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0.1 Purpose

This document is a record of my notes on category theory. The primary
reference we are following here is [Boul7], which after discussing the basics
of category theory, proceeds to develop the theory behind protomodular
and Mal’tsev categories. This document marks the second time I have
recorded detailed notes on a particular reference, with the first set of notes
being about functional analysis.

As mentioned at the start of Chapter 2], there are two main
pathways one can take after gaining a basic grasp of category theory —
enriched category theory and the theory of internal structures. The
reference [Boul7] develops the theory in the latter direction.



Chapter 1

Category theory

1.1 Basic definitions and examples

The concept of a category crops up in a multitude of different fields,
ranging from group theory to algebraic topology (via 2-categories and
higher order category theory). Certain constructions such as taking
quotients or pullbacks in different contexts/categories have an elegant and
unified description in category theory. Additionally, there are many
instances of adjoint pairs of functors which appear in fields such as
representation theory (induction and restriction) and multilinear algebra
(Hom-tensor adjunction). To put it simply, category theory is very
powerful and pervasive.

We will start by defining categories. Instead of following [BoulT7], we will
define categories directly.

Definition 1.1.1. A category ¥ is a triple, consisting of:
1. A class of objects ob(%)

2. A class of morphisms (or arrows) between the objects Hom(%"). We
say that the morphism f: A — B is an element of Hom(A, B), which
denotes the class of all morphisms from A to B. A is deemed the
source object and B is the target object in this case.

3. A binary operation called composition of morphisms, defined by
o: Hom(B,C) x Hom(A, B) - Hom(A,C), o(g,f) =go f.

Additionally, the composition of morphisms must satisfy the following two
properties:



1. Associativity: (fog)oh= fo(goh)

2. Identity: For all objects A € 0b(%), there exists a morphism
14 : A — A such that for all morphisms f € Hom(A,B), fola=f
and for all morphisms g € Hom(B, A), 1409 = g.

Let us compare the definition of a category to the definitions of a graph and
a reflexive graph given below.

Definition 1.1.2. A graph % is a pair, consisting of:
1. A class of objects ob(%)

2. A class of morphisms (or arrows) between the objects Hom(%'). We
say that the morphism f : A — B is an element of Hom(A, B), which
denotes the class of all morphisms from A to B. A is deemed the
source object and B is the target object in this case.

A reflexive graph is a graph where each object X is associated to an
identity morphism 1y : X — X.

Hence, a category is a reflexive graph, equipped with the composition
operation of morphisms. We will now give illustrative examples of
categories.

Example 1.1.3. Here are the examples of categories which are most
important to [Boul7].

The category Set is the category whose objects are sets and whose
morphisms are functions between sets.

The category Mon is the category whose objects are monoids (groups
without inversion) and whose morphisms are monoid homomorphisms.

The category Grp is the category whose objects are groups and whose
morphisms are group homomorphisms.

Similarly, we have the category Ab of abelian groups and the category
CoM of commutative monoids. Finally, the category Top is the category
whose objects are topological spaces and whose morphisms are continuous
functions.

Before we proceed, we will make a quick remark. Consider the category
Set. The objects in Set are all the possible sets. However, this raises the
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issue of Russell’s paradox — there is no “set of all sets”. Indeed, we were
careful to say a “class of objects” and not a “set of objects” in the
definition of a category. This observation segues into a philosophical
discussion about the foundations of category theory which we will not
pursue here. For further details, consult [Mur06] for a brief discussion.

Analogously to morphisms in a category, we can define the notion of
morphisms between categories.

Definition 1.1.4. Let €, & be categories. A functor F': ¥ — & is a map
which satisfies the following properties:

1. If C € 0b(%), then F(C) € ob(2)

2. If C € 0b(€), then F(1¢) = 1p(c), where 1¢ and 1p(¢y are the
identity morphisms defined on C' and F(C') respectively.

3. XY, Z €0b(¥), f € Hom(X,Y) and g € Hom(Y, Z), then
F(go f)=F(g)o F(f), where F(g) € Hom(F(Y), F(Z)) and
F(f) € Hom(F(X), F(Y)).

A functor is quite literally a morphism of categories because it preserves
the essential structures of a category — the identity morphism on every
object and the composition operation.

Example 1.1.5. Let G be a group and

[G,G] ={lg,h] =ghg~'h" | g,h € G}

be the commutator subgroup of G. The quotient G* = G/[G, G] is the
abelianisation of G. We also have the projection map 7¢ : G — G, which
is a group morphism.

The functor ab : Grp — Ab sends a group G to its abelianisation G and
a group morphism f : G — H to the group morphism f® : G% — H%. The
morphism f? is the unique group morphism which makes the below
diagram commute, as a consequence of the universal property of the
quotient:

G%H

k8 k2



Additionally, we also have a notion of maps between functors themselves.

Definition 1.1.6. Let ¢ and Z be categories. Let F': € — & and
G : € — 2 be functors. A natural transformation « : ' — G is a family
of morphisms

{as: F(A) - G(A) | A€ %}

such that for every morphism f: A — A’ in &, the following diagram
commutes:

FA) 29 pean
A Q pr

G(A) 29 Gy

If the a4 are all isomorphisms in &, then « is said to be a natural
isomorphism.

Example 1.1.7. Following on from the previous example, the projection
map 7 is a natural transformation from the identity functor
1d : Grp — Grp to the abelianisation functor ab.

Our next definition focuses on the morphisms in a particular category.

Definition 1.1.8. Let % be a category. Suppose that we have the
following diagram in %"

g —_— f
U—— X . Y — 7

We say that g equalizes the pair (h, ') if ho g = h' o g. Furthermore, f
coequalizes the pair (h,h')if foh= fohl

We say that f is a monomorphism when the only pairs (h, ') which are
coequalized by f are pairs of the form (h, k). Dually, ¢ is an epimorphism
when the only pairs (h, h’) which are equalized by ¢ are pairs of the form
(h,h).

Let us apply this definition in the following lemma.

Lemma 1.1.1. In the category of sets Set, a function (set morphism)
f: X =Y is a monomorphism if and only if f is an injective function.
Moreover, f is an epimorphism if and only if [ is a surjective function.
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Proof. Assume that we have the following diagram in the category Set:

h
g —_— /
U—— X . Y — 7

To show: (a) If g is surjective, then g is an epimorphism.
(b) If g is an epimorphism, then g is surjective.
(c) If f is injective, then f is a monomorphism.
(d) If f is a monomorphism, then f is injective.

(a) Assume that g is surjective and that hog=h'og. Since g: U — X is
surjective, for ho g = h' o g to hold, h and h’ must agree on the image
g(U) = X. Therefore, h = b/ which demonstrates that ¢ is an epimorphism.

(b) We will prove this by contrapositive. Assume that g is not a surjective
function. Then, there exists an element z € X such that = ¢ g(U). The key
point here is that we can do anything with the element x. Define the
functions h,h’' : X — Y such that h(z) = y; and h'(x) = yo with y; # yo
and h(z) = I/(2) for all z € X — {z}. By construction, h # A/, but
hog=h og. Hence, the function g equalizes the pair (h,h') with h # A/,
which shows that g is not an epimorphism as required.

(c) Assume that f is an injective function and that foh = f oh’. Then, for
all x € X, f(h(z)) = f(W(z)) and since f is injective, h(z) = h'(z) for all
x € X. Thus, f is a monomorphism.

(d) We will again prove the contrapositive statement. Assume that f is not
an injective function. Then, there exists y;,y» € Y with y; # yo such that
f(y1) = f(y2). Construct the functions h, h' : X — Y such that for some

x € X, h(x) =y, h(z) =y and for all z € X —{z}, h(z) = K'(z). Then by
construction, h # A/, but foh = foh'. Therefore, f coequalizes the pair of
functions (h, h') with h # b/, unveiling that f is not a monomorphism. [

It is worth noting that extends to the categories Grp and Ab by
utilising a similar proof technique.

Definition 1.1.9. Let % be a category, A, B be objects in % and
f € Hom(A, B) be a morphism. We say that f is an isomorphism if there



exists a morphism f~' € Hom(B, A) such that fo f~! = idp and
f~to f =ida, where id denotes the identity morphism.

Lemma 1.1.2. Let € be a category, A, B be objects in ¢ and f : A — B
be an isomorphism. Then, f is a monomorphism and an epimorphism.

Proof. Assume that f : A — B is a morphism in the category . Suppose
that h, h’ : B — C are morphisms such that ho f = h’o f. By precomposing
with the inverse map f~!, we find that ho (fo f™*) =h'o(fo f~!) and
consequently, h = h'. This shows that f equalizes the pair (h,h) for all

h € Hom(B,(C). Hence, f is an epimorphism.

Now assume that g,¢ : Z — A are morphisms such that fog= fog4'. By
composing with f~!, we find that ¢ = ¢’ and hence, f coequalizes the pair
(g,9) for all g € Hom(Z, A). This demonstrates that f is a
monomorphism. O

Interestingly, the converse of Lemma does not hold.

Example 1.1.10. In the category of monoids Mon, consider the inclusion
map ¢ : Zsy — 4, where Z>( and Z are monoids with the binary operation
of addition. The inclusion ¢ is both a monomorphism and an epimorphism
in Mon. However it is not an isomorphism in Mon, as it is not surjective.
See [Awol0, Section 2] for the details.

The above example also demonstrates that in a given category, an
epimorphism is not always surjective. Similarly, a monomorphism is not
always injective. Given below are some more properties satisfied by
monomorphisms and epimorphisms in 4. The proofs of these relations are
omitted because they are simple applications of the definitions.

1. If f and g are monomorphisms in %, then g o f is also a
monomorphism.

2. If go f is a monomorphism in %, then f is also a monomorphism.
3. If f and ¢ are epimorphisms in %, then g o f is also an epimorphism.

4. If g o f is an epimorphism in %, then g is also an epimorphism.



1.2 Equalizers and coequalizers

The definition of an epimorphism and monomorphism that we gave is a
special case of the concept of an equalizer and a coequalizer respectively.
We will make the necessary definitions below.

Definition 1.2.1. Let % be a category and consider the following diagram
in ¢:

i —
I — X _ Y

We say that the morphism i : [ — X is an equalizer of the pair (h, 1) if it
equalizes the pair (h,h') and satisfies the following universal property: if

g : U — X is a morphism which equalizes the pair (h, k') then there exists a
unique morphism v : U — [ such that the the triangle in the below diagram
commutes:

U

N

~ ; h

I — X . Y

The equalizer ¢ of (h, k') is often denoted by eq(h, ).

By reversing the arrows in the diagrams in the above definition, we obtain
the definition of a coequalizer.

Definition 1.2.2. Let % be a category and consider the following diagram
in ¢:

We say that the morphism ¢ : Y — @ is a coequalizer of the pair (h, h') if
it coequalizes the pair (h, ') and satisfies the following universal property:
for all morphisms f : Y — Z which coequalize the pair (h, h'), there exists a
unique morphism ¢ : () — Z such that the the triangle in the below
diagram commutes:

A
) /¢T
H !



The coequalizer g of (h,h’') is often denoted by coeq(h, h').

Example 1.2.3. As an example of equalizers and coequalizers, let us give
a description of equalizers and coequalizers in the category of sets Set.

Suppose that we have the following diagram in Set:

L —
I — X . Y

where [ is the set

I={xe X |h(x)="0(x)}

and ¢ : I — X is the inclusion function. We will show that ¢ is the equalizer
of the pair (h,h’). Suppose that g : U — X is a function which equalizes
the pair (h,h’). The point here is that the image of ¢ must be contained in
I by the definition of the equalizer. Thus, we can define the unique map

g : U — I, which is just g, but with codomain restricted to I. Then, it is
easy to check that the triangle in the following diagram commutes:

U
M L L)
I —— X _ Y

Furthermore, ¢ equalizes the pair (h, k') because for all i € I,

(hou)(i) = h(i) = h'(i) = (h" 0 1) (4).
This is just from the definition of I. Therefore, ¢ is the equalizer of the pair

of functions (h, h’').

Now, we will find the coequalizer of the pair (h,h’). Let ~ denote the
smallest equivalence relation defined by setting h(z) ~ h'(z) for all z € X.
This is an equivalence relation on Y and thus, we can define the quotient
set Y/ ~, which is equipped with the usual projection map 7 : Y — Y/ ~.
We claim that 7 coequalizes the pair (h,h').

To see why this is the case, observe that for all x € X,

(7o h)(x) = [A(x)] = [W(x)] = (7 o h')(x)
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where [h(z)] € Y/ ~ denotes the equivalence class with representative h(x).
So, 7 coequalizes (h, h'). Moreover, suppose that ¢ : Y — Z is a morphism
in Set which coequalizes (h, ') so that go h = go h'. Then, we define the

function

¢p: Y/~ — Z
= 9
To see why ¢ is well-defined, suppose that y; and y, are two representatives
of the same equivalence class in Y/ ~. Then, since goh =go I/,
g(y1) = g(y2) by the definition of ~. This ensures that ¢ is well-defined.
Again, one can quickly check that ¢ makes the triangle in the below
diagram commute:

A

g ¢T

h |
—

XTYT>Y/~

Also, ¢ is unique because it is entirely determined by the function g.
Therefore, 7 : Y — Y/ ~ is the coequalizer of the pair (h, h’).

There are a multitude of examples of equalizers and coequalizers given in
the reference [Leild]. We will list a few of them below:

Example 1.2.4. Let h,h' : X — Y be morphisms in the category of
topological spaces Top. Then, the equalizer of (h, k') is the inclusion map
t: I — X where [ is the topological space

I={xe X |hx)="0(x)}

equipped with the subspace topology from X. Similarly, 7 : Y — Y/ ~ is
the coequalizer of (h, k') where for all x € X, h(z) ~ W/ (z) and Y/ ~ is
equipped with the quotient topology.

Example 1.2.5. Let k-Vect be the category of k-vector spaces, where k is
a field. Let s,t:V — W be linear transformations between the vector
spaces V' and W. Then, the equalizer of (s,t) is the inclusion map

L:ker(t —s) = V.

Example 1.2.6. Let u,v : G — H be morphisms in the category of abelian
groups Ab. The coequalizer of (u,v) is the group morphism

v : H — H/im(v — u). Notice that the image im(v — u) is just the cokernel
coker(v — u).

11



Let us now prove some general properties satisfied by equalizers and
coequalizers.

Theorem 1.2.1. Let € be a category, A, B be objects in € and

h,h' € Hom(A, B) be morphisms in €. Then, any equalizer or coequalizer
of (h,h') is unique up to isomorphism. Furthermore, any equalizer of (h,h’)
is a monomorphism and any coequalizer of (h,h') is a epimorphism.

Proof. Assume that € is a category, A, B are objects in ¥ and
h,h' € Hom(A, B) be morphisms in % .

To show: (a) Equalizers of (h,h') are unique up to isomorphism.

(b) Coequalizers of (h,h') are unique up to isomorphism.

(¢) If f:Z — Ais an equalizer of (h,h'), then f is a monomorphism.

(d) If g : B — C'is a coequalizer of (h,h'), then g is an epimorphism.

(a) Suppose that Z is an object in € and fi, fo : Z — A are equalizers of
(

h,h'). By the universal property of the equalizer, there exists a morphism
p: Z — Z such that the triangle in the following diagram commutes:

Z

p:%

v f1 L>
Z —— A _ B

But, another application of the universal property of the equalizer reveals
the existence of another morphism ¢ : Z — Z such that the triangle in the
following diagram commutes:

A

¢i&

v fa L)
7 —= A _ B

Now, observe that from both diagrams, we have

Ja=pofi
=po(pofo)=(pod)ofo

12



and

fi=ao¢of
=¢o(pofi)=I(pop)o fo

Thus, ¢ o p = po ¢ = idy, which demonstrates that p and ¢ are both
isomorphisms. Since f; = ¢ o fy, we deduce that f; and f, are in fact, equal
up to isomorphism.

(b) Assume that C' is an object in € and ¢y, g2 : B — C are coequalizers of
(h,h'). Similarly to part (a), we apply the universal property of the
coequalizer to obtain the morphisms ¢, p : C' — C', which make the
triangles in the following diagram commute:

C

.
h 1

SN 91
h/
C
g1 p’i\
N |
A — B T) C

Arguing in exactly the same manner as the previous part, we find that ¢
and p are inverses of each other and thus, isomorphisms. Hence, g; and gs
are equal up to isomorphism.

(c) Assume that f: Z — A is an equalizer of (h,h"). Assume that
x,y : F — Z are morphisms such that fox = foy. This gives us the
following commutative diagram:

h
! —_—
7 —— A . B
The universal property of the equalizer now tells us that there exists a
unique u : £ — Z such that fox = f ou. Therefore, u =z =y and as a

result, f must be a monomorphism.
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(d) Assume that g : B — C' is an equalizer of (h, h’). Assume that
p,q : C — D are morphisms such that po g = qo g. Then, the following
diagram must commute:

D
A
B——C

Since g is a coequalizer of (h,h'), we can use the universal property of the
coequalizer to deduce the existence of a morphism v : C'— D such that
vog=pog. Due to uniqueness, v = p = ¢ and consequently, g must be an
epimorphism. O

A h
h/

Next, we will define a special kind of epimorphism called a split
epimorphism. [Boul7| explains that split epimorphisms are behind many
“strong classification processes in algebra”.

Definition 1.2.7. Let % be a category and f : X — Y be a morphism in
%. The morphism f is said to be a split epimorphism if there exists
another morphism s : Y — X such that f os =1dy.

Let us prove some of the defining properties of split epimorphisms.

Theorem 1.2.2. Let € be a category and f : X — Y be a split
epimorphism so that there exists a morphism s : Y — X such that
fos=idy. Then, the composite = s o f is idempotent (0> =0).
Furthermore, s = eq(idx,0) and f = coeq(idx,0).

Proof. Assume that % is a category and f : X — Y be a split epimorphism.
Then, there exists a morphism s : Y — X such that f os=1idy. Let
f = so f. Then,

?=0of=so(fos)of=sof=0.
Thus, 6 is idempotent.

To show: (a) s = eq(idy,0).
(b) f = coeq(idx,0).

(a) To see that s : Y — X equalizes the pair (idx, ), we compute directly
that

14



fos=(sof)os=so(fos)=s=1idyos.
Now suppose that g : U — X is a morphism in % which equalizes the pair
(idx,0). Then, g =0 o g. Now consider the composite fog: U — Y. It is

unique because it is the composite of two unique morphisms. Additionally,
we note that

Thus, s is the equalizer of the pair (idx,0).
(b) To see that f: X — Y coequalizes the pair (idy, 6), we observe that

fon (fOS)Of:idyOf:fOidx.
Thus, f coequalizes (idx,f). Now suppose that h: X — W is a morphism

such that h coequalizes (idx,6). Then, h o = h. Consider the composite
hos:Y — W. This is a unique morphism which satisfies

(hos)of=ho(sof)=hof=h.
Therefore, f is the coequalizer of (idx,#) as required. H

As a result of s must be a monomorphism and f must be an
epimorphism. An isomorphism is a special case of a split epimorphism. If
f: X — Y is an isomorphism in %, then, it is a split epimorphism because
fof™t=idy.

The next result can be thought of as a converse of It shows that we
can always construct a unique split epimorphism in a particular scenario.

Theorem 1.2.3. Let € be a category and 6 : X — X be an idempotent
morphism in €. Let s = eq(idx,0) be a morphism from'Y to X. Then,
there exists a unique morphism f: X — Y such that f o s = idy and
sof=4¢.

Dually, if f = coeq(idx,0) is a morphism from X toY, then there exists a
unique morphism s 1Y — X such that fos=1idy and so f =46.

