor
T turns the diagram above into:

MU U
TTVU TJT
GMU —&——GU,
hence 7J o Ge = e o 7VU. We prove that p underlies a transformation
K—=TV.
copUorlU = UghorU
= 17JoGUgA
= 7JoGeoGpU
= eoTVUoGpU.

Now from (M, €) being the right Kan extension of U along U, the uniqueness
of factorization of a transformation GUsKU — U over € yields po x =
vo F'pU. Hence there is a transformation v : K — T'V such that T(oyU = A
and (TV,T() is the right Kan extension of T'J along U.

Since the procedure holds for every G and T', by choice of G = F and
T = Idaig r we get (V,() = Ran;J. For every other choice of G,T we have
TRan,J =T(V,¢) = (TV,T¢) = Ran,(TJ), hence T preserves Ran,,J.

Moreover UpRan;,J = Up(V,() = (UpV,Up() = (M, €) = Ran,U, hence

even Up preserves Rang;J. O
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Lemma 5.2.5 Let (A, U) be the limit of a diagram D : D — Con C, where
Dd is an f-algebraic category for each object d of D. If the codensity monad
for U exists, then Rany;ld 4 exists and is preserved by each component of the

limit cone Ly : A — Dd (d € ObD).

Proof: If Ran, U exists, then, for every D-morphism ¢ : d — d’, the functor
D¢ : Dd — Dd' is concrete between f-algebraic categories, thus, due to
Lemma 5.2.4, Ran;; L; and Ran;, Ly exist and Ran;, Ly = D(¢)Ran; Ly. Let
Ran, Ly = (Vy, (4) for every d € ObD. Then the functors V,; : C — Dy form
a cone for D, hence there is a unique H : C — A such that V; = Ly o H for
every d. Now each transformation (; : V;U — L; has the domain LyHU.
We will find a morphism v in A such that Ly(y) = (4 for each d.

Since D¢((y) = (g for every D-morphism ¢ : d — d', we have a D-
compatible cone K, : 2 — Dd given by Ky(t) = (4. Then there is a unique
T :2 — Asuch that LyoT = K,. Therefore, we may set v =Tt : HU — Id¢
and the property is satisfied. The universal property of each (; and the
unique lifting property yields the universal property of v and (H, ) becomes
Ran;Id4 and LsRan; Id4 = Ran; Ly. OJ

Lemma 5.2.6 The forgetful functor U of an l-algebraic category in Con C
with codensity monad creates the right Kan extension of identity along U.

Proof: If (A,U) is a limit of an empty diagram, then it is the terminal
object of Con C, hence (A, U) = (C,1d¢) and the situation is trivial.
Suppose (A, U) is a limit of a nonempty diagram and Ran, U exists. The
limit cone is formed by f-algebraic categories (By, Uy) and concrete functors
L;: A — B;. Then according to the previous lemma, Ran; Id exists and
each functor Ly preserves it. Moreover, due to Lemma 5.2.4 each Uy and the

limit cone L, preserves Ran; Ly, hence their composition, which is equal to

U, preserves RangId. Indeed, URan;ld = U;LsRan; Id P20 UsRany; Ly b4

Ran;;U;Ls = Rang;U. O
As a direct consequence of this lemma and Proposition B.2.6 we get the
main result:

Theorem 5.2.7 Let A be an l-algebraic category. Then
A has a codensity monad < A has free objects.

Since every monadic category is an l-algebraic category (see Lemma 1.2.11),
we get an alternative characterization of monadic categories:

Theorem 5.2.8 Let A be a concrete category. Then

A is monadic < A is an l-algebraic category with a codensity monad.
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The statement cannot be extended to all Beck categories unless the codensity
monad is pointwise, as shown in the following example.

Example 5.2.1 Consider the category C = 2+2 consisting of objects 0,1,0',1’
and morphisms ¢ : 0 — 1, /' : 0 — 1’ and identities. Let A =1+ 1 and
U: A — C be the inclusion of {0,0'}. Then the following holds:

1. (A,U) has a codensity monad (the trivial monad).
2. U does not have an adjoint (1 does not have an universal arrow).
3. (A,U) is algebraic.