Proof. Assume that € is a category and 6 : X — X is an idempotent
morphism in €. Let s = eq(idy, 0), where s is a morphism from Y to X.
By exploiting the universal property of the equalizer, there exists a unique
morphism f : X — Y such that the triangle in the following diagram
commutes:

15



=

0
idx
_s

—
X95

<<

X

Thus, so f = 6. To see that f o s =1idy, we can use the fact that 0 is
idempotent, in tandem with so f = 6, to reveal that

so(fos)of=sof.
Since s is an equalizer, it is a monomorphism (see |1.2.1)). Therefore,
(fos)o f = f and consequently, f os = idy as required.

Now assume that f = coeq(idx,0), where f is a morphism from X to Y.
From the universal property of the coequalizer, there exists a unique
morphism s : Y — X such that the triangle in the below diagram
commutes:

That is, so f = 6. Using the fact that 6 is idempotent, we once again
obtain so (fos)o f=so f. From|[l.2.1] f is an epimorphism because it is
a coequalizer. Therefore, so (f os) =s and so, f o s = idy as required. [

We observe that for a given category %, the split epimorphisms (f, s),
where s is the morphism whose existence is determined from f being a split
epimorphism, form a category themselves. We will call this category Pt(%).
The morphisms in this category are given by pairs of morphisms (z,y)
which form commutative squares of the form

X 25 X

g

y — 2y

The above commutative diagram ensures that split epimorphisms are
mapped to split epimorphisms. Now suppose that f € Hom¢(X,Y) and

s € Homg (Y, X). Finally, the functor 4 : Pt(¢) — € sends a split
epimorphism given by the pair (f,s) to Y which is the codomain of f. It is
an exercise in the definitions to prove that Pt(%’) is a category and € is a
functor.
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1.3 Reflexive relations

One of the most important constructions in the categories we are familiar
with, such as Set and Top, is the quotient. The quotient is reliant on the
notion of an equivalence relation. In this section, we will discuss the first
step towards generalising the notion of an equivalence relation to category
theory — the concept of reflexive graphs. As usual, we will begin with
preliminary definitions:

Definition 1.3.1. Let % be a category and X be an object of €. A graph
on the object X is a pair of morphisms dy,d; € Hom(G, X).

The graph (dp, d;) is said to be reflexive when dy and d; admit a common
section. That is, there exists a morphism sy € Hom(X, G) such that

dy 0 sg = dj 0 sp = idx. In an abuse of notation, we often denote a reflexive
graph by G, rather than specifying the pair of morphisms.

Another way of interpreting the idea of a reflexive graph on X is that the
diagonal map A = (idx,idx) € Hom(X, X x X) factors through the
morphism (dy,d;) : G — X x X. That is, there exists so € Hom(X, G) such
that the following diagram commutes:

Definition 1.3.2. Let % be a category, X be an object in € and (dy, d;) be
a reflexive graph on X, where dy, d; € Hom(G, X). We say that (dy,d;) is a
reflexive relation if dy and d; are both monomorphisms. Alternatively,
the induced morphism (dp,d;) : G — X x X is a monomorphism.

Why is this definition consistent with our usual concept of a reflexive
relation on a set? Recall that a relation on a set X is just a subset of
X x X. More specifically, a relation on a set X is the subset

D= {(¢1(9),02(9)) g€ G} S X x X

where ¢1, o : G — X are monomorphisms in Set. For a relation on X to
be reflexive, the diagonal of X, which is defined by

D={(z,2) |z € X}

17



must be a subset of ®. This holds precisely when ¢; and ¢, have a common
section s : X — G, a function which satisfies ¢ o s = ¢ 0 59 = 1dx.
Moreover, we want (¢1, ¢2) to be a monomorphism (or injective since we
are dealing with sets) because we do not want an element to appear more
than once in .

Here are some well-known examples of reflexive graphs.

Example 1.3.3. Let € be a category and X be an object. Then, the
discrete reflexive relation on X is given by the identity map idx,
represented by the following diagram:

The reflexive relation is given by the pair (idx,idx) and the appropriate
section for both morphisms is in this case idy. Since idx is an isomorphism,
it must also be a monomorphism (see|1.1.2)). Hence, (idx,idx) is a reflexive
relation on the object X. We commonly denote it by Ax.

Example 1.3.4. Let € be a category and X be an object. Then, the
indiscrete reflexive relation on X is given by the following diagram:

2

A
XxXe—X
_om
Here, m; and 7wy are the canonical projection maps onto the first and second
factors respectively and A = (idy,idy) is the diagonal map. This is a
reflexive relation on X because the induced map (7, m) : X x X — X x X
is just the identity morphism on X x X, which is an isomorphism and

hence, a monomorphism. The indiscrete reflexive relation is usually
denoted by V.

Definition 1.3.5. Let & be a category and (dy, d;) be a reflexive graph on
an object X, where do,d; € Hom(G, X). The dual of (dy,d,), often
denoted by G, is the reflexive graph (d;,dp) on X.

For a given category &, we will denote by RGr(%) the category whose
objects are reflexive graphs and whose morphisms are pairs of morphisms
(e, B) which make the following diagram commute:

18



led
dO

We will use Uy : RGr(¢) — € to denote a functor which maps a reflexive
graph to its underlying object X. Finally, we denote by Ref(%) the
subcategory of RGr(%) whose objects are the reflexive relations. As a
demonstration of this category, we will prove the following lemma:

Lemma 1.3.1. Let € be a category, X be an object and R be a reflexive
graph on X. Then, there exists unique morphisms dr : R — Vx and
st Ax — R in the category RGr(€).

Proof. Assume that X is an object in the category ¥ and that R is a
reflexive graph on X, depicted by the diagram below:

ay

_—

We define di : R — Vx to be the pair ((ag, a1),idx), where idx is the
identity map on X and (ag,a;) € Hom(R, X x X) is induced from the

morphisms ay and a;. To see that di is a morphism in the category
RGr(%), note that if r € R then

71 0 (ag,ar)(r) = m(ap(r), a1 (r)) = aog(r) = (idx o ap)(r)

T 0 (ag, a1)(r) = ma(ao(r), a1(r)) = ai(r) = (idx o ay)(r)

and if x € X then

Indeed, the following diagram commutes:
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R
X

X

T| H

X
X
This shows that dg : R — Vx is indeed a unique morphism in RGr(%).

Next, we define the map s : Ax — R by the pair of morphisms (rg,idx)
(morphlsrns in €). It is straightforward to check that this pair makes the
following diagram commute and is thus, a unique morphism in RGr(%):

=

1t 1| H

1.4 Pullbacks and pushouts

In this section, we introduce our second fundamental example of a

limit /colimit in category theory — pullbacks and pushouts respectively. In
particular, pullbacks appear in a lot of fields of mathematics, mainly under
the guise of “precomposing” with a particular map. We will take the
definition of pullbacks and pushouts from [Leild, Section 5.1].

Definition 1.4.1. Let % be a category. Suppose that we have the
following diagram in %"

Y
|
X =7
A pullback of the above diagram is an object P of €, together with

morphisms p; : P — X and p, : P — Y such that the square below
commutes.



P2,y

n

X =57

Furthermore, a pullback must satisfy the following universal property. For
any commutative square of the below form in %,

f2 Yy

!

X 57

there exists a unique morphism f’: A — P such that the two triangles in
the below diagram commute:

Similarly to the relationship of the coequalizer to an equalizer, the
definition of a pushout can be obtained from that of a pullback, by
reversing the arrows.

Definition 1.4.2. Let % be a category. Suppose that we have the
following diagram in %"

>~<

IS
—

X

!

A pushout of the above diagram is an object P of €, together with
morphisms p; : X — P and ps : Y — P such that the square below
commutes.

1

p1

< —
IS
—

!



Furthermore, a pushout must satisfy the following universal property. For
any commutative square of the below form in %,

B«5—Y
A7
X —— 7

there exists a unique morphism ¢’ : P — B such that the two triangles in
the below diagram commute:

We will give one example each of a pullback and a pushout.

Example 1.4.3. Let us work in the category of sets Set. Suppose that we
have the following diagram in Set:

Y

t
X =7
Let P be a subset of X x Y defined by

P={(z.,y) € X xY | s(a) = t(y)}.

Let mx : P — X and my : P — Y be the usual projection maps. By the
definition of P, it is easy to verify that the following square commutes:

Py

b

X =57

To see the universal property of a pullback is satisfied, suppose that we
have the following commutative square:
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f2

Q Y
b
X =7
We define the function o : ) — P by

a:@Q — P

q = (f1(q), f2(q))-

This is a well-defined unique map to P because so f; =t o f,. It remains to
show that f; = mx o a and f, = my o . But this follows directly from the
definition of o. Thus, the triple (P, 7x,my) is a pullback in Set.

Example 1.4.4. For our example of a pushout, we will work in the
category of topological spaces Top. Again, suppose we have the following
diagram in Top:

Y

u

Consider the disjoint union X UY of the topological spaces X and Y. We
define an equivalence relation on X LY by saying that if t € X and y € Y,
x ~ y if and only if there exists a z € Z such that v(z) = 2 and u(z) = y.
In other words, ~ is the smallest equivalence relation generated by pairs of
the form (v(z),u(z)) for all z € Z.

Next, we define X Lz Y to be the quotient topological space (X UY)/ ~.
There are continuous functions tx : X - X Uz Y and 1y : Y — X LUz Y,
defined by tx(x) = [z] and ¢y (y) = [y]. From the definition of X U, Y, it is
straightforward to verify that the following diagram commutes:

XUzY ¢ Y

LXT uT

X +——- 2

To see that the universal property of the pushout is satisfied, suppose that
we have the following commutative square:
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We——Y
o] o
X +—— 72

Define the map 5 : X Uz Y — W by

ﬁiXUZY%W

[z] = g1(z)

[yl = 92(y)

How do we know that (3 is a well-defined continuous map? In order to
obtain the definition of 3, we can exploit the universal property of the
quotient in Top, which suggests that it is enough to construct a continuous
map (' : X UY — W such that §'(u(z)) = 5'(v(z)) for all z € Z.
Fortunately, we have the homeomorphism

Cts(X UY, W) = Cts(X, W) x Cts(Y,W).

On the RHS, we have g; € Cts(X, W) and g, € Cts(Y,W). By the
homeomorphism, the pair (g1, g2) induces the continuous function

G X UY — W which has the desired property because g, o v = g 0 u.
Thus, 5 : X Uz Y — W is a well-defined continuous function. For all z € X
andy €Y,

Blex(z)) = B([z]) = g1(x) and B(uy (y)) = B([Y]) = g2(y)-
It remains to show uniqueness. Suppose that 5* : X LIz Y — W is another
map which satisfies §* o 1x = g1 and $* o 1y = go. Then, a direct
computation yields for all z € X and y € Y,

B(lx]) = B*([z]) and B([y]) = B*([y])-

Since every element of X L Y is either [y] for some y € Y or [z] for some
z € Z, the above equalities reveal that § = *. Hence, we have uniqueness
and therefore, the triple (X Uz Y, tx,ty) is a pushout in Top.

It turns out that pushouts in Top play an important role in the
construction of finite C'W-complexes, which are the fundamental objects of
study in algebraic topology. See [Mur21] for a brief discussion of this point.
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The above example of a pushout in Top is also directly from [Mur21].

Pullbacks and pushouts indeed exist in the categories Mon, CoM, Grp
and Ab. We will now turn our attention to proving various properties of
pullbacks.

Lemma 1.4.1. Let € be a category and f:Y — Z be a morphism in € .
Suppose that we have the following pullback square in € :

P-2.Y

b

X 2>z
If f is a monomorphism, then p; is also a monomorphism. Similar
statements hold when f is an isomorphism or a split epimorphism. We say

that monomorphisms, isomorphisms and split epimorphisms are stable
under pullbacks.

Proof. Assume that % is a category and f : Y — Z is a morphism in %.
Consider the above pullback square involving f. Now suppose that f is a
monomorphism and assume that «, 5 € Hom(Q, P).

To show: (a) If py o = py 0 3, then o = 5.

(a) Assume that p; o @ = p; o 5. By exploiting the commutativity of the
pullback square, we find that upon composing both sides with g,

go(pioa)=fo(ppoa)=go(piofB)=fo(prop)
as morphisms from @) to Z. Since f is a monomorphism, we have
P2 0 v = pg o 3. Next, we observe that a makes the two triangles in the

below diagram commute:
Q f\

P2,y

p1oc lpl lf

X 4.7

Since p; o a = p; o B by assumption and p, o a = py o § as demonstrated
previously, § must also make the two triangles commute, as depicted by the
diagram
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Qﬁ

P2,y

p1oQ lpl lf

X 47

By the universal property of the pullback, the morphism which makes the
two triangles commute must be unique. Therefore, a = 5.

Part (a) proves that p; is a monomorphism. Hence, monomorphisms are
stable under pullbacks.

Now suppose that f is an isomorphism. Construct the following
commutative square:

x I8y
lz-dx lf
X 2=z
The universal property of the pullback tells us that there exists a unique

morphism h : X — P such that the two triangles in the below diagram
commute:

So, we have p; o h = idx.
To show: (b) hop; =idp.
(b) Observe that

pro(hopy)=(pioh)op; =idxop =poidp.

Since f is an isomorphism, it must be a monomorphism from [1.1.2]
Therefore, h o p; = tdp as required.
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Part (b), in conjunction with the fact that p; o h = idx, demonstrates that
p1 is an isomorphism in %. Therefore, isomorphisms are stable under
pullbacks.

Finally, suppose that f is a split epimorphism. Then, there exists s : Z — Y
such that f os =idy. Hence, we have the following commutative square:

sog

X —Y

v s

X 457

and by the universal property, there exists a unique morphism ¢ : X — P,
which makes the two triangles in the following diagram commute:

s0g

P2,y

bl

X 457

In particular, p; ot = idyx. Hence, p; is a split epimorphism. This reveals
that split epimorphisms are stable under pullbacks. O

Let us look at a special case of the pullback — the pullback of the pair of
morphisms (f, f), where f € Hom(X,Y). We will denote this pullback in a
category ¢ in the following specific manner:

R[f] L

S

P}

<_
~

>~<

x 1

We call the pair of morphisms (pg ) p{ ) the kernel pair of f. By
considering the commutative square

X iy x
fax ]y
X sy



we can use the universal property of the pullback to deduce the existence of
a unique morphism s : X — R[f] such that the two triangles in the below
diagram commute:

X —Y

The above diagram shows that any morphism f € Hom(X,Y") gives rise to
a reflexive relation R[f]. More explicitly, the reflexive relation R[f] is given
by the kernel pair (p{, p!), with p!,p/ € Hom(R[f], X). We also observe
that f coequalizes the kernel pair (pg , p{ ).

The next lemma demonstrates when a pullback becomes an equalizer.
Lemma 1.4.2. Let € be a category with pullbacks. Let h,h' € Hom(X,Y)

be a pair of morphisms. Suppose that we have the pullback square

I —*t 4 X

lg l(h, )

Y 25V xY
where A 1Y — Y XY is the diagonal map. Then, i = eq(h, k') is the
equalizer of the pair of morphisms (h,h').

Proof. Assume that € is a category with pullbacks. Assume that
h,h' € Hom(X,Y) are a pair of morphisms, which satisfy the pullback
square in the statement of the lemma.

To see that i equalizes the pair (h, k'), the commutativity of the pullback
square tells us that as morphisms from [ to Y x Y,

(hoi,h'oi)=(g,9).
So, hoi =g = h' oi, which reveals that i equalizes the pair (h, h’). Note
that this also exposes the identity of g as the composite h o i.

To see that i is the equalizer of (h, k'), suppose that k € Hom(U, X) such
that k equalizes (h, h’) so that h ok = h’ o k. This is enough to make the
following square commute:
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Uu—* o x

lhok l(h, h’)

Y 2.,V xY

Now, we can use the universal property of the pullback to deduce the
existence of a unique morphism ¢ : U — I such that the two triangles in
the below diagram commute:

I —* X

lg l(h, )

Y 2.,V xY

The commutativity of the top triangle proves that 7 is the equalizer of the
pair (h,h') as required. ]

The next lemma answers the question of whether the category Pt(%) of
split epimorphisms in % has pullbacks. As one would expect, it turns out
that the pullbacks are inherited from %'.

Lemma 1.4.3. Let € be a category with pullbacks. Then, the category
Pt(€) also has pullbacks. Furthermore, the functor §4 : Pt(€¢) — €

preserves pullbacks.

Proof. Assume that € is a category with pullbacks. In order to
communicate the proof properly, we will require some compact notation.
We will abbreviate a split epimorphism in %

—
X Y

S

as X <> Y. Suppose that we have the following diagram in Pt(%):

X// RN Y//

lahbl
ao,bo

XY — XV

Ignoring the morphisms which comprise the split epimorphisms in the above
diagram, we find two separate diagrams in %. Since % has pullbacks, we
can take pullbacks of both diagrams to obtain the following diagram in %"
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P Q P1,91 X” PN Y//
Y

lpo,% lal,ln

X oy ol x Ly

This is a diagram in € because we do not know yet whether P and @) are
related by a split epimorphism. To construct a split epimorphism between
P and @), first consider the following commutative square in %

P f"op1 Y//

f lopol lbl

yr by

By the universal property of the pullback, there exists a unique morphism
h : P — @ such that the two triangles in the following diagram commute:

P f"0p1
/\\

Q q1 Y//

f'opo qol lbl

yr b,y

By applying the universal property of the pullback again on the
commutative square

s"oq
Q 1 X//

s’oqol l‘ll

X 25X

we find that there exists a unique morphism g : () — P such that the two
triangles in the following diagram commute:

Qi\ql
g

P p1 X"
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It remains to show that h o g = idg. We know from the diagrams above
that pjog =5s"0q and ¢ oh = f” o p;. By combining these two equations,
we find that ¢; o (h o g) = ¢;. Similarly, gy o (h o g) = go. Notice that the
morphism ho g : () — ) makes the two triangles in the following diagram

commute:
Q q1
w/\

Q a1 Yy

q0
qol by

vy 2,y
But, the identity map idg : @@ — @ also makes the same diagram commute.
Thus, by uniqueness from the universal property of the pullback,
idg = hog. This shows that i : P — () is a split epimorphism and thus,
the square in Pt(%) commutes:

P+ Q 2% X' Y

lpoa% lalybl

X oy 2% X oy
This is indeed a pullback in Pt(%’) since we can use the universal property
of the pullbacks (P, pg, p1) and (Q, go,q1) in € to construct the appropriate
morphisms in Pt(%’) (or pairs of morphisms in ¢’). Furthermore, the
functor 9« preserves pullbacks because it maps the above commutative
square in Pt(%) to the following commutative square in %"

Q q1 Y/,

QOl lln

y 2y
This is a pullback in ¢ by construction. O]

Unsurprisingly, a similar conclusion also holds for the category of reflexive
graphs RGr(%).

Lemma 1.4.4. Let € be a category with pullbacks. Then, the category
RGr(€) also has pullbacks. Furthermore, the functor Uy : RGr(€) — €
preserves pullbacks.
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Proof. Assume that € is a category with pullbacks. We will denote a
reflexive graph on X

dy
— =

G X
_ o

by G = X. Suppose that we have the following diagram in %

G// . X/l
lalabl
/AN / (I(),b() N
G=X—"T"FG=X

Ignoring the morphisms which comprise each reflexive graph, we obtain two
different graphs in %’. Since € has pullbacks, we can form the pullbacks of
both graphs to obtain the commutative square

P, Q p1,91 G// ‘:\ X//

lpo,fm lal,bl

ag,b
G=X 2,G=X

Similarly to [1.4.3] we have to show that P is a reflexive graph for (). The
procedure is almost the same as in [1.4.3] We apply the universal property
of the pullback twice in % to deduce the existence of morphisms
hi,hs : P — @ such that the following diagrams commute in %"

djop1
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It remains to show that h; and hy have a common section (right inverse).
Applying the universal property of the pullback once more, we obtain the
following commutative diagram in %"

G// ao G

Now the first two pullback diagrams tell us that ¢; o hy = d} o p; and

¢1 © hy = djy o p;. The third diagram tells us that pj o g = s’ 0 ¢;. By
precomposing the first two relations with g, we find that ¢, o (he 0 g) = ¢
and ¢; o (hy 0 g) = ¢;. Similar statements hold for gy in place of ¢;. So, the
following diagram involving a pullback square commutes:

q1

Q q1 X/

QOl lbl

X// bo X

By uniqueness of the pullback, hy 0 g = hy 0 g = idg. Thus, we obtain the
following commutative square in RGr(%):

pP1,9
P=Q —5 GG =X"

lpo,tm lal,bl

ag,b
G=X 22.G=X

This defines a pullback in RGr(%’) because we can use the universal
property of the pullback in & for (P, pg,p1) and (@, go, ¢1) to construct the
appropriate morphisms. Moreover, the functor Uy preserves pullbacks
because it sends the above pullback square in RGr (%) to

Q q1 X/

S

X// bo X
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This is a pullback square in ¢ by construction. O]

We also note from [BoulT7, Exercise 1.5.6] that conveniently, the
subcategory of reflexive relations Ref (%) is stable under pullbacks in

RGr(%).

Our next task is to prove a few results which elucidate common situations
where pullbacks arise from.

Lemma 1.4.5. Let € be a category with pullbacks. Consider the following
diagram in €, which consists of adjacent commutative squares:

A—5 A == A
lhl lhz lhg
B—.p L, p

If both squares in the above diagram are pullback squares, then the outside
square is also a pullback square. Furthermore, if the outside square and the
right hand side square are pullbacks, then the left hand side square is also a
pullback.

Proof. Assume that % is a category with pullbacks. Suppose that we have
the following diagram shown in the statement of the lemma. Assume that
the adjacent commutative squares are pullbacks. We want to show that the
following square is a pullback square:

A o’oa A//

b

B p'oB B
Suppose that we are given the commutative square

X 1 A

b

B 22, pr
Then, the following diagram is also a commutative square
X —— A

lﬁog lh3
B’ B'op B
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and by the universal property of the pullback, there exists a unique
morphism ¢ : X — A’ such that the triangles in the following diagram
commute:

The bottom left triangle gives rise to the commutative square

X 2

lg lhz

BB
Since the left square is also a pullback square, we can again use the
universal property of the pullback to deduce the existence of a unique

morphism v : X — A such that the following diagram commutes:

Now observe that h; o9 = g and

(' oa)od=a'og=1.
Therefore, the outer square is indeed a pullback square.
For the other direction, assume that the outside square and the right square

are both pullbacks. Suppose that we have the following commutative
diagram in ¢



Since the right square is commutative because it was assumed to be a
pullback, we find that f’ o (foj) = 3" o (hy0¢) and

(8’0o p)oj=hgo(a'od). Using the universal property of the pullback on
the outer square, there exists a unique morphism p : Y — A such that the
following diagram commutes:

Y a’od
N
\\ p
N
.
> A a’oa "

h3
B'op B"

It suffices to show that oo p = . Note first that o o p makes the following

diagram commute

Y
O
B - B

But § : Y — A’ also makes the above diagram commute. Since the right
hand side square is a pullback, we can use uniqueness of the universal
property of pullbacks to deduce that o o p = 9. This demonstrates that
p Y — A is the unique morphism which makes the following diagram
commute:

o

B B

This demonstrates that the LHS square is a pullback as required. O

One application of is to prove the Dice lemma, which comprises
[Boul7, Corollary 1.6.3].
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Lemma 1.4.6. Let € be a category. Suppose that we have the commutative
cube in € (the image is from [Boul’l, Corollary 1.6.3]):

Y
Ll

Suppose further that the top, bottom and front faces of the cube are pullback
squares. Then, the back face of the cube must also be a pullback square.

Proof. Assume that € is a category and that we have the commutative
diagram in the statement of the lemma (evidently, the identities of the
objects and morphisms in the diagram are unimportant).

Assume that the top, bottom and front faces of the cube are pullback
squares. Then, from [1.4.5] the square consisting of both the front and top
faces must be a pullback square because its constituent squares are
pullbacks. But, by commutativity of the diagram, this means that the back
and bottom squares together form a pullback. Since the bottom face is a
pullback, another application of reveals that the back face is a
pullback (since the bottom face is to the right of the back face).

Notice that by an identical argument, if the top, bottom, front and left
faces of the cube are all pullback squares, then the remaining two faces of
the cube (the right and back faces) must also be pullbacks. ]

Here is a curious feature about the proof of [[.4.5] When we reached the
point where it suffices to show that oo p =9, it is tempting to write

o' o (o p)=a' o and cancel out the o/. However, in , o’ is not a
monomorphism, which renders this line of reasoning invalid. On the
flipside, if o/ was a monomorphism, then this step works, producing the
following lemma:

Lemma 1.4.7. Let € be a category with pullbacks. Consider the following
diagram in €, which consists of adjacent commutative squares:
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/

A—2 5 A 25 A
lhl lhg lh;:,
BL.p L, p

Suppose that o/ is a monomorphism. If the outside square is a pullback,
then the left hand side square is also a pullback.

Proof. Assume that % is a category with pullbacks and that the outside
square is a pullback. Assume that o’ is a monomorphism. Suppose that we
have the following commutative diagram in %"

y %A

b e

B2, B

Since the right square is commutative because it was assumed to be a
pullback, we find that §' o (foj) = ' o (hg 0 ¢) and

(' o) oj=hsgo(ca od). Using the universal property of the pullback on
the outer square, there exists a unique morphism p : Y — A such that the
following diagram commutes:

/

Y a’od

A O/OO( A//

o

B %, pr

It suffices to show that a0 p = 9. We know from the top triangle in the
above diagram that o/ o (awo p) = @’ 0 §. Since o/ is a monomorphism,
a o p =9. Hence, the following diagram commutes

o e

B2, g

and hence, the left hand side square is a pullback square. O
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1.5 Inverse image

Recall the notion of a reflexive relation from section 1.3. This was
motivated by wanting to generalise the notion of an equivalence relation on
sets to different categories. Before we proceed to define internal equivalence
relations in a category €, we will first discuss the notion of an inverse
image in the category RGr(%).

Definition 1.5.1. Let % be a category with pullbacks. From [1.4.4] the
category RGr(%) must also have pullbacks. Let G be a reflexive graph on
Y given by

and f: X — Y be a morphism. The inverse image of G by f , which is
denoted by f~!(G), is the following pullback in the category RGr(%):

f_l(G) (fGaf) G

|, L

v
\Y% X —f> VY

Recall that Vx and Vy denote indiscrete reflexive relations and that the

morphism dg : G — Vy was constructed in [1.3.1]

Let us given an explicit description of the morphism Vf : Vyx — Vy. This
is just the pair of morphisms ((f, f), f) in . This observation is
substantiated by the fact that the square (or rather three squares) in ¢
commutes:

™2
XXX ¢—FX

_—

1

(£, 1) f

2

—

Y><Y<TY
_—

1

By definition, the inverse image f~1(G) is a pullback in the category
RGr(%). Hence, f~(G) defines a reflexive graph on the object X. From
the morphism in RGr(%€) from f~1(G) to Vx must be the morphism
d¢-1() which is unique. What we are primarily interested in is the
universal property satisfied by the inverse image.
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Lemma 1.5.1. Let € be a category with pullbacks. Let G be a reflexive
graph on'Y given by

and f: X =Y be a morphism. If I' is a reflexive graph on X, then there
exists a morphism (f, f): T' — G if and only if there exists a factorisation
' — Q) above X.

Proof. Assume that € is a category with pullbacks and G is a reflexive
graph on Y. Assume that f: X — Y is a morphism in % so that the
inverse image f~!(G) can be formed as the pullback square

fﬁl(G) (fG7f) G

df7 1 (G)l ldG

VxLVY

Assume that I' is a reflexive graph on X. First, assume that there exists a
morphism (f, f) : ' = G. Then, the following diagram must commute:

T (/> G

e

Vy 5 vy

We know that the left downwards pointing arrow in the above commutative
square is dr from [1.3.1] due to uniqueness. By exploiting the universal
property of the pullback, there exists a morphism ¢ in RGr(%’) from I to
f71(G) such that the two triangles in the following diagram commute in
RGr(%):
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So, (f, f) : ' — G factors as the composite (fg, f) o ¢.

Conversely, suppose that we have a morphism o« : I' — f~!}(G) in the
category RGr(%) above X. Then, we can define a morphism in RGr(%)
from I' to G by the composite (fq, f) o . This completes the proof. H

The next result demonstrates an important invariant of the inverse image.

Lemma 1.5.2. Let € be a category with pullbacks. Let G be a reflexive
graph on'Y given by

and f: X =Y be a morphism. If G is a reflexive relation, then the inverse
image f~1(G) is also a reflexive relation.

Proof. Assume that % is a category with pullbacks. Assume that G is a
reflexive graph on Y and f : X — Y is a morphism. The inverse image
[7Y@G) satisfies the following commutative diagram in RGr(%):

f_l(G> (fG:f) G

df_l(G)l ldc

VXV—f>Vy

The morphism (fg, f) : f~(G) — G induces the following commutative
diagram in ¢

~

|

In order to demonstrate that f~!(G) is a reflexive relation on X, we must
show that (eg,e1) : f71(G) — X x X is a monomorphism. To this end,
suppose that fi, f» € Homy(Z, f~1(G)) and that (g, 1) o fi = (eo, €1) © fa.

To show: (a) f1 = fo.



(a) Since foey=dyo fe and foe; =d; o fg, we find that
(f, f)o(ep,e1)o fi=(f,f)o(eo,e1)o fo and

(do,dy1) o (fa, fa) o f1 = (do, dv) o (fa, fa) © fa.
But, G is a reflexive relation on Y. This means that the morphism

(do,dy) € Homy(G,Y x Y) is a monomorphism. In conjunction with the
above equation, we obtain fg o fi = fg o f.

Recall how pullbacks in RGr(¢’) were constructed in [I.4.4, We constructed
two different pullback squares in 4 and then used the universal property of
the pullback to turn these into a single pullback square in RGr(%). Using
this observation, we find that the following square in % is a pullback:

fe) — = @

(60 ,e1 )l l(do,dl)

Xxxx Iy xy

Notice that the morphism f; makes the following diagram commute:

faofa
A
&
f—l (G) L G
(eo,e1)of2 (60761)l l(do,dl)
(£,h)

X xX —5YXxY

But, f> also makes the diagram commute. So, by uniqueness associated to
the universal property of the pullback, f; = fs.

Part (a) reveals that (eg,e1) : f71(G) — X x X is a monomorphism in %.
Therefore, f~1(G) must be a reflexive relation on X. ]

An important consequence of the proof of is that a very similar proof
technique can be used to prove the following result, which we will state
below (but not prove).

Theorem 1.5.3. Let € be a category with pullbacks. Then the subcategory
Ref(€) of RGr(%) is stable under pullbacks in RGr(%€).

We will end this section with another definition we require.
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Definition 1.5.2. Let % be a category with pullbacks and R, S be
reflexive relations on X. The intersection R NS is the reflexive relation
on X given by the diagonal of the pullback

RNS —5 3 S

~o_d
l“* dnes lds
dg >
R — Vyx

where g and tr are the inclusion morphisms.

As explained in [Boul7, Exercise 1.5.7], the inverse image along a
morphism f : X — Y preserves the intersection of reflexive relations. This
means that in the category Ref(%), f~{(RNS) = f~YR) N f71(S).

1.6 Internal equivalence relations

We have now built up enough theory to describe our generalisation of an
equivalence relation in category theory. After our definition of a reflexive
relation (see[1.3.2)), we briefly discussed why it is a valid generalisation of
the usual notion of a reflexive relation on a set. We will take the opposite
approach in this section and begin by motivating the ideas behind the
definition of an internal equivalence relation before providing the definition.

Our starting point lies with the usual idea of an equivalence relation on a
set.

Definition 1.6.1. Let X be a set. A relation R C X x X is said to be an
equivalence relation on the set X if R satisfies the following three
properties:

1. Forallz € X, (z,2) € R.
2. For all z,2’ € X, if (x,2') € R, then (2/,2) € R
3. Forall z,2", 2" € X, if (z,2') € R and (2/,2") € R, then (z,2") € R.

If only the first property is satisfied in the above definition, then we recover
the definition of a reflexive relation on a set. Before we proceed, we want to
point out that instead of writing (z,2’) € R, [Boul7] writes x Rz’. We will
also adopt this notation.
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The first step to generalising the above definition to category theory is to
find a condition which condenses the second and third properties to a single
property. This is precisely what the horn-filler condition does.

Lemma 1.6.1. Let X be a set and R be a reflexive relation on X. Then, R
is an equivalence relation if and only if R satisfies the horn-filler condition
— for all x,2’, 2" € X, if tRx’ and xRx", then x' Rx".

Proof. Assume first that R is an equivalence relation on the set X. Assume
that xRz’ and xRx”. By symmetry, '’ Rz and by transitivity applied to
2'Rx and xRx”, 2’ Rx”. Hence, the horn-filler condition must be satisfied.

For the converse, suppose that R is a reflexive relation on X which satisfies
the horn-filler condition. To see that symmetry is satisfied, assume that
xRz’. Then, since zRx (because R is reflexive), we can apply the horn-filler
condition to demonstrate that '’ Rz. To see that transitivity is satisfied,
assume that Rz’ and 2’ Rx”. By symmetry, 2’ Rx and by the horn-filler
condition applied to 2’ Rz and 2’ Rx”, we obtain xRx" as required. O]

The natural question to ask here is: how does the horn-filler condition
generalise to category theory? Suppose that € is a category with pullbacks,
X is an object in ¥ and R is the following reflexive relation on X:
L N
R (d—R X
1
The identity of the common section is not important here. Form the
following pullback square from the pair (d%, d%).

This turns R[df] into a reflexive relation on R, which is coequalized by df.
This will become important in what follows. Now consider the following
diagram in €

do

|

Rldy] ——

R
di
d2k dft
dgt
R
1

|

Ree———

d
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This is a morphism (da, dt) of reflexive relations. The two commutative
squares reveal that dff o dy = dff o dy and dff o dy = d¥ o dy. Let s € R[d]
and suppose briefly that we are working in the category Set so that the
usual definition of an equivalence relation on a set applies. Recall from the
construction of the kernel pair that (df o dy)(s) = (d& o dy)(s). Hence, the
following pairs are contained in our reflexive relation R C X x X

((dg'odo)(s), (dyodo)(s)), (g ody)(s), (d odi)(s)), ((dy odz)(s), (dioda)(s)).

But since dff o dy = dff o dy and d o dy = d¥ o dy, the third pair is just
((df o dy)(s), (dR o dy)(s)), which is an element of our reflexive relation. If
we define x = (d¥ o dy)(s), ' = (df o dy)(s) and 2" = (df o d;)(s), then we
have demonstrated that if xRz’ and xRz”, then 2/ Rx” which is exactly the
horn-filler condition.

It remains to construct the morphism (dy, dft) : R[] — R in Ref(%). One
way to do this is via the pullback square given by the inverse image
(d®)~1(R). Explicitly, this yields the commutative diagram in Ref (%)

VRV—>VX
R

dj

Recall the explicit description of the two unique morphisms d RIdE) and
d(gry-1(g) from We have

dR[d(lf] = ((do,dl),idR) and d(df‘)*l(R) = ((60, 61),?:dR)

where e, e; are the morphisms constituting the reflexive relation (df)~*(R)
on R. The main point here is that the second morphism in each pair is the
identity ¢dgr on R. By commutativity of the leftmost triangle, ps = idg.
This ensures that we can define the morphism (ds, d*) : R[dY] — R, by
setting dy = f o p;.

Therefore, if we have a unique morphism (py, po) : R[d] — (dI)~*(R)
induced by the pullback square from (df)~1(R), then we can always
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construct (dg,df). In [Boul7], the first condition is written as
R[dg] C (di)~!(R).

Now we can generalise the idea of an equivalence relation with the following
important definition.

Definition 1.6.2. Let % be a category with pullbacks. Let X be an object
in ¥ and R be the following reflexive relation on X:

We say that R is an internal equivalence relation if R satisfies
R[df] C (df)~'(R).

In order to parse the definition, we will go over some examples of internal
equivalence relations.

Example 1.6.3. Let € be a category with pullbacks. Let X be an object
in ¥. We claim that the discrete reflexive relation Ay is an internal
equivalence relation on X. The discrete reflexive relation is given by the
diagram

We must show that Rlidx] C idy'(Ax), where idy' (Ax) is the inverse
image formed from the pullback square

id (Ax) LA

did;(l(AX)l l(A,idx)

Vx — Vx
Vidy

It suffices to construct a commutative square of the form

R[de] e AX

dR[idX]l l(A,idX)

Vx — Vx
Vidyx
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where A = (idx,idx) is the diagonal morphism from X to X x X. Recall
that R[idx] is formed as the pullback of the pair (idx,idx), giving the
following commutative square in %"

Rlidyx] 2~

g

X —
idx

dx

P

Since idx is an isomorphism, tells us that py = p;. It is not too hard
to observe that the pair (p1,idx) : R[idx] — Ax is a morphism in Ref(%)
because the following diagram commutes in %

X

X

Ppo=p1

|

R[idy] ;
p1

p1

X

id

e —
ldX

|

X

Since the morphism dgq,) = ((p1,p1),idx) (see|l.3.1)), we find that the
square in Ref(%) commutes

R[@d}(] (phidX) AX

dR[idX]l l(A,idx)

Vx — Vx
Vidyx

Thus, by the universal property of the pullback, we obtain a unique
morphism (¢, ¢o) : R[idx] — idy' (Ax) such that the following diagram
commutes

(pl sidx )

Rlidx]
\\\\\(¢17¢2)

~

A

i (Ax) A

dRjiax] id;(l(AX)l l(A,idx)

Vx — Vx
Vidx
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Therefore, R[idx] C idy'(Ax) and so, the discrete reflexive relation is in
fact an internal equivalence relation.

Example 1.6.4. Following on from the previous example, we claim also
that the indiscrete reflexive relation Vx on X is also an internal equivalence
relation. Recall that the indiscrete reflexive relation is given by the diagram

T
XxX¢+——— X
oM
We must show that R[m] C m, '(Vy), where 7, ' (V) is formed from the

pullback

7T2_1(VX) (fﬂ'l’z) vX

dWQl l(idXnyidX)

Vxxx —~. Vx
2

We want to construct a commutative square of the form

R[Wl] E— VX

dR[ﬂ'l]l l(idXxXﬂ;dX)

Vixxx V—> Vx
™

The commutative square we are after is lying in plain sight

v7r2 OdR[“'l]
R[ﬂ'l] VX
dR[rq) (tdx x x,idx)
Vxxx —w— Vx
T2

The universal property of the pullback then gives us a unique morphism
(¢1,#2) : R[mi] — 75, ' (Vx) such that the following diagram commutes:

R[m]

— VX
l(idXxx,idX)

Vxxx —w— Vx
2
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Therefore, R[m ] C 7, ' (Vx) and consequently, the indiscrete reflexive
relation Vx must be an internal equivalence relation.

We denote by Equ(%) the subcategory of Ref(%) whose objects are
internal equivalence relations. Another remark we will make here is that by
symmetry, an equivalent condition to R[dY] C (df)~!(R) in the definition
is R[dE] C (d§¥)7'(R). Another equivalent formulation is that the
intersection R[d¥] N (df)~1(R) = R[dY].