Algebraicity: consider the type t : {p,o} — (ObC)?, t(p) = (1,0, t(o) =
(1',0). Then t—alg consists of (0,a), (0',a) with a(p) = 8, a(0) = Bid,}
since hom(1,0) = hom(1’,0) = hom(1,0") = (). There are no t-algebras on 1
and on 1" since there are no maps hom(1,1) — hom(0',1) and {id;/} — 0.

As a consequence, we see that there exists a codensity monad which is
not pointwise and an algebraic, hence Beck, category that is not l-algebraic.

5.3 An Overview of the Obtained Results

We have proved the propositions which, together with Beck’s theorem, may
be collected to the following theorem.

Theorem 5.3.1 Let C be a category and (A, U) be concrete category over C.
The following statements are equivalent:

1. A is monadic.

2. A is Beck and U has a left adjoint.

3. A is Beck and U has a pointwise codensity monad.
4. A is l-algebraic and U has a codensity monad.
5

. A is an l-algebraic category with an Alg -universal arrow.

Remark 5.3.2 If C has copowers, then, due to Proposition B.2.7, we have
even stronger result:

A is a monadic category < A is a Beck category with a codensity monad <
A is a Beck category with an Alg -universal arrow.
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The relations between metaclasses of concrete categories, namely the in-
clusions and intersections, are shown on the Hasse diagrams bellow. Here
CM, PWCM, Adj stand for metaclasses of concrete categories whose for-
getful functor has codensity monad, pointwise codensity monad, left adjoint,
respectively and F'Monadic denotes the monadic categories for a free monad.

T \ / o
PWCM CM N Beck Algebraic L — algebraic
—9 / \ =7
CM N Algebraic Algebraic N L — algebraic
Adj \ Polymeric
Monadic F — algebraic
F Monadic.
For a cocomplete base category, the diagram also includes an item Varieties:
Beck
CM = PWCM L — algebraic
=7
Algebraic
Adj Varieties
Polymeric
Monadic F — algebraic
FMonadic.

The questions, whether the inclusions labeled by =7 are strict, remain open.



Appendix A

Concrete Categories

A.1 Basic Concept of Concreteness

Definition A.1.1 Let C,D be categories and U : D — C a faithful functor.
We say that (D, U) is a concrete category over C, or C-concrete category in
short. U and C' are called forgetful functor and base category, respectively.

Note 6 The pair (D,U) is often identified with D if we do not need to em-
phasize the name of the forgetful functor. If the choice of this functor is
obuvious, the forgetful functor is usually denoted by Up.

Definition A.1.2 Let (D,U) be a concrete category over C.

e For an object B in D, U(B) is called the underlying object or carrier
of B.

e The class Fib D(A) of D of all D-objects with carrier A is called the
fibre of A.

e D is called fibre-small if fibres of all objects in C are sets.

Definition A.1.3 Let (A, Uy), (B, Ug) be concrete categories over C and let
F: A — B be a functor. We say that F' is concrete over C (or C-concrete) if
Ugo F'=Uy. Moreover, if F is an isomorphism, A, B are called concretely
isomorphic and we write A = B.

Metacategorical remark A.1.1 The metacategory of all C-concrete cate-
gories and C-concrete functors is denoted by ConC. Then there is an obvious
“forgetful functor” ConC — CAT given by the assignment (A, Uy) — A.
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Definition A.1.4 Let C be a category. An absolute colimit in C is a colimit
in C, which is preserved by every functor C — C' for every C'.

Let (A,U) be a concrete category over C. We say that (A,U) is a Beck
category if U creates all limits and absolute coequalizers.

A.2 Comma-Categories

Definition A.2.1 Let Cy,Cs, D be categories and Fy : C; — D, Fy : Co — D
functors. A comma-category Fy | Fy is the category with objects (A, f, B),
where A and B are objects of C; and Co, respectively and f : F1A — FyB is
a morphism in D called a structure arrow. We say that there is a morphism
(p,0) : (A, f,B) — (A, f',B") if ¢ : A - A and v : B — B’ are the
morphisms in C; and Cy, respectively, such that the diagram bellow commutes:

F A ! B
lF1¢> ledl
rA—  _pp

The identity and the composition of morphisms are given componentwise.

Let A = C; x Cy, then Fy | Fy is a concrete category over A with the
forgetful functor given by (A4, f, B) — (A, B).

Remark A.2.1 If any of the functors Fy, Fy is Idp, it is replaced by D in
the notation of comma-category. On the other hand, if any of Fy, Fy is a
constant functor C'x with the domain category 1 for some object X in D, we
substitute X for the label of the appropriate functor.

Let Fy, = Cx. Then we have a comma category Fy | C'x with the forgetful
functor Fy | Cx — C; x 1 = (4, hence it makes sense to assume such a
category to be concrete over Cf.

Namely, for Fi = Ide, Fy, = Cx we get an X-slice category, usually
denoted by C/ X, with its objects being the pairs (A, f), where f: A — X is
a morphism in C.

We define an X-coslice category X\C by duality on C.

Remark A.2.2 As proved in [16], if C is a complete category and X is
its object, then C/X is complete as well. In fact, the limit of a diagram
Q :D — C/X is of the form (L, \) where, under the notation of Note 1, L is
the limit object of the diagram Q1 : D* — C where Q)1 is defined as () on D
and Q1(1) = X and, for each object d € ObD, the terminal arrow ty: d — 1
in D* is mapped on the structure arrow of Q(d). The morphism A : L — X
is the component of the limit cone labeled by 1.



Appendix B

Universal Constructions in
Categories

The following text summarizes the main definitions and facts of two involved
concepts of category theory needed for this thesis: an adjunction and Kan
extensions. At first we set the notation for the natural transformations.

Notation of Natural Transformations

Definition B.0.2 Let there be categories A, B and C, functors P,Q : A — B
and R, S : B — C and natural transformations ¢ : P — @ and x : R — S.
Then the induced natural transformations are denoted by R¢ : RP — RQ),
xQ : RP — 5Q, S¢ : SP — SQ and xP : RP — SP. Moreover, there

is a transformation x *x ¢ : RP — S@Q called Godement product given by

compositions

Remark B.0.3 The properties of the Godement product (see [16]):

(2 *x1) 0 (P2 @1) = (x20¢2) * (x10*¢1) (B.1)
idr*x¢p1 = R¢y
x1*idp = x1P

for every N, P,Q : A — B, R,S,T:B%C,NngQ,RgSgT.
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B.1 Adjunction and Monads

B.1.1 Universality and Adjunction

In this section we recall the basic categorial concept of universal arrows and
of adjunction. Proofs of the facts can be found in [7], [24].

Definition B.1.1 Given a functor F : C — D and object A in D. Let B
be an object in C and f : A — RB a morphism in D. We say (B, f) is an
R-universal arrow for A if for every C' € ObC and g : A — RC there is a
unique g : B — C such that Rgo f = g. Object B is called a base object of
the universal arrow. The dual notion is a couniversal arrow.

Lemma B.1.1 Given a functor R : C — D and object A € ObD, B € ObC,
then there exists an R-universal arrow with the base object B iff

homp(A, —) o R = home(B, —). (B.4)

Proof: It is easy to see that the assignment g — ¢ for g : A — RC with
C' € C defines an isomorphism ¢¢ : homp(A, RC) = home(B, C'). The univer-
sality, moreover, yields the naturalness of such a collection of isomorphisms.

Conversely, given an isomorphism ¢ : homp(A, —)o R = hom¢(B, —), then
f=15": A— RB yields the R-universal arrow (B, f). O

Remark B.1.2 By analogy, under the above assumptions, the existence of
an R-couniversal arrow over A with the base object B is equivalent to the
1somorphism

homp(—, A) o R = home(—, B). (B.5)

Moreover, if S : C — D is a contravariant functor, then the existence of a S-
universal arrow over A with the base object B is equivalent to the isomorphism

homp(A, —) 0o S = home(—, B). (B.6)

Proposition B.1.3 Given functors R : C — D and L : D — C, then the
following statements are equivalent:

1. Every D-object has an R-universal arrow.

2. Fwvery C-object has an L-couniversal arrow.
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3. There is a natural transformation n : Ildp — R o L such that, for every
D-object A, C-object B and a mapping f : A — RB, there is a unique
f: LA — B satisfying Rf ong = f.