Definition 1.6.5. Let % be a category with pullbacks and R and S denote
reflexive relations on the objects X and Y respectively. Let (f, f): R — S

be a morphism in Ref(%):
X
kf
Y

We say that (f, f) is fibrant if the square indexed by 0 is a pullback square.

d

|

R

0

—
df?

dg

|

|

R
df

It turns out that in the definition of fibrant, we do not care which square is
a pullback, as the following lemma suggests

Lemma 1.6.2. Let € be a category with pullbacks and R and S denote
reflexive relations on the objects X and Y respectively. Let (f, f):R— S
be a morphism in Ref(€). Then, (f, f) is fibrant if and only if the square
indexed by 1 is a pullback.

Proof. Assume that € is a category with pullbacks and R and S are
reﬁexive relations on the objects X and Y respectively. Assume that
(f,f): R— S is a morphism in Ref(%), given by the diagram

X
kf
Y

d

|

R

0

—
df?

dg

|

R
df
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To show: (a) If (f, f) is fibrant, then the square indexed by 1 is a pullback.
(b) If the square indexed by 1 is a pullback, then (f, f) is fibrant.

(a) Suppose that we have the following commutative square in %”:

T "5 X
b b
dy
S—Y
Then, the square below is also commutative:

T 2L, X

sgodfoqll lf
dg

S — Y

Here, s5 and sf are the sections associated with the reflexive relations S
and R respectively. Using the fact that ( f.f ) is fibrant, we can use the
pullback to deduce the existence of a unique morphism ¢ : T" — R such that
the following diagram commutes:

q0

R

dy X

|7

S — Y
dS

The top triangle commutes because

di' o (55 0 dg 0 ¢) = di 0 ¢ = qo.
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The bottom triangle commutes because

fol(sgodiod)=(s5of)odiod
:SgofOQO

=55 0dy o qu.
Therefore, the diagram reveals that the square indexed by 1 is a pullback.

(b) By repeating the argument in part (a) while interchanging the indices 0
and 1 (except for the sections), we also achieve the statement of part
(b). O

An additional component of is that if f is a monomorphism, then
R = f71(S) or equivalently, R C f~'(S) (which is a result of the fibrant
morphism (f, f)) and f~'(S) C R. Unfortunately, I am not sure how to
prove this! The full statement of is from [Boul7, Exercise 1.6.9].

Example 1.6.6. Here is an important example of a fibrant morphism from
[Boul7, Proposition 1.6.10]. Let R be an internal equivalence relation on
X. The morphism (dy, d?) induced by the inclusion R[dy] C d;'(R) is
fibrant. That is, the commutative squares in the diagram below indexed by
0 (or 1) are pullbacks

R
R[dE) —>< R—% L x
R—><—X

Example will play a prominent role in the next lemma, which captures
the essence of the symmetry condition associated to an equivalence relation.

Lemma 1.6.3. Let € be a category with pullbacks and R be an internal
equivalence relation on X. Then, there exists a unique morphism

or: R — R such that dft o og = dI* and df o op = df}.

Proof. Assume that % is a category with pullbacks and R is an internal
equivalence relation on X. Then, there exists a fibrant morphism
(do, df) : R[dY] — R in Ref(%), given by the following diagram in 4

o1



o

Let us first use the pullback square associated with R[d¥] in order to
deduce the existence of a unique morphism v : R[d}] — R[d}] in € such
that the following diagram commutes:

Now we use the fact that (dy, d!) is fibrant, alongside the universal
property of the pullback, to find a unique morphism 3 : R — R[d¥] such
that the following diagram commutes:

idr

Now consider the unique composite ds ouo : R — R. Then, we have

dy o (dy oo f) = (di o do) ouo
= difo (dyo )
= dfoidp = dP.

and
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df o (dyouoB) = (dod)ouop
= (di'odg)o §
= d¥ o (dy 0 B)
=dff oidp = d¥.

Thus, og = dy ou o 3 is the desired morphism. O]

Similarly to[1.6.3] there is an appropriate characterisation of the
transitivity property of an equivalence relation.

Lemma 1.6.4. Let € be a category with pullbacks and R be an internal
equivalence relation on X. Let (R Xx R, qo,q1) be the pullback of the
morphisms dff,d® : R — X such that dff o qo = df* o q,. Then, there exists a
unique morphism 7 : R Xx R — R such that dff o = dlt o q; and

dtor =dffoq.

I attempted to prove this, but to no avail.

Why is it reasonable to assume that [I.6.4 holds? There is an alternative
definition of which is widely used in the literature. This alternative
definition says roughly that R is an equivalence relation on X whenever R
is a reflexive relation on X, which is further equipped with the unique
morphisms og : R — R and 7: R Xxx R — R from [1.6.3 and [1.6.4]
respectively. For instance, see [Bor94b, Proposition 2.5.4] and [BG04, Page
167]. With the interest of progressing further, we will adopt this alternative
definition for the major theorem we will prove next.

Theorem 1.6.5. Let € be a category with pullbacks and S be a reflexive
relation on an object X. Let T' be another object in €. Then, the pairs of
morphisms (h,h') : T'— X x X which can be factorised through the internal
equivalence relation S, determine an equivalence relation on Homy (T, X)
in the usual sense if and only if S is an internal equivalence relation.

Proof. First assume that % is a category with pullbacks and S is an
internal equivalence relation on an object X:
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From the definition of internal equivalence relation in [BG04, Page 167],
there exists unique morphisms ¢ : S — S and 7: .5 xx S — S such that for
0,dyoo =d; and di o 0 = dy. Furthermore, recall that S x x S is the
pullback

SxyS L9

"

SLX

Then, 7 must satisfy dy o7 =d; oq, and dy o 7 = dj o qp.

Assume that T is another object in 4. We claim that the pairs of
morphisms which factor through S

{(h,h") € Homg(T, X)x Homg (T, X) | h = dgog, h' = dyo¢p where ¢ € Home (T, S)}
(1.1)
is an equivalence relation on Homg (T, X). Call this set H.

To see that reflexivity holds, we must show that (h,h) € H for all
h € Homy(T, X). Consider the morphism sy o h € Homg (T, S). Then,
h =dyo (sgoh)=djo(sgoh). By definition, (h,h) € H as required.

To see that symmetry holds, assume that (h,h') € H where

h,h' € Homg (T, X). Then, there exists o € Homg (T, S) such that
h=dyoa and b = d; o a. By using the symmetry morphism o : S — S
(either from the definition or [1.6.3)), i’ = dy o (0 0 @) and h = d; o (g 0 ).
Hence, (h', h) € H, which proves symmetry.

To see that transitivity holds, assume that (f,g),(g,h) € H. Then, there
exists 3,7 € Homg (T, S) such that f =dyo 3, g =dy o =dyoy and
h = d; o~. Using the universal property of the pullback on

SxyxS 2L, 9

"

s %, x

we find a unique morphism u : T" — S X x S such that the following
diagram commutes:

o4



b s

S %™ . x

Now we have f = dgo (qgoou) =dyo (7ou) and
h=djo(q ou)=do(rou). Therefore, (f,h) € H.

Thus, H defines an equivalence relation on Homg (T, X).

For the converse, assume that H (as defined in ([1.1])) is an equivalence
relation on Home (T, X) in the usual sense of sets for any object 7" in €. In
order to emphasise the dependency on T, the set given in (|1.1)) will now be
called Hr.

Firstly, to see that S is a reflexive relation, note that by reflexivity,
(idx,idx) € Hx. So, there exists s € Homg (X, S) such that
idx = dy o s = dj os. This shows that S is a reflexive relation on X.

To see that S is equipped with the symmetry morphism o, observe that
(do,dy) € Hg because dy = dy o idg and dy = d; o idg and by symmetry
(dy,dy) € Hg. Hence, there exists a morphism o : S — S such that

dy = dy oo and dy = dy o o as required.

Finally, to see that S is equipped with the transitivity morphism 7, observe
that (dy o q1,d1 o q1) and (dg o qo, dy © qp) are both elements of Hgy . From
the pullback square associated to S xx S, dy 0 gy = dg o q;. By the
transitivity of Hex s, (do © qo,d1 0 q1) € Hsx s and consequently, there
exists 7: 9 xx S — S such that dyogy =dyoTand dyoq; =d;o7.

Thus, S is an internal equivalence relation in the sense of [BG04, Page
167]. O

Theorem establishes a connection between internal equivalence
relations and the definition of equivalence relations on sets that we are used

to in [LG.11
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1.7 More about equivalence relations

We dedicate this section to stating and proving various results about
internal equivalence relations. The first result is from [Boul7, Exercise
1.6.11, Part a]. It warrants a mention since it is powerful.

Theorem 1.7.1. Let € be a category with pullback. Then, the category of
internal equivalence relations Equ(€) is invariant under pullback.
Specifically, if we have a pullback square in Equ(€)

T —2>U

L

Vv 2. w

with U, V., W being internal equivalence relations, then T must be an
internal equivalence relation.

In particular, since the intersection and inverse image are pullbacks by
definition, internal equivalence relations must be preserved under
intersection and inverse image.

Our next task is to demonstrate that R[f] is an internal equivalence relation
on X, where f: X — Y is any morphism in a category with pullbacks.

Theorem 1.7.2. Let € be a category with pullbacks and f: X — Y be a
morphism. Then, the reflexive relation R[f] on X is formed by the
following pullback square in Ref(€):

ldR[f] lSoY
v

Vy —2 Vy

In particular, R[f] is an internal equivalence relation on X, referred to as
the kernel equivalence relation of f.

Proof. Assume that ¢ is a category with pullbacks and f: X — Y is a
morphism in €. First observe that the morphism (f, f) : R[f] — Ay makes
the following diagram in % commute:

56



RIf] - x
Y Y

Hence, f = f op(’; =f op{. In turn, the following square in Ref(%) also
commutes:

{4

(ford.f)

R[f] Ay

((pfp])vidx) (Asidy)

Yy ((f.).1) Vy
For clarity, we expanded the definition of all the involved Ref(%)
morphisms. Again, A :Y — Y x Y is the diagonal map. To see that this
defines a pullback square, suppose that we have the following commutative
diagram in Ref(%):

0 (9,9) Ay

dq s

Vy —L vy

Let g9, q1 : @ — X be the morphisms associated with the reflexive relation
(. By considering the morphism (g, g) : Q@ — Ay, the commutative
diagram it induces in ¢ and the above commutative diagram in Ref (%),
we find that g = f and § = foqy = f oq. Now we use the fact that R[f] is
originally a pullback in % to deduce the existence of a unique morphism

« : @@ — R][f] such that the following diagram commutes in %"

q0




Thus, (a,idx) : Q@ — R|[f] is the unique morphism in Ref(%) which makes
the following diagram commute:

(foqo,f)
(fopd.f)
R[f] Ay
((ngp{)ﬂdx) (Aﬂ/dY)
Yy ((£,).1) Vy

Hence, R[f] is given by the following pullback square in Ref(%):

R[f] (f.f) Ay

ldR[f] lSoY

Vi 5 vy
0

Here are two consequences of [I.7.2] Since Vx,Vy and Ay are internal
equivalence relations and holds, R[f] must be an internal equivalence
relation on X. Secondly, the inverse image f~!(Ay) is also given by the
pullback square in Ref(%):

f_1<AY> (fAyvf) AY

ldRm lé‘g

VXL)VY

Thus, R[f] and f~*(Ay) must factor through each other as internal
equivalence relations, revealing that R[f] C f~'(Ay), f~'(Ay) C R[f] and
subsequently R[f] = f~1(Ay). A question which directly stems from this
is: what is the inverse image of the indiscrete reflexive relation Vy?

Theorem 1.7.3. Let € be a category with pullbacks and X,Y be objects in
€. Let f: X =Y be a morphism in €. Then, Vx = [~}(Vy).

Proof. Assume that % is a category with pullbacks and f: X — Y is a
morphism in ¥’. It suffices to show that the commutative square in Ref(%)
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Vi — vy

ldv X lde
\Y%

Vx — Vy
is a pullback square. In its most explicit form, the commutative diagram is

((771,X77r2,x),idx)l l((ﬂ'l,YﬂTQ,Y)yidY)
Vy ((f:1):) Vy
where m x, Ty x : X x X — X are projection maps onto the first and second
factor respectively. Note that (m x,m2 x) = idxxx and similarly for Y.

Suppose that we have the following commutative diagram in Ref(%):

p (B,p) vy

b, o
v

Vyx —1s Vy

Let pg, p1 : P — X be the pair of morphisms in 4 associated to the
reflexive relation P. By commutativity of the above diagram, we find that
p=(fopo, fop)and p= f. Now observe that ((pg,p1),idx) : P — Vx is
the unique morphism which makes the following diagram commute:

((fopo,fop1),f)
P

S~ ((po,p1),idx)

A

((po,p1),idx) ) ) ) .
(tdx x x,idx) (tdy x v ,idy)

Yy ((f:5):1) v,

Thus, Vx forms the following pullback square

Vi % vy

ldv x ldvy

Vi —1% vy
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However, we also have the pullback square associated to the inverse image

[ (Vy):

f_l(Vy) (foyf) vy

ldf_l(vy) l‘ivy
v

Vx—f>Vy

Therefore, f~1(Vy) and Vx must factor through each other as reflexive
relations on X. So, f~1(Vy) = Vx as required. O

The next theorem demonstrates when two kernel equivalence relations
factor through each other.

Theorem 1.7.4. Let € be a category with pullbacks. Suppose that
f:X=>Y m:Y—=>Zandg=mof: X — Z are morphisms in €. Then,
R[f] C Rlg]. Furthermore, if m is a monomorphism, then R[f] = R[g].

Proof. Assume that % is a category with pullbacks and f,m and g =mo f
are the morphisms defined as in the statement of the theorem. We notice
that by our factorisation of g, the following diagram in Ref (%) commutes:

(fo fvf) m,m
R[f] Pol) Ay LA,
((p}.p])idx) (Aidy) (Aidz)
vy (101, v, ((mgm),m) | v,

Note that the left side commutative square is the pullback constructed in
Focusing on the outer square and using the universal property of the
pullback R[g], we deduce the existence of a morphism (¢, idx) : R[f] — R]g]
in Ref(%’) such that the following diagram commutes:

(9opf.9)




Therefore, R[f] C R]g].

Now assume that m is a monomorphism. Our goal is to show that the RHS
square in the diagram below

o f m,m
R[] D) N, A
((pf p])sidx) (Aidy) (Aidz)
vy (DD, vy ((mam).m) v,

is a pullback square. Suppose that we have the following commutative
square in Ref(%):
0 (4,9) Ay
((QO7q1)aidY)J/ l(&idz)

Vy — )VZ

((m,m),m

From the above diagram, we must have ¢ = m. Meanwhile, the morphism
(q,q) : @ — Az makes the following diagram in ¢ commute:

Q
Z

So, ¢ = mo gy =mo q. Note that since m is a monomorphism, gy = ¢;.
From this, observe that the morphism (g, idy) : @ — Ay in Ref(%) makes
the following diagram commute:

q
—_—
q

0
Y
1
m
dz
ZdZ Z
dz

]

|

%
—z

K1

(mogo,m)
Q

\\\\ (q07idY)

N
>

(m,m)

Ay—>AZ

((qo,q1),idy)

(Aidy) (Ajidz)
((mm),m)
Vy — s,
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The morphism (qo,idy) : Q@ — Ay must be unique. To see why this is the
case, suppose that there exists another morphism (g}, 7) : @ — Ay such
that the above diagram commutes. Then, from the top triangle,

(m,m) o (qo,idy) = (m,m) o (g}, 7). Since (m,m) is a monomorphism,
(qo,idy) = (g, ) as required.

So, both squares of the commutative diagram below are pullbacks

(fopl.f)

m,m)
R[f] y Ay — v Ay
((}p])idx) (Ajidy) (Ajidz)
Ty (DD vy ((mym).m) | v,

By |1.4.5} the outer square must also be a pullback in Ref(%’) and
consequently, R[g] must factor through R[f]. So, R[g] C R[f], thereby
proving that R[f] = R]g| in the case where m is a monomorphism. O

The proof of suggests that a monomorphism satisfies particularly nice
properties with regards to internal equivalence relations. This is formalised
below.

Theorem 1.7.5. Let € be a category with pullbacks and f: X — Y be a
morphism in €. Then, f is a monomorphism if and only if R[f] = Ax.

Proof. Assume that % is a category with pullbacks and f: X — Y is a
morphism in €.

To show: (a) If f is a monomorphism, then R[f] = Ax.
(b) If R[f] = Ax, then f is a monomorphism.

(a) This proceed similarly to the proof of Suppose that we have the
following commutative square in Ref(%):
0 (4:9) Ay
((QO7Q1)7idX)l J,(A,idY)

Vx (£ Vy

From the above diagram, we must have ¢ = f. Meanwhile, the morphism
(4,q) : @ — Az makes the following diagram in 4 commute:
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Q X
Y Y
So, ¢ = foqy= foq. Note that since f is a monomorphism, ¢y = ¢;.

From this, observe that the morphism (qg,idx) : Q@ — Ax in Ref(%) makes
the following diagram commute:

i

(fogo,f)
Q@
\\\ (qo,idx)
o (/.f)
AX LN Ay
((qO»ql)vidX) (A,ldx) (A,’LdY)
VX M VY

The morphism (g, idx) : Q — Ay must be unique. To see why this is the
case, suppose that there exists another morphism (g, ) : Q — Ax such
that the above diagram commutes. Then, from the top triangle,

(f, f)o(qo,idx) = (f, f) o (g}, 7). Since (f, f) is a monomorphism,
(qo,idx) = (qp,r) as required. Therefore, the square below in Ref (%) is a
pullback square

Ay (f>f) Ay

(Aidx) (Aidy)

Yy (1)) Vy

However, we also have the pullback square

(fRr.f)
R[f] . Ay
dryy] (Aidy )
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Thus, R[f] and Ax must factorise through each other, revealing that
R[f] = Ax.

(b) Now assume that R[f] = Ax. Assume that g,h: W — X are
morphisms which satisfy fog = foh. Since R[f] = Ax, we have the
following pullback square in Ref(%):

(Ayidx) (Aidy)

Vy ((f,):F) Vy

and consequently, the following pullback square in "

f

X > Y

A A

Xx X —ID vy

Again, A is the usual diagonal morphism. By using the universal property
of the pullback, there exists a unique morphism ¢ : W — X such that the
following diagram commutes:

fog

Xxx 4D oy oy

From the bottom left triangle, we have

Aog=(d,¢0)=1(g.h)

and by uniqueness, ¢ = g = h. This demonstrates that f is a
monomorphism as required. O
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One particular corollary of mentioned in [Boul7, Exercise 1.6.13] is
that for all objects X in the category &, R[idx]| = Ax. We recall that idy
is the identity morphism on X.

The next lemma is a useful exercise in understanding the definition of the
intersection of two reflexive relations.

Lemma 1.7.6. Let € be a category with pullbacks. Consider the following
factorisation of the morphisms w : U — X and w' : U — X' in € :

p M x

L

X —Y

Then, R[¢] = R[w] N R[w'] as internal equivalence relations on U.

Proof. Assume that € is a category with pullbacks. Assume that the
factorisation ¢ of the morphisms w : U — X and w’ : U — X’ in the
commutative diagram in the statement of the lemma holds.

To show: (a) R[¢] C R[w] N R[w'].
(b) Rlw] N R[w'] C R[¢].
(a) It suffices to produce a pullback square in Ref(%) of the form

Rl¢] —— Rl[w']

| |

R[’LU] _— VU

We will let dff, dy : Rlw] — U be the morphisms associated with the
reflexive relation R[w] on U. Similar definitions apply for R[¢] and R[w'].
Using the universal property of the pullback on R[w] in ¥, there exists a
unique morphism « : R[¢] — R[w] such that the following diagram
commutes
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The outer square commutes because

wodf =ho($odt) = ho(dodf) =wod?,

In a similar vein, we can apply the universal property of the pullback to
R[w'] in € to deduce the existence of a unique morphism «’ : R[¢] — R[w’]
such that the following diagram commutes:

Using the morphisms « and o/, we deduce that the following square in
Ref (%) is commutative:

(o idyr)

R[¢] Rlw']
(avidyr) ((dy',dv") idy)
Rlw]

? Vu

%
((dg’.d’) idy
By definition, it must factor through R[w] N R[w’]:

(alvidU)




where ¢ and ¢/ are inclusion morphisms. This proves that
R[¢] C Rlw] N R[w'].