A—L-rB

I

RLA

4. There is a natural transformation € : L o R — Id¢ such that, for every
C-object B, D-object A and a mapping g : LA — B, there is a unique
g: A — RB satisfying ego Lg = g.

LA—2 >R

.

LRB

Definition B.1.2 If the conditions stated above are satisfied, we say that R
is right adjoint functor for L, L is left adjoint functor for R, and we deal with
an adjoint situation, shortly adjunction, denoted by (n,e) : L 4 R:C — D
and n and € are called a unit and a counit of the adjunction, respectively.

Remark B.1.4 Given an adjunction L 4 R : C — D with morphisms f :
RA — RB, g : RC — RC for some C-objects A, B,C, then the morphism
LRA — C induced by the composition g o f is

gof=goLf.

We recall the following well-known property:

Proposition B.1.5 Let there be an adjunction L 4 R : C — D. Then L
preserves colimits and R preserves limits.

The following property can be found as an exercise in [3].

Proposition B.1.6 If the functor R : C — Set is right adjoint, then it is
isomorphic to hom(K, —) for some K € C.

Remark B.1.7 Let C have copowers and Q) be an object in C. Then there is
a copower functor — e Q) : Set — C which is left adjoint to hom(Q,—) : C —
Set. To a set M, it assigns the coproduct of M copies of QQ (the "M-th”
copower of Q) and for a mapping h : M — N we define h ® Q) as the unique
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Jactorization of cocone upm) @ @ — H Q,m € M, over a colimit cocone
jEN
jeM

We get an adjunction (n,e) : (— e Q) 4 hom(Q, —) : C — Set with the
unit morphism nx : X — hom(Q, X ¢ Q), for a set X and v € X, defined
by nx(x) = up : Q — X @ Q, i.e. the x-labeled canonical injection into the
coproduct. Moreover, for an object A of C, the counit € : hom(Q, A)e(Q — A
is defined as the unique factorization of a cocone {¢|¢ : Q — A} over the
colimat.

Free Objects

Definition B.1.3 Let C be a category and A be a C-concrete category with
the forgetful functor U : A — C and let A be an object in C. We say that the
object B of A is free over A if there is a U-universal arrown : A — UB.

The theory of universality and adjunction applied on the situation described
in the definition yields the following:

Remark B.1.8 Let (A,U) be a C-concrete category.

e A free object over a C-object A, if any, is determined uniquely up to an
1somorphism.

o Let the free objects exist over every A. Then these can be selected
functorially by a free functor W : C — A which is left adjoint to the
forgetful functor U.

o The existence of free objects yields the preservation of limits by the
forgetful functor.

e The free object in A over an initial object in the base category is the
initial object in A.

B.1.2 Monads and Comonads

Definition B.1.4 Let M be an endofunctor on a category C and let there
be natural transformations n : Ide — M, u : M o M — M. The triple
M = (M,n, p) is called a monad on C if the following conditions are satisfied:

ponM = o Mn=idyy,
po Mu = po .

Then n and p are called unit and multiplication of monad M.
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Dually we define a comonad.

Proposition B.1.9 Let (n,e) : L 4 R : C — D be an adjunction. Let
M =RoL, N=LoR, u= ReL, v=LnR. Then there is an associated
monad (M,n, u) and an associated comonad (N, e, v) for the adjunction.

Definition B.1.5 Let M| = (My,m, 1) and My = (M, m2, p12) be monads.
A natural transformation ¢ : M; — My is a monad transformation if the
diagrams

Id m Ml M12 M1 Ml
\ l(b lqﬁ*q& l¢
M2 M22 = MQ

commute.

B.2 Kan Extensions

B.2.1 Basic Concept

The concept of Kan extensions, widely elaborated in [24], is another topic
involving the universality. In fact, there are two dual notions - left and right
Kan extension - related by the replacement of universality by couniversality
in the definition. However, there are still two different definitions of the right
Kan extension, which are not equivalent in general. The weaker one, which is
called just right Kan extension, can be seen as an instance of couniversality,
while the stronger one, pointwise right Kan extension, is given by a limit
construction. For the weaker case we show two versions of definition, a direct
one and the one involving the couniversality. The latter will be especially
useful.

Definition B.2.1 (Kan extension - direct version) Let A,B and C be cate-
gories and S : A — B, U : A — C be functors. A right Kan extension
of S along U is a pair Ran;S = (T,e) consisting of a functor T : C — B
and a natural transformation e : TU — S satisfying the following universal
property: given a functor T' : C — B and a transformation €' : T'U — S,
then there is a unique transformation t : 7" — T such that ¢’ = eotS. Then
we write T' = Rang S.

By duality on categories A,B,C we define left Kan extension Lan,S =
(Lang S, h).
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The following remark involves some strongly illegitimate notions such as
the collection of all metacategories and a functor between these hypercate-
gories. These are, however, used to enable a formal explanation of notation,
rather then to build a theory upon.

Metacategorical remark B.2.1 Let A and C be categories and U : A — C
be a functor. Then there are ”functors”

homeat(A, —), homear(C, —) : CAT - METACAT
together with the “transformation”
homgat (U, —) : homcar(C, —) — homcar(A, —)
with the component on a category D given, for every functor T : C — D, by
homcar(U,D)(T) =T o U.

Therefore, under the above assumptions, we have the functor homgar(U, D) :
homcat(C, D) — homcar (A, D) for each category D. To simplify the nota-
tion, it will be denoted by [— o U].

Definition B.2.2 (Kan extension - unversality version) Let A,B and C be

categories and U : A — C be a functor. A [— o Ul-couniversal arrow (T, e)

over a functor S : A — B is called right Kan extension of S along U.
Dually, [— o Ul-universal arrow defines a left Kan extension.

Proposition B.2.2 Definitions B.2.1 and B.2.2 are equivalent.

Proof: The proof is straightforward. 0

Remark B.2.3 Under the assumptions of the definitions, we get from (B.5)
that the existence of Ran;,S is equivalent to the isomorphism

homgnac(—,S) o[- o U] = homgpac(—, RanyS). (B.7)

Although the main definitions are taken from [24], we choose a different
definition for the stronger version of Kan extension and the definition from
[24] will be stated as a proposition.

Let A and C be categories with a functor U : A — C and let A be an
object in C. Then Q4 : A | U — A will denote the forgetful functor for the
comma category (see Remark A.2.1).
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Proposition B.2.4 Let A,B and C be categories and S : A — B, U : A —
C be functors. Consider the functors S o Q4 for every A € ObC. If each of
these functors, seen as a large diagram, has a limit Ty € ObB, then there is
a functor T': C — B and a natural transformation e : T o U — S such that
(T,e) = Ran;,S.

Definition B.2.3 (Pointwise Kan extension) Let A,B and C be categories
and S: A— B ,U: A— C be functors. If, for each A € ObC, the functor
SQ 4 has a limit, then the induced right Kan extension of S along U s called
pointwise.

To say more about the relation between the stronger and weaker Kan exten-
sions, we will recall the definition of the preservation of Kan extensions.

Note 7 Given functors P,QQ : C — B, R : B — D and a transformation
p: P — Q, then we apply the functor R on the pair (P,p) by

R(P,p) = (RP, Rp).

Definition B.2.4 Let A,B, C and D be categories, S: A — B, U : A—C,
R : B — D be functors. Then we say that:

e R preserves Ran; S iff

JRan; S = (3Ran, (RS) A RRan; S = Ran, RS),

e IR creates Rang S iff

JRan; (RS) = (JRan;, S A RRan;; S = Ran, RS).