(b) Consider the following commutative diagram below:

o' i w’odw/,w’
R[gb] ( ’ dU) R[wl} ( 0 ) AX/
(a,idU) dR[w’] (A,’LdXI)
dRfw w’ w'),w’
R[w] R[w] \ VU (( ),w') \ VX/

Notice that both the LHS and RHS squares are pullbacks. Hence, from
the outside square must also be a pullback square. Next, observe that
the following square in Ref(%’) commutes:

w/od“’,,w’ o(d/ id
Rlw] N Rlw!] ot w0olidn),
(1,idyr) (Ajidy)
R[w] > VX/

((w',w),w)o((ddY) idy)

Therefore, R[w] N R[w'] must factor through R[¢] as follows:

Rl¢] — Axi
dR[w’]

dr
[w] VX/

Rlw]

Hence, R[w] N R[w'| C R[¢] as required. So, parts (a) and (b) demonstrate
that R[¢] = R[w] N R[w'] as internal equivalence relations on U. O

The next lemma is the content of [Boul7, Proposition 1.6.15]. It is labelled
as very useful and is also one of the few propositions in [Boul7, Chapter 1]
with an accompanying proof.

Lemma 1.7.7. Let € be a category with pullbacks. Suppose that
(f,f): R— S is a morphism of equivalence relations, given by the
commutative diagram below:
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_—

|

dgt
SR
dft

0
S

d

|

X
I
s
Y
— S0
d?

|

Then, the diagram given below is a pullback in the category Equ(€):

RAR[f] LI Ay

lj ) lsoy

R (£:1) g

Here, j: RN R[f] — R is an inclusion of internal equivalence relations.

Proof. Assume that € is a category with pullbacks. Consider the following
cube in Fqu(%):

RO R[f] AY
J S \
mﬂ%aAY
|
R S
} ~
\\\KVX VY

The double line is just the identity morphism (idy,idy ) : Ay — Ay. Notice
that the left and front faces of the cube are both pullbacks. Hence, from
the square formed from these two faces is also a pullback square.
However, from the commutativity of the cube, this means that the square
formed from the back and right faces is a pullback. Since

(idy,idy) : Ay — Ay is a monomorphism (represented by the double line),
we can apply to deduce that the back face of the cube is a pullback as
required. O

We will finish this section by defining another type of equivalence relation.

Definition 1.7.1. Let % be a category with pullbacks. An internal
equivalence relation R on X is called effective when there exists a
morphism f: X — Y such that R = R|[f].
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Example 1.7.2. We will work in the category of sets Set. Assume that T’
defines an internal equivalence relation on X:

We will show that 7" is an effective relation. Our first instinct is to form the
quotient set X /T

T +—* X i X/T

Recall that in Set, the projection morphisms ¢ is the coequalizer of dff and
df. Since we have the following pullback square in €,

Rlq) —*— X

ool

X 2 X/T

T C R|g]. We claim also that R[g] C T". Since T is an internal equivalence
relation, we have the following pullback square in %"

o

Using the universal property of the pullback, we have the factorisation




Thus, R[g] C T and consequently, T = R[q].

Equivalence relations in the categories Grp and Mon are also effective.
The final lemma of this section states that effective equivalence relations
are stable under the inverse image.

Lemma 1.7.8. Let € be a category with pullbacks and S be an effective
(internal) equivalence relation on'Y. Let f: X —Y be a morphism. Then,
the inverse image f~1(S) is also an effective equivalence relation.

Proof. Assume that € is a category with pullbacks and S is an effective
equivalence relation on the object X. Assume that f: X — Y is a
morphism in €. Since f~1(9) is a formed as a pullback in Fqu(%), it must
be an internal equivalence relation as a result of [I.7.1]

Suppose that g : Y — Z is a morphism such that S = R[g]. Due to this, the
following square is a pullback square in Equ(%):
IS (9,9) Ay
((dg ,df),idy)l (Aidy)
v, ((9,9),9) v,

From this, we construct the following commutative diagram:

(f.f) (

F71S) v g 99 A,
dffl(s)l dsl l(AvidY)

Vy ((f,).1) vy ((9,9):9) v,

Notice that both the LHS and RHS squares are pullbacks. So, by the
outer square is also a pullback. Therefore, from the definition of a kernel
equivalence relation, f~1(S) = R[g o f] and f~1(9) is an effective
equivalence relation. O

1.8 The square construction

Let € be a category with pullback and R, .S be internal equivalence
relations on an object X in €. Let dff,df¥ : R — X be the morphisms
associated with the equivalence relation R and sff : X — R be the
associated section. Similarly, let d5,dy : S — X be the morphisms
associated with the equivalence relation S and s§ : X — S be the

70



associated section.

Define AY : R — X x X by A = (d¥,d). The object S x S defines an
equivalence relation on X x X with the associated pair of morphisms in
Homg (S x S, X x X) given by

Dy =dj x dj and D} = df x dy.

Taking the inverse image of the equivalence relation S x S on X x X along
Al produces the following pullback square in Equ(%):

((65.,07),A¢

(AD)1(5 x §) LR, G g

((68,6%),idR) ((D§,D?)idx x x)

Vi (AR.AR)AL) r Vaoex

By the universal property, there exists a unique morphism
(05,5): S x S — (AF)71(S x S) such that the following diagram
commutes:

idsxs

((85,67),A8)
—_—

(AD)~1(S x S) S xS

((sfodg sftod?),sft) \((6§:61),idR) ((D§,D§)idx x x)

Vi (AFAR),AR) r Vo

Observe that & = sft and

R_ S _ S_ R_3i8 _ S
0y 00”085 =S85 0d;o0s;
_ R

_sR__R_ R
=0y 00 05p.

Here, 6t o oft = §t 0 o7 is the identity morphism on R. In a similar vein,
6Fo0%0s5 =Fo00%0s5. Therefore,
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(6", 01) 0 0% 0 5 = (&, 0) 0 0™ 0 57

Since (AF)71(S x S) is a reflexive relation on R, the induced morphism
(68, 08) : (AF)™1(S x S) — R x R is a monomorphism. So,

0% 0 s = o o sl'. The most interesting fact arising from this computation
is that (AJ)7(S x 9) is also an equivalence relation on S, with morphisms
65,07 and common section o°. Furthermore, (AF)~71(S x S) satisfies the
following commutative diagram in €

55
_
S
R\—1 o
(AF) (S xS) «—T—— S
7
SR |olhef af | |sgdg
daff
50
R < X
dR §

We will place particular emphasis on the fact that in the above diagram,
the squares indexed by 0 and 1 both commute. In addition, we also have
ds 067 = dff o 6 and df o 55 = d&f o 6F. To see why this is the case, the
commutativity of our original inverse image diagram yields

(Dg, Dy) o (85, 07) = (Dg o (87, 07), Dy © (97, 67))
= (dy © &, dg 0 67, d7 007, dy 0 67)

and

(AG, AF) 0 (65, 01') = (Ag 0 05, Af o 1)
:(dé%05§>d{%05§7d6%05{%7d{%05{%)'

Definition 1.8.1. Let % be a category with pullback and R, .S be internal
equivalence relations on an object X in . The inverse image of the
equivalence relation S x S on X x X along Alt = (df},df¥) : R — X x X is
denoted by ROS = (AF)71(S x 9).

Example 1.8.2. This is the content of [Boul7, Exercise 1.6.19] and gives a
concrete example of the square construction. Let € be a category with
pullbacks and R = R[f] be an internal equivalence relation on an object X,
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where f: X — Y is a morphism.

The paraterminal map (f, f) : S — Vy is the morphism in Equ(%)
which makes the following diagram in 4 commute:

X
lf
Y

Note that f = (fods, fod]). We can describe the kernel equivalence
relation of the paraterminal map via the following square construction:

Y

L

R[fDS<—S

A

ai | | | d§

Hence, the kernel equivalence relation is represented by the following
diagram:

__C5d5) (.1)
R[f]3S < S - > Vy
(67,d7)

To see why this is the case, we have to show that fO(S@g = fO(Sf. We have

fods=(fods, fod)oss
(odsoés odso5s)
(odfodR odfoéR)
= (fod] ool fod oo
:(fodgoés odSo5S)
:f05f.
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Note that in the second last line, we used the fact that f o d} = f o df.

In order to better understand [1.8.1] we will foray briefly into our flagship
category Set. If we make the square construction in Set and obtain the
following diagram:

5
—_—
o’S
ROS «—— S
—
ot |oltef i ||| df
dgf
S
R+—"— X
—_
dft

The pair contained in our equivalence relation on X are (d o 83, d; o 65),
(d5 067, dy 0 67), (dF o 58t dR o 68) and (d¥ o 51 dF o 67). If we set
u=d5ody, v=dyody, u =djod} and v' = d; o7, then uSv, v/ Sv', uRu'
and vRv'. Hence, RIS is the set of (u,v,u,v") € X* such that the relations
uSv,u'Sv',uRu" and vRv" hold. We represent this by the following diagram:

U > v
‘R ‘R
S
(VAR N 7

In a general category with pullbacks %, the notation wSv means that a pair
of morphisms (u,v) : T — X x X must factorise through the equivalence
relation S (see [Boul7, Exercise 1.6.8] and [1.6.5)), as exhibited by the
following diagram in %"

The next lemma shows how the square construction gives rise to a fibrant
morphism.

Lemma 1.8.1. Let € be a category with pullbacks and (R, S) be any pair
of equivalence relations on X. If R C S, then the following morphism in

Equ(€)
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RIS < )
55
(65%,01%) (dg ,d7)
dExdR
S —_
RxR+—— X x X
dBxdE

is fibrant.

Proof. Assume that € is a category with pullbacks and (R, S) is a pair of
equivalence relations on X. Assume that R C S. We must show that the

square indexed by 0
55
ROS —2— 8
|t o |gan
R xR m X x X

is a pullback square. So, suppose we have the following commutative square:

a1

T < )
ag ’

(¢17¢2) (dgvdis)
dfExdf
RXR+‘— X xX
—_
dfxdf

Let h = df o ¢, and I = d¥ o ¢. Then, the pair (h,h') : T — X x X
factors through the equivalence relation S, from the top and right
morphisms. Hence, we can write hSh'. Furthermore, define h = d® o ¢, and
B’ = df o ¢y. Then, hRh and W' RE. So, we have the following diagram:

ho Sy W
TR
h b

Since R C S, the pairs (h, k) and (', ') both factor through S, giving rise
to the following diagram:
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Since Hom (T, X) is an equivalence relation in the set-theoretic sense (see
1.6.5), hSh, hSK k' Sh' and by transitivity, hSA'. Hence, the following
diagram holds:

hoBs W
R R
b By

This demonstrates that we obtain a factorisation of (h, ') through ROS.
Therefore, the commutative square indexed by 0 must be a pullback square
as required. O

1.9 Split graphs and split relations

Let € be a category and f : X — Y be a split epimorphism. Then, there
exists s : Y — X such that f o s =idy. Consider the following
commutative diagram:

idx

X —

X
bl

X —Y

Then, there exists a unique morphism s{ : X — R[f] such that the
following diagram commutes:

The first lemma of this section describes some of the properties associated

with the unique morphism 5{ .
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Lemma 1.9.1. Let € be a category and f : X — Y be a split epimorphism
and s : Y — X be the morphism such that f o s =idy. Let s : X — R[f]
be the unique section of p] : R[f] = X such that p o s = so f. Then, the
morphism pg o s{ : X — X coequalizes the pair (pg,p{), f= coeq(pg,p{)
and the following square is a pullback square:

Recall that sg : X — R|[f] is the unique section associated to the reflexive
relation R[f] on the object X.

Proof. Assume that % is a category and f: X — Y is a split epimorphism,
with associated section s : Y — X. Suppose that 3{ : X — R|[f] is the
unique morphism which makes the following diagram commute:

To see that the composite p(’; o s{ : X — X coequalizes the kernel pair
(p{)c, p{ ), we compute directly from the definition that

(phos{)opl=(sof)op}
=(sof)op] (fop)=fop]
= (p} o s])op].

Thus, pg o s{ coequalizes the kernel pair (pg, p{ ).

2| that f = coeq(idx,so f) = coeq(idX,p{)c o 3{) Assume that g : X — Z
is a morphism which coequalizes (pf, p!). Then, gopl = gop!. By
precomposing with s{, we find that g opg)C o 5{ =g Op{ o s{ and by using the
definition of s{ , we obtain g = g o pg o s{ . Thus, g coequalizes the pair
(idx,pl o 7). But, f = coeq(idx,pl o s), which means that there exists a
unique morphism « : Y — Z such that the following diagram commutes:

To prove that f is in fact, the coequalizer of (p(])c , p{ ), we first recall from
i
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—
X X

pgos{

Z

e

idx |
—>f Y

The main point here is that o : Y — Z is also the unique morphism which
makes the following diagram commute:

This demonstrates that f = coeq(pg , p{ ).

For the last assertion, we begin with pg osy = so f. By first precomposing

with s and then sg, we first deduce that pg o s{ o s = s and consequently,

s]os=shop)oslos=s)os.

Now suppose that we have the following commutative diagram:

T " X

ltg ls{
o
X — RI[f]
We must show that there exists a unique morphism 5 : T — Y such that
so 3 =ty =ty. Since t; = t, we will simply write ¢ in place of t; and t,.
Since s) ot = s ot, t = p} o 5] o t. Similarly to the proof that
f = coeq(pl, p!), we recall from that s = eq(idx,p} o s7). Hence, there

exists a unique morphism g : T"— Y such that the following diagram
commutes:

t
idx

plos!

So, (8 also makes the following diagram commute:
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This completes the proof and also reveals that s = eq(sg , s{ ). [
The point of is that it is our first example of a split reflexive relation.

Definition 1.9.1. Let % be a category and G denote a reflexive
graph/relation on the object X, which is given by the following diagram:

We say that G is a split reflexive graph /relation if there exists a
morphism s; : X — G such that d; o s; = idx and dy o s; coequalizes the
pair (dy, dy).

Lemma m shows that if f: X — Y is a split epimorphism, then R[f] is a
split reflexive (equivalence) relation. Interestingly, a converse statement
also holds, which yields a characterisation of split equivalence relations.
The remainder of this section is dedicated to proving this characterisation.
First, we need to prove specific properties satisfied by split reflexive graphs.

Lemma 1.9.2. Let € be a category with pullbacks and G be a split reflexive
graph on the object X, as depicted by the diagram below:

Then, the morphism dgo s; : X — X is idempotent. If
s=-eq(idx,dyosy): I — X and q: X — I is the unique map satisfying
qo s =dyo sy, then there exists a unique factorisation p : G — R|[q|.
Finally, if G is a split reflexive relation, p is a monomorphism.
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Proof. Assume that % is a category with pullbacks and G is a split
reflexive graph on the object X. To see that the morphism dyo sy : X — X
is idempotent, we compute directly that

(d00510d0)031Z(d00510d1)081

=dyo s;.
This uses the fact that dy o s; coequalizes the pair (dy, dy).

Now assume that s = eq(idx,dyos;) : I — X and ¢ : X — [ is the unique
map satisfying q o s = dy o s;. We know that ¢ exists as a consequence of
the universal property of the equalizer s, given by the diagram below:

X

a! wsl
~ idx
S >
I — X X
d0081
Since dy o s1 coequalizes (dy,dy), do o s10dy = dg o 81 0dy. From the
construction of ¢, we have sogody=soqgod;. From|[l.2.1] s is an

equalizer and is subsequently, a monomorphism. So, ¢ o dy = q o d;. This
means that the following square commutes:

GLX

o

X L7

Thus, there exists a unique morphism p : G — R|[q] such that the following
diagram commutes:




Finally, assume that G is a split reflexive relation on X. Then, the
morphism (dy,d;) : G — X x X is a monomorphism. Assume that

a, Y — G are morphisms which satisfy poa = po . By composing
with pd on both sides, we deduce that dy o a = dy o . Analogously, if we
compose both sides by p!, we obtain d; o a« = d; o 3. Hence,

(do,dy) o = (dp, dy) o 5. Since (dp,d;) is a monomorphism, we deduce that
a = 3, which reveals that p is a monomorphism as required. O

Lemma tells us that we have the inclusion G C R|q|. It is precisely
the condition of an equivalence relation which yields the reverse inclusion
and thus, the following theorem:

Theorem 1.9.3. Let € be a category with pullbacks and R be a split
equivalence relation on the object X, given by the following diagram:

51

Let s = eq(idx,dyos1): I — X and q: X — I be the unique map satisfying
qos=dyosy. Then, R= R[q|. In particular, R must be effective.

Proof. Assume that € is a category with pullbacks and R is a split
equivalence relation on X. Assume that s and ¢ are the morphisms defined
as above. We know from that R C R[q|.

To show: (a) R[g] C R.
a) Recall from [1.9.2| that dyo s; = soq. Since g o pl = q o p?, we compose
(a) q qopy=qopi, p

both sides with s to deduce that dy o s; 0 p§ = dy o 51 0 pi. So, the following
square commutes in %

o q
Rlg =% R
S1 Op({l dO
d

R—— X

Hence, it must factorise through R[d], yielding the following commutative
diagram:



€
syop]

R
elk kdo
R X

In turn, R(s1) : R[g] — R[dy] is the unique morphism which makes the
following diagram commute:

— =
_
do

Rl "% Rldy) —2 R
d

i <l +[l

\
7

Observe that the RHS square is a pullback square because R is an internal
equivalence relation on X. Therefore, R[q] C R and R = R|q]. O

Hence, any split equivalence relation can be thought of as a kernel
equivalence relation.

1.10 Fibres and split epimorphisms

Admittedly, the term “fibre” is used in a variety of contexts in
mathematics. As the term is generally used, a fibre refers to a situation
where something “small” induces an entire “structure” from it. We will
give an example to illustrate the general idea.

Example 1.10.1. Let M be a smooth manifold of dimension m and
p € M. The tangent bundle 7'M on M is a vector bundle of rank m. There
is an induced projection map

m:TM — M

(p,v) = p

which maps a point p € M and an associated tangent vector v € T,M to
just the point p. The fibre of the point p is the preimage
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7 (p) = {(p,v) € TM} =T, M.

This is a R-vector space with dimension m. In this manner, every point p
on the smooth manifold M, induces a real vector space — the tangent
space T, M. This illustrates the general idea behind the term “fibre”.

The fibres we are concerned with are defined rigorously below.

Definition 1.10.2. Let € be a category with pullbacks and Y be an object
in ¢. The fibre above Y is the category Pty (%) = 4.'(Y). The objects in
Pty (%) are the split epimorphisms with codomain Y and the morphisms

are morphisms x : X — X’ in ¥ such that the following diagram commutes:

X 25 X

A1 A

id

Notice that the general concept of a “fibre” applies here too. An initially
“small structure” (an object of ¥) induces a “larger structure”; an entire
category in this case!

Definition 1.10.3. Let % be a category with pullbacks and v : Y — Y’ be
a morphism in ¥. The base change functor associated to y, denoted by
y*, is a functor y* : Pty/(%¢) — Pty (%) defined by pulling back along the
morphism y. That is, y* sends the object f': X’ — Y’ € Pty/(%) to the
object f: X — Y € Pty (%) such that f and f’ form the following pullback
square in ¢

Note that by Lemma|1.4.1] f is a split epimorphism in € (and hence an
object in Pty (%).

Now suppose that ¢ is a morphism between f': X' - Y  and ¢’ : Z/ — Y’
in the category Pty:(%¢’). Then, the following diagram commutes:
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X/ ¢ Z/

s g\t

idy-r

Y’ Y’

Notice that ¢ =t' o f’. Then, y*(¢) = y*(t' o f') =t o f, where
to f: X — Z makes the following diagram commute:
Lz
g ,I\t

X to
idy

Y ——— Y

_

In order to understand the definition of Pty (%) better, we will delve into
the claim made in [Boul7, Remark 1.6.25]. Let (f,s): X — Y be a split
epimorphism in a category ¢ with pullbacks. We claim that

Pt (Pty(€)) = Ptx(€).

The objects in Pt(;4(Pty(€)) are the split epimorphisms from some object
in Pty (%) to the split epimorphism (f,s) : X — Y, which is represented by
the following diagram in %"

The object of Pt(s ) (Pty(€)) in question is given by the dashed arrows.
Clearly, this object is also a split epimorphism with codomain X and hence,
an object in Ptx(%).

Let (g2,t2) : X" — X denote another split epimorphism in Pty ) (Pty(%)).
Since all the split epimorphisms in Pty (%4’) have the same codomain, the
morphisms in Pt (Pty (%)) are determined by the domains of each
object and are thus, morphisms in 4 which make the following diagram
commute (in our specific example):
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X M x

But, the dashed arrows comprise a morphism in Ptx(%). So,

Pt (Pty(€¢)) € Ptx(%¢). By unpacking the definition of Ptx (%), it is
not too difficult to argue the reverse inclusion, which then yields
Pt(s.s)(Pty (%)) = Ptx(%).

The next few definitions we will make are standard definitions in category
theory. We cite [Leild] as a great reference for these definitions, complete
with accompanying examples.

Definition 1.10.4. Let € be a category. We say that an object I € € is
initial if for all objects A € €, there exists a unique morphism ¢4 : I — A.
Dually, we say that an object T' € ¥ is terminal if for all objects A € €,
there exists a unique morphism a4 : A — T.

Example 1.10.5. Let € be a category and Equ(%’) be the category of
internal equivalence relations in €. Let Equx (%) be the subcategory of
internal equivalence relations on the object X. Lemma tells us that
the indiscrete reflexive relation Vx is a terminal object, whereas the
discrete reflexive relation Ax is an initial object in Equx (%).

Example 1.10.6. Let Cat denote the category whose objects are small
categories and whose morphisms are functors. The terminal object of Cat
is the category denoted by 1, which contains a single object and a single
morphism (which must be the identity morphism).

Definition 1.10.7. A category % is said to be finitely complete if it has
pullbacks and a terminal object.

Fortunately, our main examples of categories — Set, Grp, Mon, CoM
and Ab — are finitely complete. For instance, the trivial group is a
terminal object in Grp and the one-element set {} is terminal in Set (see
[Leildl, Definition 2.1.7]).

Here is the most important definition to this section:

Definition 1.10.8. Let €, Z be categories and H : ¢ — 2 be a functor.
For all objects X, X’ in &, the functor H induces the mapping
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Hx x : Homg (X, X') = Homg(H(X), H(X'))

between Hom-sets. We say that H is faithful if Hx x/ is an injective map
for all pairs of objects X, X" in ¥. We say that H is full if Hx x/ is a
surjective map for all pairs of objects X, X’ in €. Finally, H is fully
faithful if Hy v/ is a bijection for all pairs of objects X, X’ in €.

Example 1.10.9. Let U : Grp — Set be the forgetful functor, which
maps a group to its underlying set and a group morphism to the underlying
function between the sets. We claim that U is a faithful functor. Let G, H
be groups. To see why the mapping

Ucr: Homgyp(G, H) = Homget(U(G),U(H))

is injective, suppose that ¢1, ¢ € Homegyp(G, H) and Ug g (¢1) = Ugu(d2).
Then, by definition of the forgetful functor U, ¢; and ¢, must agree on the
underlying set U(G) and hence, on G itself. So, ¢1 = ¢o and Ug y must be
injective. This demonstrates that U is a faithful functor.

On the other hand, to see that U is not a full functor, define

a:U(G) — U(H) by a(g) = h for all g € U(G) and with h # ey (ey is the
identity element of the group H). Since a(eg) = h # ey by definition, «
can never define a group morphism between G and H. So, Ug g is not
surjective and consequently, U is not full.

Definition 1.10.10. Let € and Z be categories and H : € — Z be a
functor. We say that H is an equivalence of categories if H is fully
faithful and there exists a functor F' : 2 — % and a natural isomorphism
n :idy — H o F, which means that for all morphisms f: A — A" in &, the
following diagram must commute:

A f y Al

| |

(H o F)(A) —gzm (H o F)(A)

with 14 and 74 being isomorphisms in Z.

Example 1.10.11. The following example was taken from [CSM95,
Theorem 5.4]. Let G be a connected and simply connected Lie group and
g = T..G be the associated Lie algebra, which is just the tangent space at
the identity element e € G. Let LieGrpC denote the category of
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connected and simply connected Lie groups and LieAlgR be the category
of Lie algebras. Let ® : G — H be a Lie group morphism in LieGrpC. The
Lie functor Lie is defined by

Lie : LieGrpC — LieAlgR
G—g

® — Lie(®) with Lie(®)(X) = %Cb(exp(tX))\t:o.

Here, X € g. We recall that for all ¢t € R, exp(tX) € G. Then, the Lie
functor Lie is an equivalence of the categories LieGrpC and LieAlgR.
Examples of connected and simply connected Lie groups include
GL,(R),SL,(R) and SO(n), where n € Zs,.

The definition provides a notion of an “isomorphism of categories”.
There are a few different definitions of an equivalence of categories which
are used throughout the literature. In particular, we will state a further two
definitions of an equivalence of categories, stemming from [Leil4l, Section

1.3, Page 34].

Definition 1.10.12. Let € and Z be categories and H : € — Z be a
functor. We say that H is an equivalence of categories if H is fully
faithful and essentially surjective. Essentially surjective means that for all
objects D € 2, there exists an object C' € € such that H(C') & D.

Definition 1.10.13. Let € and Z be categories. An equivalence of
categories between % and ¥ is a pair of functors H : € — % and
F: 9 — €, equipped with natural isomorphisms 7 : idy — F o H and
€: HoF — idy, where idy is the identity functor on % .

We claim that all three definitions (1.10.10} [1.10.12] and [1.10.13] are
equivalent to each other.

Theorem 1.10.1. Let € and 2 be categories. Then, the three definitions
of an equivalence of categories —|1.10.10, (1.10.12 and|1.10.15 — are
equivalent.

Proof. Assume that € and 2 are categories.

To show: (a) If|1.10.10|is satisfied, then [1.10.12]is satisfied.
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(b) If[1.10.12] is satisfied, then [1.10.13|is satisfied.
(c) If|1.10.13| is satisfied, then [1.10.10|is satisfied.

(a) Assume that H : € — 2 is a functor which satisfies Then,
there exists a functor F' : 2 — % and a natural isomorphism

n:idy — H o F. Also, H is fully faithful. To see that H is essentially
surjective, assume that D is an object in &. Since 7 is a natural
isomorphism, 7p defines an isomorphism between D and (H o F')(D).
Hence, D = (H o F)(D) = H(F(D)). This demonstrates that H is
essentially surjective. So, H satisfies [1.10.12]

(b) Assume that H : € — 2 is fully faithful and essentially surjective so
that [LI0.12] is satisfied.

We will first build a functor F' : ¥ — % . Since H is essentially surjective,
for all objects D € 2, there exists an object C' € € such that H(C) = D
with corresponding isomorphism denoted by ¢p : D — H(C'). On the

objects of 2, we define F(D) = C. Consequently, ¢p is an isomorphism
between D and (H o F')(D).

Let g : D — D’ be a morphism in Z such that F(D’) = C’. Since H is fully
faithful, there exists a unique morphism f : C' — C’ such that the following
diagram in ¥ commutes:

D g s D

|e» |

(H o F)(D) —— (H o F)(D))

Subsequently, we define F'(g) = f. To see that F' defines a functor from 2
to €, we first note that the following square commutes in Z:

D 2 s D

|#» =

(Ho F)(D) ———— (H o F))(D)

td(HoF)(D)

Note that id(gor)py = H(idp(p)). By construction of F', H(F(idp)) also
makes the above diagram commute. By uniqueness, we must have
H(F(idp)) = H(idp(p)). Since H is a faithful functor, we deduce that
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F(idp) = idpp).

For composition of morphisms, suppose that &« € Homg(D, D") and
B € Homg(D', D") with F(D") = C”. Note that the following diagram in
2 commutes:

D foa y D"

l‘PD l@D"

(H o F)(D) “HEGea) (HoF)(D")

But, we also have the following commutative diagram in Z:

B

D = > D' > D"
l%OD l‘PD’ l‘ﬂD"
/ "

Therefore, H(F(B) o F(«)) and H(F(3 o «)) both make the same diagram
commute. By uniqueness, H(F (5 o«)) = H(F() o F(«)) and since H is
faithful, we thus have F(8) o F(a) = F(fo«). So, F': 2 — € is a functor
and ¢ :1dy — H o F' is a natural isomorphism.

It remains to construct a natural isomorphism from idy to F'o H. Let

C € € be an object. Then, ¢ () as defined before is an isomorphism
between H(C') and (H o F o H)(C'). Again, we lean on the assumption that
H is fully faithful in order to deduce the existence of a unique morphism
Yo C — (F o H)(C) such that H(¢¢) = @uc).

However, ¢p(c) is an isomorphism. So, there exists a morphism
v:(HoFoH)C)— H(C) such that

Yo @ = tdhc) and Yhc) © Y = td(HoFoH)(C)-

Using the fact that H is fully faithful again, there exists a unique morphism
d:(FoH)(C)— C such that H(0) = ~y. Now observe that

H(0ovc) = H(d) o H(Yc)
=70¥H©)
=1idyc) = H(idc)
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and similarly, H(¢c 0 0) = H(id(pom)(c))- Since H is faithful, 6 o e = ide
and Yc 0 6 = id(pom)c). We conclude that for all objects C' € €, ¥¢ is an
isomorphism.

To see that 1) is a natural isomorphism between idy and F' o H, consider
the following diagram in €

C > O
lwc lﬁlc/
(F o H)C) —Gomg (F e H)(C)

By applying H to this diagram, we obtain a commutative diagram in Z.
Since H is faithful, we deduce that the above diagram in ¥ commutes.
Hence, ¥ : idy — F o H is a natural isomorphism and [1.10.13]is satisfied.

(c) Assume that is satisfied so that there exists a pair of functors
H:%— % and F: %2 — €, equipped with natural isomorphisms

n:idy - FoHand e: HoF — idy. In order for H to satisfy [I.10.10] it
suffices to show that H is fully faithful. Assume that X,Y € ¥. Then, the
functor H induces the map between Hom-sets

Hxy :Homg(X,Y) — Homg(H(X),H(Y)).

To see that H is faithful, we must show that Hx y is an injective map.
Since 7 is a natural isomorphism, we find that the function

(FoH)xy:Homy(X,Y) = Homg((FoH)(X),(FoH)(Y))

is bijective. Since this is a function between sets, (F o H)xy is both a
monomorphism and an epimorphism. Observe that (F o H)xy is the
composite Fr(x) my) o Hx,y. Since (F'o H)xy is a monomorphism, Hx y
must also be a monomorphism and thus, injective.

To see that H is fully faithful, we use the natural isomorphism
€: HoF —idy, which unveils that the following induced map is bijective:

Homg(H(X), H(Y)) — Homg((H o Fo H)(X),(H o Fo H)(Y))

But this map is the composite Hpom)(x),(Fom)(v) © Fr(x),H(v)- Arguing in a
similar manner to before, we deduce that the map Hgor)(x),(Hor)(y) 1S an
epimorphism. Applying the fact that H is faithful, we find that

H oy (x),(For)(yv) must define the bijection:
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Home((F o H)(X), (FoH)(Y)) = Homy((Ho FoH)(X),(HoFoH)Y))

But, the LHS is isomorphic (as sets) to Homg(X,Y'), whereas the RHS is
isomorphic (as sets) to Homg(H(X), H(Y)). Thus, Hxy is a bijection and
Homy(X,Y) = Homg(H(X), H(Y)), which demonstrates that H is fully
faithful as required. So, H being fully faithful, together with the functor ¥
and the natural isomorphism ¢!, show that is satisfied. This
completes the proof. O

Consider the pair of functors H and F in [[.10.13] According to [1.10.10] F'
is also an equivalence of categories, commonly referred to as the inverse
equivalence of H. Now, we will prove some characteristic properties about
equivalences of categories and fully faithful functors.

Lemma 1.10.2. Let € and & be categories and H : € — 2 be an
equivalence of categories (in the sense of so that H s equipped
with a functor F : 9 — € and a natural isomorphism n :idy — H o F.
Then, F' must be unique up to a natural isomorphism.

Proof. Assume that € and 2 are categories and H : ¢ — & is an
equivalence of categories in the sense of [1.10.10} equipped with a functor
F: 9 — € and a natural isomorphism 7 : idy — H o F. Then, from [1.10.1}
there exists a natural isomorphism € : idy — F' o H. Assume that

F': 9 — € is another functor, with a natural isomorphism

1 :idy — H o F’. Then, the following diagram in & commutes:

X / Y

(HoF')(X) WM (HoF')(Y)

By applying the functor F' to the above diagram, we find that the diagram
in ¥ commutes:

F(X) ) . F(Y)

lﬂn’X) lFW

(FOHOF/)(X) m (FOHOF/)(Y)

—1 —1
CFY(X) CF(Y)

F'(X) s F'(Y)

F'(f)
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Since functors preserve isomorphisms, we find that the composite

e;,l( x) © F(1x) defines an isomorphism between F/(X) and F'(X) for all
objects X € 2. Thus, the functors F' and F’ are related via a natural
transformation. m

Since injective and surjective functions between sets are preserved under
composition, faithful, full and fully faithful functors must be stable under
composition. The next lemma reveals further interactions between faithful
and /or full functors and composition.

Lemma 1.10.3. Let €, 2 and & be categories. Let H : € — 2 and

H' : 9 — & be functors. If H o H is faithful, then H is also a faithful
functor. Furthermore, if H o H is fully faithful and H' is faithful, then H
15 fully faithful.

Proof. Assume that €', 2 and & are categories. Assume that H : ¢ — 2
and H' : 9 — & are functors.

First, suppose that H' o H is faithful. Then, for all objects X,Y € ¥, the
induced map

(H' oH)xy : Homg(X,Y) — Homg((H' o H)(X),(H o H)(Y))

is injective function between sets. Hence, it is a monomorphism. By noting
that (H' o H)xy = H}I(XLH(Y) o Hxy, we deduce that Hxy is a
monomorphism and hence, an injective map. Thus, H must be a faithful
functor.

Now assume that H' o H is fully faithful and H’ is faithful. Since H' o H is
fully faithful, the induced map (H' o H)x y must be bijective for all objects
X,Y € €. By using the previous result, we deduce that H is a faithful
functor. Also, since (H' o H)xy is an epimorphism, H ll*f(X), H(y) 18 surjective
and consequently, bijective because H' is faithful. Hence,

HX,Y == H}‘I(X),H(Y)_l @) (H/ ©) H)X7Y

and consequently, (H' o H ))_(,IY o Hiy (xy m(yy defines an inverse function to
Hxy. So, Hxy is bijective, hence revealing that H is fully faithful. O

Just like fully faithful functors, equivalences of categories are also stable
under composition, as the following lemma demonstrates:
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Lemma 1.10.4. Let €,2 and & be categories and F : € — 2 and
G : 9 — & be equivalences of categories in the sense of|1.10.10, Then,

G o F is also an equivalence of categories.

Proof. Assume that €', 2 and & are categories. Assume that F': 4 — 2
and G : ¥ — & are equivalences of categories in the sense of [1.10.10, By
using [1.10.1) ' and G must be fully faithful and essentially surjective.

Since F' and G are fully faithful, G o F' is also fully faithful. To see that

G o F is essentially surjective, let ' € & be an object. Since G is essentially
surjective, there exists an object D € & such that G(D) = E. Since F is
essentially surjective, there exists an object C' € € such that F(C) = D.
So, E = G(F(C)) = (Go F)(C), thus demonstrating that G o F' is
essentially surjective. Therefore, G o F' is fully faithful and essentially
surjective. So, G o F' is an equivalence of categories from [1.10.1} O

Next, we will combine the notions of fibres and equivalences of categories in
order to give a criterion for which a base change functor is fully faithful.

Lemma 1.10.5. Let € be a finitely complete category and y:Y — Y’ be a
morphism in €. Then, the base change functor y* : Pty,(€¢) — Pty (%) is
fully faithful if and only if any downwards pullback of split epimorphisms
from the top right corner

X —* X
AR s
y — Y,y

doubles as an upward pushout from the bottom left corner of the above
diagram.

Proof. Assume that € is a finitely complete category. Assume that
y:Y — Y’ is a morphism in %.

First, assume that the base change functor y* : Pty/(€) — Pty (%) is fully
faithful and that we have the following pullback of split epimorphisms:

X — 2% X
VARE s
y — Y oy
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Suppose that we have the following commutative diagram in %"

ﬁ i
X 25 X g
fﬂs f'ﬂsf
Yy >V

We want to deduce the existence of a unique morphism ¢ : X’ — Z such
that the two resulting triangles in the above diagram commute. The idea is
to exploit the fact that y* is fully faithful by considering the following
commutative diagram of split epimorphisms:

(yOf h) Y/ % Z

X—>X (idy1,9)

o olle

y — 2y

Consider the morphism ¢ : (f,s) = y*(f’,s') = y*(7y+, (idy,g)) in the fibre
Pty (%), which makes the following diagram commute:

X p=pof T

y vy

Since y* is fully faithful, there exists a unique morphism
(f',¢): X' = Y' X Z in the fibre Pty:(%) such that the following diagram

commutes:

idy/

Y’ Y’

Thus, (f',¢) : X’ = Y’ x Z provides the desired unique factorisation by
making the diagram below commute:
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(yof.h) Y/ x 7
(f.9) -

X L) X/ Eidy/,g)

Bl

y — 2 sy

Tyr

For the converse, suppose that the downwards pullback emanating from the
top right corner is an upwards pushout from the bottom left corner:

X —r S X
flls s

y — ¥4y’

The proof that y* is faithful (which is a proof of injectivity) is summarised
in [Boul7, Lemma 1.6.29]. Admittedly, I do not know how to write
this part of the proof in my own words! To see that y* is full, suppose
that we have a morphism ¢ : (f,s) = (f,5) = ¢* (7/,5’). Then, the
following diagram commutes:

Using the pushout from the bottom left corner, there exists a unique
—/
morphism ¢ : X’ — X such that the diagram commutes:

The morphism ¢ is represented by the dashed arrow. Let us write the
triangle on the RHS in more detail:
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X 5, X

A ol
Y’ Y’

From the definition of the base change functor, ¢ = y*(¢). This
demonstrates that y* is full. So, y* is fully faithful. m

idyr

We end this section by observing that we can generalise [1.10.5| even further;
[Boul7, Corollary 1.6.30] provides a necessary and sufficient condition for
which a base change functor is an equivalence of categories.

1.11 Different types of epimorphisms

The motivation for this section lies with [[.1.2] In any category €, an
isomorphism must be both a monomorphism and an epimorphism. We
know that the converse is in general not true, as|[1.1.10[serves as a
counterexample. The idea here is that we want to make the converse to
true, with an appropriate modification. It turns out that the required
modification leads to several refined notions of an epimorphism, which we
will now define.

Definition 1.11.1. Let % be a category and f : X — Y be a morphism in
%. We say that f is an extremal epimorphism if for all factorisations of
the form f = m o f’ with m being a monomorphism, m is in fact, an
isomorphism.