Now the relation between both kinds of right Kan extensions is captured
within the following theorem (see [24], Definition on p. 240).

For functors P, @ : A — B, by Nat(P, Q) we denote the class of natural
transformations P — (). Using the illegitimate formalism we have

Nat(P, Q) = homhochT(.A,B)(Pa Q)

Theorem B.2.5 Let A,B and C be categories and S : A—B ,U: A—C
be functors such that Ran,S = (T, e) exists. Then the following statements
are equivalent:

1. Ran; S is pointwise.

2. Ran;, S is preserved by hom(C, —) for every object C' in C.
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3. For all objects B € B and C' € C there is a natural isomorphism
homg(B,T(C)) = Nat(hom¢(C, —) o U, homp(B, —) 0 5)

given by the assignment (g : B — TC') — ¢9 where ¢9 is the natural
transformation with the component ¢ : home(C,UA) — homp(B, SA)
on an object A in A given by ¢%(f) = eao T f o g for a morphism
f:C—=UAinC.

Proof: For the proof see [24], Chapter X., Theorems 5.1 and 7.2. O
The situation, where both Ran;S and Ran; RS exist and the equality
RRan;;S = Ran;; RS holds, can be expressed equivalently by both

e Ran; S exists and R preserves Ran;; S,

e Ran; RS exists and R creates Ran;S.

Its instance occurs in the relation between Kan extensions and adjunction
(see [24]):

Proposition B.2.6 Let A and B be categories and F' : A — B be a functor.
Then the following statements are equivalent:

1. F has a left adjoint.
2. Ranpld 4 exists and F' preserves it.

3. Ranpldy exists and F' preserves all right Kan extensions with the values

m A.

The implication (1) = (3), together with Remark B.1.7 and Theorem
B.2.5, yields an important result:

Proposition B.2.7 A right Kan extension with the values in a category with
copowers 1§ pointwise.

The copower functors from Remark B.1.7 have another application in
context of Kan extensions.

Remark B.2.8 Let C be a category with copowers and X,Y be its objects.
We define its endofunctor

Gxy = (—eX)ohom(Y,—).

Consider functors Cx,Cy : 1 — C with values X, Y, respectively. As
observed by J. Velebil, it is straightforward to prove that Gxy = Lang, Cx.
As a consequence, there is an isomorphism

homgpac(Cy, —) o [— o Cx] = homgnac(Gxy,—). (B.8)
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B.2.2 Codensity Monads

Proposition B.2.9 Given a functor U : A — C with the right Kan exten-
sion Ranj U = (M,e), then there exists a monad M = (M,n, u) with the
transformations n : Ide — M and p : M?* — M induced by idy : U — U and
eoMe: M?U — U, respectively.

Definition B.2.5 The monad M = (M,n, i) together with the transforma-

tion e introduced above is called codensity monad for U. If the corresponding

right Kan extension is pointwise, we say (M, e) is pointwise codensity monad.
If (A, U) is the concrete category, we say M is its codensity monad.

The following consequence of B.2.6 states that the existence of a codensity
monad is a weaker condition for the existence of an adjoint:

Proposition B.2.10 If a functor U : A — C has a left adjoint L with a
counit €, then the induced monad together with the transformation e = Le is
the pointwise codensity monad for U.

Let M = (M, n, i) be a pointwise codensity monad for the forgetful func-
tor U of a concrete category (A, U) over a category C. Let A be an object
in C and (f, X) an object in A | U, i.e., f: A — UX is a morphism in C.
Then by (f) we denote the corresponding morphism M A — UX such that
(floma=F.

The property 3. in Theorem B.2.5 for pointwise codensity monad yields
the following:

Proposition B.2.11 Under the above assumptions, for every A, B € ObC,
there 1s an isomorphism

T : Nat(hom(B, —) o U,hom(A, —) o U) — hom(A, M (B)).

Given a natural transformation ¢ : hom(B, —) o U — hom(A, —) o U, T(¢) :
A — M B is the unique morphism such that, for every object X in A, every
morphism f: B — UX satisfies

¢x(f) = (f) o T().
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