The main point of extremal epimorphisms is that they provide the answer
to our original problem — a partial converse to [1.1.2]

Theorem 1.11.1. Let € be a category and f : X — Y be a morphism in
€. If f is both an extremal epimorphism and a monomorphism, it must be
an isomorphism.

Proof. Assume that % is a category and f : X — Y is an extremal
epimorphism and a monomorphism in 4. Note that f = f oidy, where
tdx : X — X is the identity morphism on X and f is a monomorphism by
assumption. Applying the fact that f is an extremal epimorphism, we
deduce that f must be an isomorphism as required. O

The next theorem identifies how the concepts of extremal epimorphisms
and epimorphisms are related to each other.
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Theorem 1.11.2. Let € be a category with equalizers. Then, any extremal
epimorphism is an epimorphism.

Proof. Assume that € is a category with equalizers. Assume that
f: X — Y is an extremal epimorphism in .

To show: (a) f is an epimorphism.

(a) Assume that o, 5 : Y — Z are morphisms such that ao f = o f. We
want to show that a = 8. Let v = eq(«, 5) : U — Y. By the universal
property of the equalizer, there exists a unique morphism p : X — U such
that the following diagram commutes:

X
o N

~ ~ o
U——Y ; A

So, f =7 o p. Since, 7 is an equalizer, it must be a monomorphism (see
1.2.1)). Using the fact that f is an extremal epimorphism, we deduce that ~y
is an isomorphism. Hence, v is both a monomorphism and an epimorphism

(see[1.1.2)). Since voy= Loy, a=p.

Therefore, f is an epimorphism as required. O

The next lemma reveals how extremal epimorphisms behave under
composition.

Lemma 1.11.3. Let € be a category with pullbacks and f: X —Y,

g:Y — Z be extremal epimorphisms. Then, go f is also an extremal
epimorphism. Furthermore, if h : Y — W is a morphism in € such that
ho f is an extremal epimorphism, then h is also an extremal epimorphism.

Proof. Assume that € is a category with pullbacks and f: X — Y,
g :Y — Z are extremal epimorphisms.

To show: (a) The composite g o f is an extremal epimorphism.
(a) Suppose that we have the factorisation go f =mo j, where m : T — Z

is a monomorphism in € and j € Hom (X, T). As standard practice, we
represent this as the commutative square:
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X 57

ol

y 457

Since € contains pullbacks, let us form the pullback square associated to
the pair (m, g):

V-2 T
lpo lm
y 24 7

From the universal property of the pullback, there exists a unique
morphism ¢ : X — V such that the following diagram commutes:

J

vV 2T

| |m

y 257

Notice that f = pg o ¢, where py is a monomorphism because m was
assumed to be a monomorphism (see lemma[l.4.1]). Since f is an extremal
epimorphism, py must be an isomorphism. But, g o pg = m o p; and
subsequently, g = m o (p; o py'). Using the fact that g is an extremal
epimorphism and m is a monomorphism, m must be an isomorphism. This
proves that g o f is an extremal epimorphism.

Now assume that h : Y — W is a morphism in % such that ho f is an
extremal epimorphism.

To show: (b) The morphism A is an extremal epimorphism.

(b) Assume that h = n o k, where n is a monomorphism. Then,

hof=mno (ko f). Since ho f is an extremal epimorphism and n is a
monomorphism, n must be an isomorphism. Consequently, h is an extremal
epimorphism. O

The example below provides us with a concrete example of extremal
epimorphisms.
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Example 1.11.2. We will work in the category Set. Suppose that
f: X — Y is a morphism in Set. We claim that f is an extremal
epimorphism if and only if f is surjective.

First assume that f is surjective and that f =mo g, where m : Z — Y is a
monomorphism and g € Homset(X, Z). Recall that in Set,
monomorphisms are precisely the injective functions and epimorphisms are
precisely the surjective functions. So, m must be injective and since f is an
epimorphism, m must also be an epimorphism and hence, surjective. So, m
must be a bijective function and thus, an isomorphism in Set. Therefore, f
is an extremal epimorphism.

For the converse, assume that f is an extremal epimorphism. Then, since
Set has equalizers (see example , f must be an epimorphism and
hence, a surjective map. Therefore, f is an extremal epimorphism if and
only if f is surjective. In Set, extremal epimorphisms and epimorphism are
exactly the same concept.

Notice that since the category Grp also has equalizers (see [Leild, Example
5.1.14]), we can argue in exactly the same manner for Set in order to
demonstrate that a group morphism f: G — H is an extremal
epimorphism if and only if f is surjective (recall that lemma can be
adapted for Grp).

The next type of epimorphism is motivated by lemma [1.9.1}

Definition 1.11.3. Let % be a category with pullbacks and f: X — Y be
a morphism in ¥. We say that f is a regular epimorphism if it is the
coequalizer of its kernel equivalence relation R[f]. That is, if we have the
following diagram in ¢,

then fopy = fop.

Lemma tells us that in a category ¢ with pullbacks, a split
epimorphism must be a regular epimorphism. It turns out that in our
“ladder of inclusions”, regular epimorphisms lie between split epimorphisms
and extremal epimorphisms.

Lemma 1.11.4. Let € be a category with pullbacks. If f: X — Y is a
reqular epimorphism in €, then f is an extremal epimorphism.
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Proof. Assume that € is a category with pullbacks. Assume that
f: X — Y is a regular epimorphism in 4. Suppose that f = m o g, where
g € Homyg(X,T) and m € Homg(T,Y) is a monomorphism.

To show: (a) m is an isomorphism.

(a) Suppose that the kernel equivalence relation R[f] is given by the
following diagram in %"

~

R[f] +—2 X y Y

Since m o g o pg = m o gop; and m is a monomorphism, g o pg = g o py,
which means that g coequalizes R[f]. By the universal property of the
coequalizer, there exists a unique morphism 7 : Y — T such that the
following diagram commutes:

So, f=mog=(mom)o f. Since f is a coequalizer, it must be an
epimorphism from theorem So, idy = m o and subsequently,

m =mo (mom). Since m is a monomorphism, we deduce that idy = mom.
Thus, m is an isomorphism and f is an extremal epimorphism as

required. O]

The next property we will prove about regular epimorphisms sets the stage
for the next type of epimorphism we will introduce.

Lemma 1.11.5. Let € be a category, f: X — Y be a regular epimorphism
and m : U — V' be a monomorphism such that f and m make the following
square in € commute:

Then, there exists a unique morphism ¢ : Y — U such that the two
triangles in the resulting diagram commute:
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Proof. Assume that € is a category, f : X — Y is a regular epimorphism
and m : U — V is a monomorphism. Assume that we have the following
commutative diagram:

R[f]<p Xty

ol

U—"—2-V

Since f is a regular epimorphism, f = coeq(po, p1). Using the fact that
fopo= fopi, in tandem with the commutative square, we deduce that
mohopy=mohop and as a result, h o pg = h o p; because m is a
monomorphism. By the universal property of the coequalizer, there exists a
unique morphism « : Y — U such that the following diagram commutes:

U

e

_m :

Now observe that (moa)o f =moh =go f. Since f is a coequalizer, it
must be an epimorphism (see theorem [1.2.1)). Therefore, m o o = g and
a Y — U is the unique morphism which makes the following diagram

commute:

Xty
hoo lg
z/m

U——YV

]

Interestingly, the next type of epimorphism we will introduce does not make
an appearance in [Boul7]. We will now briefly follow the reference [Bor94a,
Section 4.3], which provides a detailed discussion on strong epimorphisms.

Definition 1.11.4. Let % be a category and f : X — Y be an
epimorphism. We say that f is a strong epimorphism if for all
commutative squares of the form
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x 1,y
B lg
U—=25vVv

with m a monomorphism in %, there exists a unique morphism « : Y — U
such that the two triangles in the diagram below commute:

Xty
hoo lg
J/m

U—YV

Lemma [1.11.5] demonstrates that a regular epimorphism must be a strong
epimorphism. Our next lemma determines the place strong epimorphisms
occupy on the “ladder of inclusions”.

Lemma 1.11.6. Let € be a category and f: X —Y be a strong
epimorphism. Then, f must be an extremal epimorphism.

Proof. Assume that % is a category and f: X — Y is a strong
epimorphism. Suppose that f = m o g, where g € Hom (X, T) and

m € Homg(T,Y') is a monomorphism. This corresponds to the following
commutative square:

x L,y
lg lz’dy
T ",y

Since f is a strong epimorphism, there exists a unique morphism ¢ : Y — T
such that the two triangles in the following diagram commute:

x 1,y

lg ¢ lidy
L{/

T —"5Y

So, m o ¢ = idy and consequently, m o (¢ o m) = m. Since m is a
monomorphism, we deduce that ¢ o m = idy. Hence, m is an isomorphism
and f must be an extremal epimorphism. n

Strong epimorphisms satisfy very similar properties to that of extremal
epimorphisms.
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Lemma 1.11.7. Let € be a category and f: X — Y, g:Y — Z be strong
epimorphisms. Then, g o f is also a strong epimorphism. Furthermore, if

k:Y —>Wand {: X — Y are morphisms in € such that k o { is a strong
epimorphism, then k is also a strong epimorphism.

Proof. Assume that € is a category and f: X — Y, ¢g:Y — Z are strong
epimorphisms.

To show: (a) The composite g o f is a strong epimorphism.
(a) Suppose that we have the following commutative diagram:

x =, 7

b

7z —= W
where m : Z — W is a monomorphism. Since composition satisfies
associativity, the following square also commutes:

x .y

b

J 5 W

Since f is a strong epimorphism, there exists a unique morphism 5 :Y — Z
such that the following diagram commutes:

Xty
n P
L/m

J ——= W

Jjog

Now we write the bottom right triangle in the above diagram as a
commutative square:

y %447

I

7 5 W

Since ¢ is a strong epimorphism, there exists a unique morphism v : Z — 7
such that the following diagram commutes:
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y 25 7
e 2|
7 s W

It remains to show that v o go f = h. Using the commutativity of the
diagrams, we have

(voglof=Bof=h

Hence, « is the unique morphism such that the triangles in the following
diagram commute:

(0]
gof

b

Z
no l
it
m

— W

<

‘—

N

So, g o f is a strong epimorphism.

Now assume that k: Y — W and ¢: X — Y are morphisms in € such that
k o/ is a strong epimorphism.

To show: (b) k is a strong epimorphism.

(b) Suppose that we have the following commutative diagram:

y —* s w

Pl

7 —2 5 A

Here, n : Z — A is a monomorphism. Upon precomposing with ¢, we
obtain the following commutative square:

X kot W

et s

7 — 5 A

Since k o £ is a strong epimorphism, there exists a unique morphism
0 : W — Z such that the following diagram commutes:
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Since nod =q,nodok=qok=nop. So, d ok = p because n is a
monomorphism. This demonstrates that £ is a strong epimorphism. O]

Theorem 1.11.8. Let € be a category and f : X — Y be a morphism in
€. If f is both a strong epimorphism and a monomorphism, it must be an
tsomorphism.

Proof. Assume that % is a category and f : X — Y is a strong epimorphism
and a monomorphism in %. Consider the following commutative square:

x 1,y

Jiax i

x 1.y

Since f is a strong epimorphism, there exists a unique morphism
£ :Y — X such that the following diagram commutes:

x 1.y

lidx'éi d lidy
X

x 1y
Hence, f is an isomorphism as required. ]

Since strong epimorphisms bear a resemblance to extremal epimorphisms, a
natural question which follows is why strong epimorphisms are useful in the
first place. The next theorem tells us that strong epimorphisms are at their
peak utility in finitely complete categories (recall definition .

Theorem 1.11.9. Let € be a finitely complete category.

(a) Let f: X —Y be a morphism which satisfies the diagonal property of
1.11.4. That is, for all commutative squares of the form

x 1oy
I
U-—",v
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with m a monomorphism in €, there exists a unique morphism o :Y — U
such that the two triangles in the diagram below commute:

Then, f is an epimorphism and thus, a strong epimorphism.

(b) Let g : X — 'Y be a morphism such that given any factorisation
g =m ok with m being a monomorphism, m must be an isomorphism.
Then, g is an epimorphism and thus, an extremal epimorphism.

(c) An epimorphism in € is strong if and only if it is extremal.

Proof. Assume that € is a finitely complete category (it has a terminal
object and pullbacks). Then, ¥ must have equalizers.

Part (a): Assume that f: X — Y is a morphism which satisfies the
diagonal property of [I.11.4] To see that f is an epimorphism, suppose that
uo f=wvo f, where u,v € Homy (Y, Z). Let t = eq(u,v) : T — Y. By the
universal property of the equalizer, there exists a unique morphism

p : X — T such that the following diagram commutes:

X

|
p:x
u

+
t —
T —Y A

v
So, f =top. We can write this as the following commutative square:

x 1,y

lﬂ lidy
T —t5Y

Since f satisfies the diagonal property, there exists a unique morphism
¢ : Y — T such that the two triangles in the following diagram commute:

X%Y

lﬂ 0. lidy
L</

T LY

106



So, t o ¢ = idy and since u ot = v ot by assumption, u = v. Therefore, f is
an epimorphism and consequently, a strong epimorphism.

Part (b): Assume that g : X — Y is a morphism such that given any
factorisation ¢ = m o k with m being a monomorphism, m must be an
isomorphism. To see that ¢ is an epimorphism, suppose that a o g =bo g,
where a,b € Homy (Y, Z). Let t = eq(a,b) : T — Y. Again, by the universal
property of the equalizer, there exists a unique morphism v : X — T such
that the following diagram commutes:

X

" g

v ¢ —2
T ——>Y A

b

So, g = towv. Since t is an equalizer, it must be a monomorphism and hence,
an isomorphism, due to our assumption on ¢g. Since aot =bot, a =b and
so, g must be an epimorphism and thus, an extremal epimorphism.

Part (c): It suffices from lemma [1.11.6 to show that any extremal
epimorphism is strong. Assume that f: X — Y is an extremal
epimorphism. Assume that f satisfies the following commutative diagram:

x 1,y

L

7 25 W

where m is a monomorphism. Form the pullback of the pair (m, g), which is
given by the square

P-—=Y

| g

7 s W

By the universal property of the pullback, there exists a unique morphism
a : X — P such that the following diagram commutes:
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~

P——Y

I

J —— W

Po

p1
m

Since m is a monomorphism, p; must also be a monomorphism by lemma
1.4.1] But f = p; o . Since f is an extremal epimorphism, p; must be an
isomorphism. Now we compute directly that

mo (ppopr')=go(piop ') =g
Therefore, py o p; ' is a morphism which makes the following diagram
commute:

x—71 .y

-
-
s
s

—1
Po°opy e
pd g
-
-

s
-

K
Z ——— W
One can check that po o p;! is unique because f is an epimorphism and m

is a monomorphism. Therefore, f must be a strong epimorphism as
required. O]

We will now return to following the exposition of [Boul7] and define our
final type of epimorphism.

Definition 1.11.5. Let % be a category with pullbacks. Let f: X — Y
denote a regular epimorphism. We say that f is a ps-regular
epimorphism if as a regular epimorphism, it is stable under pullback.
That is, for all pullback squares of the form

p-2.Xx
Po lf
Z 2.y

the morphism py : P — Z is a regular epimorphism.

108



Lemma [1.9.1] and lemma tell us that any split epimorphism must be a
ps-regular epimorphism. Thus, our “ladder of inclusions” of epimorphisms
is complete. In a category €, we have

split epi C ps-regular epi C regular epi C strong epi C extremal epi. (1.2)

In a finitely complete category, we have

split epi C ps-regular epi C regular epi C strong epi = extremal epi C epi.
(1.3)
So far, we have discussed how extremal and strong epimorphisms behave
under composition. Regular epimorphisms are much less well behaved
under composition. For instance, the composition of two regular
epimorphisms need not be a regular epimorphism itself.

Lemma 1.11.10. Let € be a category with pullbacks. If g o f is a regular
epimorphism and f is an epimorphism, then g is also a reqular
epimorphism.

Proof. Assume that € is a category with pullbacks. Assume that

go f: X — Z is a regular epimorphism and f: X — Y is an epimorphism.
Let (pg, p]) be the pair of morphisms associated to the kernel equivalence
relation R[g], as depicted by the diagram below:

Rlg) —/——Y Z Z

\
7

Suppose that a : Y — T is a morphism such that a o p§ = a o pj. By
definition of the kernel equivalence relation, the following diagram must
commute:

opd°f
Rlg o f] fL> Y

fopg®! l g

y — 9% sz

Hence, R[g o f] must factor through R[g], yielding the following
factorisation:
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Since a o p§ = a o p{, we can precompose both sides with R(f) and use the
commutativity of the above diagram to deduce that

(ao f)opl™ = (ao f)op?l. So, ao f coequalizes the kernel equivalence
relation R[g o f]. By the universal property of the coequalizer, there exists
a unique morphism such that the following diagram commutes:

gof CV¢T
Po 1
R[g [0) f] . X W} Z

pd°!

Since (pog)o f =ao fand f is an epimorphism, ¢ o g = a. Therefore, ¢ is
the unique morphism which makes the following diagram commute:

T
) /«4
Po 1
»i

Thus, g = coeq(p], p]) and is consequently a regular epimorphism.

Lemma 1.11.11. Let € be a category with pullbacks.

(a) If f is a ps-reqular epimorphism and g a regular epimorphism, then
go f is also a reqular epimorphism.

(b) If f and g are both ps-reqular epimorphisms, then g o f is also a
ps-reqular epimorphism.

Lemma [I.11.11}is directly from [Boul7, Exercise 1.7.14]. I do not know a
good proof of lemma [1.11.11] However, it plays a major role in the next
section. We will finish this section with some examples of the epimorphisms
we have encountered in this section.
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Example 1.11.6. In the category Set, ps-regular epimorphisms, regular
epimorphisms, strong epimorphisms, extremal epimorphisms and
epimorphisms all coincide with surjective functions. Similarly, in Grp and
Ab, these epimorphisms all coincide with surjective group morphisms.
Hence, the distinction in both of these categories is pointless!

Example 1.11.7. The distinction between different types of epimorphisms
is necessary in Top. In this example, we will give an example of a regular
epimorphism in Top which is not a ps-regular epimorphism.

Let X,Y be topological spaces and f : X — Y be a continuous function.
We say that f is cartesian if the following property is satisfied: V' is open
in Y if and only if f~'(V) is open in X. It turns out from [BoulT, Exercise
1.7.12 (iii)] that regular epimorphisms in Top coincide with continuous,
surjective, cartesian maps.

Let X ={a,b,c,d}, Y ={x,y,z} and Z = {l,m,n}. We equip X,Y and Z
with the topologies

r = {0, X {a. b}, 7y = {0.Y} and v = {0, Z, {l,m}}.
We define continuous maps f: X - Y andg:Z — Y by

g(l) =z, 9(m) = g(n) = z.

Observe that f is a continuous, surjective and cartesian function and is
thus, a regular epimorphism. Now form the pullback X xy Z:

X xy Z 25 7

| lg

x 1 Ly

Recalling the definition of the pullback in Top, we have

Xxy Z={(e,p) e X x Z | f(e) = g(B)} = {(a,1),(d,m), (d,n)}
with topology given by

TXxyZ = {@7X Xy Z’ {(a7 l)}a {(a’ l)> (d7 m>}}
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The topology Txx, z is the coarsest (largest) topology ensuring that the
projection maps mx and 7wz are continuous. Now note that 7 is not
cartesian because the preimage 7~ ({l}) = {a,(} is open in X xy Z, but
{l} is not open in Z by definition of 7. So, f is an example of a regular
epimorphism which is not ps-regular. This example originates from
[Bor94bl Counterexample 2.4.5].

1.12 Barr-Kock Theorem

The Barr-Kock theorem gives us yet another important tool for deducing
when particular squares in a category with pullbacks are pullback squares.

Lemma 1.12.1. Let € be a category with pullbacks. Suppose that we have
the following commutative diagram

~

/p—0> r ] /
R[f'] < X Y

where the RHS square is a pullback square. Then, both LHS commutative
squares indexed by 0 and 1 are also pullbacks.

Proof. Assume that € is a category with pullbacks and that we are given
the commutative diagram in the statement of the lemma. We construct the
following cube in %"

“S

~<
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Notice that the bottom, front, top and right faces of the cube are all
pullback squares. From lemma [1.4.6, the remaining two faces of the cube
must also be pullback squares as required. O]

Lemma 1.12.2. Let € be a category with pullbacks. Suppose that we have
the following pullback square

x Ly

x 1y
where ¢' is a ps-reqular epimorphism and m is a monomorphism. Then, n

must be a monomorphism.

Proof. Assume that € is a category with pullbacks and that we are given
the pullback square in the statement of the lemma. Assume that ¢’ is a
ps-regular epimorphism and that m is a monomorphism. The idea is to
write out the kernel equivalence relations of all the morphisms in the
square, giving rise to the following diagram:

R(Pl) I
R[R(m)] =—— R[m] 2%

R(po)
afo | |arer = gplllap g |]|ar
Pl ’

Rlg|———Xx' — 1 —>VY

Po
R(m) m n
P
R[f] X 7 Y
Po

By repeated application of Lemma [1.12.1] we find that since our original
square was a pullback, all the commutative squares in the above diagram
are pullbacks. Since ¢’ is a ps-regular epimorphism, R(q') must also be a
ps-regular epimorphism. But, ¢’ is also a regular epimorphism and thus, the
coequalizer of the kernel equivalence relation R[q'] in the middle row.
Therefore, R(q') is the coequalizer of the upper row.

Now since m is a monomorphism, we can use Theorem to deduce that
di and di* are both isomorphisms. Since isomorphsims are stable under
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pullbacks, dgf (m) gftm), dy, d} are isomorphisms. Finally, by applying
Theorem to dy and d}, we find that n is a monomorphism as
required. O]

Now we have arrived at the namesake of this section — a powerful tool for
finding pullback squares.

Theorem 1.12.3 (Barr-Kock theorem). Let € be a category with
pullbacks. Suppose that we have the following diagram in € :

g ,
Rlg) == X'~ v
p?
R(x) T Y
) ;
R[f] < . X > Y
V51

If any of the left hand side squares is a pullback square and ¢’ is a
ps-reqular epimorphism then the right hand side square is a pullback square.

Proof. Assume that %is a category with pullbacks and that we have the
above diagram in %, where any of the LHS squares is a pullback square and
¢ is a ps-regular epimorphism.

We rely on a particular consequence of Lemma [[.7.7] Consider the pullback
of y along f:

A consequence of Lemma is that the morphism ¢ : X’ — X is a
monomorphism. This is [Boul7, Corollary 1.6.16].

Using ¢, we construct the following cube in %"
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=
®
><|
<l

>Y’

f

Without loss of generality, assume that the following LHS square is a
pullback square

R[{ —>X’
ko, L
R[f] ——

Then, the bottom, front and back faces of the cube are pullback squares.
By Lemma[[.4.6] the top square of the cube must also be a pullback square.

Now since ¢’ is a ps- regular epimorphism, ¢ o pl must also be a regular

epimorphism. Since p{ is an epimorphism, we can use Lemma [1.11.10| to
deduce that ¢ is an epimorphism. Since ¢ is a monomorphism and an
epimorphism, it must be an isomorphism as required.

If instead the LHS square

/

R[{ o x

lR(ac) lx
f

R[f] —— X
is a pullback square then we can interchange the roles of pg/ and p(f/ in the
above argument to obtain the same conclusion. O]
We end this section by proving a useful corollary of Theorem [1.12.3

Theorem 1.12.4. Let € be a category with pullbacks. Assume that
f: X =Y is a morphism such that the kernel equivalence relation R[f] has
a coequalizer q : X — ) which is a ps-reqular epimorphism. Then,
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Rlq] = R[f] and the unique factorisation m : QQ — Y such that moq = f is
a monomorphism.

Proof. Assume that € is a category with pullbacks. Assume that
f: X — Y is a morphism such that the kernel equivalence relation R[f] is
coequalized by the ps-regular epimorphism ¢ : X — Q.

The fact that we can factorise f = m o ¢ follows from the universal property
of the coequalizer, as seen by the diagram below:

Y

v /’"A
R[f] X ——0Q

v

By Theorem [1.7.4] we deduce that R[g] C R[m o q] = R[f]. Since ¢
coequalizes R[f], we also have R[f] C R[q]. So, R[f] = R[q|.

Now consider the following diagram in %

g ,
R[q] _><—> X250

pi

Po ¥
R[f] < X > Y

f

1

p

We can apply the Barr-Kock theorem (see Theorem [1.12.3)) to find that the
RHS square is a pullback square. By Lemma [1.12.2] m must be a
monomorphism. O

1.13 Products and finitely complete
categories

In this section, we will define the important constructions of the product
and the coproduct in a category.

Definition 1.13.1. Let % be a category and X,Y be objects in €. The
product of X and Y is a triple (X x Y, 7y, my) consisting of an object
X x Y and two morphisms 7x : X XY — X and 7y : X XY — Y (called
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projections) which satisfies the following universal property:

If we have two morphisms f: W — X and g: W — Y then there exists a
unique morphism 6 : W — X x Y such that the following diagram
commutes:

X xY
> X
X<f %% g>Y

The coproduct is the dual construction of the product. It is obtained by
reversing the arrows in the definition of the product.

Definition 1.13.2. Let € be a category and X,Y be objects in €. The
coproduct of X and Y is a triple (X UY, tx,ty) consisting of an object
X UY and two morphisms ¢ty : X — X x Y and 1y : Y — X XY which
satisfies the following universal property:

If we have two morphisms f: X — W and g : Y — W then there exists a
unique morphism « : X LY — W such that the following diagram
commutes:

XuyYy
%ia‘x
X f>W<g Y

Example 1.13.3. We will describe the coproduct in Grp. Assume that G
and H are groups. The free product of G and H, denoted by G x H, is
the set of all reduced words of the form

gihigahs ... gihy

where g; € G and h; € H fori € {1,2,...,n}. The group operation on
G x H is the concatenation of words, followed by reduction.

We will describe how to reduce a word. Suppose that g1hy...gxhy € G* H.
If there exists i € {1,2,...k} such that g; = eg or h; = ey, where e and
ey are the identity elements of G and H respectively then we remove eq or
ey from the word. If there is an instance of g;g;+1 or h;h;i1 then we reduce
the word by considering the product g;g;4+1 as one element of G' (rather
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than two) or the product h;h; ;1 as one element of H (rather than two).

The words eg, ey € Gx H are the empty words (words of length zero). This
is the identity element eqg,g of G x H.

Now define the inclusion maps tq: G — G* H and 1y : H — G x H by
tc(g9) = g and tg(h) = h. Suppose that we have the following diagram in
Grp:

G+ H
P
G ofe] ’ ¢ " H

We want to construct a unique morphism v : G x H — K such that the
following diagram commutes:

G+ H
LG E’IZJ LH
+
G oo W H
Define the map ¥ by
(3 GxH — K

gihy - grhi = ¢c(g1)du(h) ... dc(gr)dm(he)

As a preliminary observation, we have

Y(easr) = dclec) = ¢nlen) = ex.
To see that 1 is a group morphism, assume that g1h; ... girh, and

g1l ... g/h; are two reduced words in G = H. If the concatenation
gi1hi ... g/h; is already a reduced word then

V(giha - grhigi - - gihy) = éal(91)du(ha) - . dalg))dm(h)
= (9c(91)0m(h1) - .. 6c(gk)Dr (hi))
(¢c(91)¢u(hi) - .. ¢c(g1)dn(hy))
= U(grhy ... grhi )Y (gihly - . gihy).

If the concatenation gih; ... g/h; is not a reduced word then there are two
cases which can occur.
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Case 1: If eg or eg appears in our word, we remove it by the reduction
process. Since ¢g(eq) = ¢u(en) = ek, any terms of the form ¢¢(eq) and
¢u(em) in ¥(gihy ... gyh;) are removed from the product.

Case 2: If g;g;11 or h;h;1 appears in our word, we consider them as a single
element of G and H respectively in the word. Since ¢g and ¢y are group
morphisms, ¢G(9i9¢+1) = ¢G(9z’)¢c(gz’+1) and ¢H(hihi+1) = ¢H(hi)¢H(hi+1>-
So, we simply rewrite the product 1(g1h; ... g/h]) by replacing
0c(9:)0c(giv1) with ¢¢(gigir1) and similarly for ¢g(h;)op(hiv1).

These two cases show that 1 respects the reduction process in G x H.
Hence,

Y(gihy .. gehwgi By - gily) = (giha - grhi)(gihy - gihy)
even if the concatenation gih; ... gpheg R} ... g/h) is not a reduced word.
So, 1 is a group morphism, which satisfies by direct computation,

wOLG:(bG andi/JoaH:¢H.

Finally, to see that v is a unique group morphism, assume that

' Gx H — K is another group morphism such that ¢’ o 1g = ¢ and
oy =¢y. If g€ Gand h € H then ¢'(g) = ¢c(g) = ¥(g) and

' (h) = ¢p(h) = 1(h). Since ¥’ and 1) are group morphisms, we conclude
that ¢/ = 1 on all of G x H. Hence, 1) must be unique.

The free product and the free product with amalgamation feature
prominently in the Seifert Van-Kampen theorem, a useful tool for
computing the fundamental group of a wide variety of topological spaces.
See [Hat02, Section 1.2] for more information.

In a category ¥ with terminal object, the product is a special case of the
pullback. To see why this is the case, note that the universal property of
the product implies that the following square is a pullback

XxYy 23 Y

I

X —2 5«

In the above diagram, * is the terminal object in €.

With products, we can give an equivalent definition of a finitely complete
category.
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Theorem 1.13.1. Let € be a category. Then, € is a finitely complete
category (has pullbacks and a terminal object) if and only if € has products
and equalizers of any parallel pair of morphisms.

Proof. Assume that & is a category.

To show: (a) If € is finitely complete then it has products and equalizers of
any parallel pair of morphisms.

(b) If € has products and equalizers of any parallel pair of morphisms then
it is finitely complete.

(a) Assume that € is finitely complete. Then, € has pullbacks and a
terminal object. We already argued that in a category with a terminal
object, the product is a special case of the pullback. Therefore, ¥ must
have products.

Assume that h,h' : X — Y is a (parallel) pair of morphisms. Since € has
products, we can consider the following diagram in %:

X

l(/% h")

Y “2.,¥VxY

where A is the diagonal map. Since % has pullbacks, we can form the
pullback square of the above diagram:

I —4 X

lg l(h, %)

Y 2.,V xY

By Lemma [1.4.2] i = eq(h, k). Consequently, € has equalizers.

(b) Assume that ¢ has products and equalizers. Let * be the empty
product in ¥ — the product of zero objects in €. By the universal
property of the product, there exists a unique morphism from any object W
to *. The remainder of the statement of the universal property, as applied
to this situation, is vacuous. Therefore, % is the terminal object in %.

Now suppose we have the following diagram in %:
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X
|7
y 2 Z

Since % has products, we can form the product X x Y and its projections
mx and my. Since ¥ has equalizers, let e : P — X X Y be the equalizer of
the composites f o mxy and g o my. We claim that the commutative square

P TXx0e

X
ﬂyoel lf

y %247

is the pullback square we are after. Suppose that we have the following
commutative square in %

w24 X

A

y -2 7

By the universal property of the equalizer, there exists a unique morphism
d : W — P such that the following diagram commutes:

gomy

Consequently, d is the unique morphism which makes the following diagram
commute:

P TXx0€e

X
lﬂy oe lf

y 257

Hence, ¢ has pullbacks and subsequently, % is a finitely complete
category. O

Dually, we also have the notion of a finitely cocomplete category.
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Definition 1.13.4. Let € be a category. We say that % is a finitely
cocomplete category if it has pushouts and an initial object.

We also have a “dual version” of Theorem [[.13.1]

Theorem 1.13.2. Let € be a category. Then, € is a finitely cocomplete
category if and only if € has coproducts and coequalizers of any pair of
parallel morphisms.

We omit the proof here because it is quite long, especially given the fact
that the theory we have established previously deals with mostly pullbacks
and not pushouts. Fortunately, the proof proceed in a similar fashion to

Theorem [LI3.11
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Chapter 2

Internal structures

2.1 Internal unitary magmas and internal
monoids

In this chapter, we will introduce internal structures within a finitely
complete category and discuss some of their properties.

Definition 2.1.1. Let % be a finitely complete category with terminal
object . An internal unitary magma is a triple (M, m,e) consisting of
an object M of €, a morphism m : M x M — M giving rise to an internal
binary operation and a morphism e : x — M giving rise to an internal unit.

Moreover, the morphisms m and e make the following diagram in &
commute:

M (¢dpr,e0mrr) Mx M (eoTnr,idar) M

idpy idpg

Here, 1), is the unique morphism from M to % and id), is the identity
morphism on M.

We know that a monoid is a unitary magma with an associative binary
operation. This leads us straight to the definition of an internal monoid.

Definition 2.1.2. Let % be a finitely complete category. An internal
monoid is an internal unitary magma (M, m,e) in € such that the binary
operation m : M x M — M is associative. This means that the following
diagram in ¥ must commute:

123



(myidar)

M x M x M M x M
(idpr,m) m
M x M m s M

Definition 2.1.3. Let % be a finitely complete category and (M, m,e) and
(M',m/ €¢') be internal unitary magmas in 4. A unitary magma
homomorphism is a map f: (M, m,e) — (M',m/, ¢’) which preserves the
internal unit and the internal binary operation.

Similarly, a monoid homomorphism is a map from one internal monoid
to another which preserves the internal unit and the internal binary
operation (alongside the associativity).

We will use UMg(%’) to denote the category of internal unitary magmas in
¢ and Mon(%’) to denote the category of internal monoids in ¢. In an
abuse of notation, we will use the same symbol Uy to denote the forgetful
functors from UMg(%) and Mon(%) to €.

Example 2.1.4. The category Mon(Top) is the category of topological
monoids — monoids (M, m, 1) with a topology on M such that the binary
operation m is continuous.

The famous Eckmann-Hilton argument tells us that an internal unitary
magma in the category of unitary magmas UMg is actually a commutative
monoid.

Theorem 2.1.1. Let (M, *,e) be an internal unitary magma in the
category of unitary magmas UMg. Note that M is an object of UMg and
15 itself a unitary magma. Consequently, M has a binary operation, which
we denote by -. Then, the binary operations x and - coincide and (M, x, e)
s a commutative monoid.

Proof. Assume that (M, *, e) is an internal unitary magma in UMg.
Equivalently, (M, x, e) is an object in the category UMg(UMg). Let - be
the binary operation on M as a unitary magma and e, € M be the unit
associated with -.

To show: (a) If a,b,¢,d € M then (a-b)* (c-d) = (axc)-(bxd).

(a) Assume that a,b,c,d € M. Using the fact that x : M x M — M is a
morphism in UMg, we compute directly that
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(a-b)*(c-d)==x(a-b,c-d)
= *(a,c) - x(b,d)
= (axc)-(bxd).

In particular, it is the second line where we used the fact that
x: M x M — M is a unitary magma morphism.

To show: (b) The unit e of * and the unit e, of - coincide.
(c) The operations - and * both coincide.
(b) Using part (a), we compute directly that
e=exe
= (e-€q) % (€q-€)

= (exe,) - (€exe)

= Cq * Co = €o.

(c) We use both part (a) and part (b) to argue that

axb=(a-e,)* (D)
= (a*xe,) - (eexb) (Part (a))
=(axe)-(exb) (Part (b))

=a-b.

Hence, * and - are the same binary operation on M.
To show: (d) * is commutative.
(e) * is associative.

(d) By direct computation, we have



where the last equality follows from part (c) of the proof. Hence, * is
commutative.

(e) To see that x is associative, we also compute directly that

x (bxc) = (axe)*(bxc)

(

=(axe)-(bxc) (Part (c))
=(a-b)x(e-c) (Part (a))
=(a-b)x ( -¢) (Part (b))
= (a*b) *

Hence, the internal unitary magma (M, x, e) is a commutative monoid. [

A major consequence of Theorem is that the categories UMg(UMg),
UMg(Mon), Mon(UMg) and Mon(Mon) are isomorphic to the category
of commutative monoids CoM.

Our next task is to discuss the properties of the forgetful functor Uy. There
are two important definitions here.

Definition 2.1.5. Let % and Z be categories and H : € — % be a
functor. We say that the functor H is left exact if H preserves finite limits
(pullbacks, terminal objects, equalizers, products).

Here is a remark of caution. The term “left exact functor” also refers to a
functor which preserves left exact sequences. Obviously, we will use the
term “left exact functor” as defined above for these notes, but this is
something to keep in mind when one peruses the literature on category
theory.

Definition 2.1.6. Let ¥ and & be categories and H : € — & be a
functor. We say that the functor H is conservative if H satisfies the
following property: If g : A — B is a morphism in % such that H(g) is an
isomorphism in Z then g is an isomorphism in %

It is straightforward to see from the definition that the composite of left
exact functors is a left exact functor. Conservative functors are also well
behaved under composition.

Lemma 2.1.2. Let €,2 and & be categories. Let F': € — & and
G: 9 — & be functors.
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1. If F and G are conservative functors then G o F' is also conservative.

2. If G o I s a conservative functor then F' is also a conservative
functor.

Proof. Assume that €, 2 and & are categories. Assume that F': € — &
and G : 4 — & are functors.

To show: (a) If F' and G are conservative then G o F' is a conservative
functor.

(b) If G o F is a conservative functor then F' is a conservative functor.

(a) Assume that F' and G are conservative functors. Assume that f is a
morphism in ¢ such that (G o F')(f) is an isomorphism in &. Since G is a
conservative functor, F'(f) must be an isomorphism in Z. Since F is a
conservative functor, f must be an isomorphism. Consequently, G o F' is a
conservative functor.

(b) Assume that G o F' is a conservative functor. Let f be a morphism in ¢
such that F(f) is an isomorphism. Then, (G o F)(f) is an isomorphism in
& and since G o F' is a conservative functor, f must be an isomorphism.
Therefore, F' is a conservative functor as required. O

If we have a left exact functor between two finitely complete categories,
then the characterisation of a conservative functor can be weakened from
isomorphisms to monomorphisms.

Theorem 2.1.3. Let € and Z be finitely complete categories. Let

H: € — 2 be left exact. Then, H is a conservative functor if and only if
H is “conservative on monomorphisms” — if f is a monomorphism such
that H(f) is an isomorphism then f is an isomorphism.

Proof. Assume that ¥ and & are finitely complete categories. Assume that
H : % — 2 is a left exact functor.

To show: (a) If H is a conservative functor then H is conservative on
monomorphisms.

(b) If H is conservative on monomorphisms then H is a conservative
functor.
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(a) Assume that H is a conservative functor. By definition of a conservative
functor, H must be conservative on monomorphisms.

(b) Assume that H is conservative on monomorphisms. Assume that
f: X — Y is a morphism in % such that H(f) is an isomorphism in .
Since % is finitely complete, we can consider the kernel equivalence relation

R[f] of f:

R[f] < ;ﬂi X » Y

Since H is a left exact functor, it maps the above equalizer in € to an
equalizer in Z. Since H(f) is an isomorphism, we can apply Theorem m
to show that H(s}) is an isomorphism in 2.

Recall that idx = p{; o sg)” . Since idx is an isomorphism, it must be a
monomorphism and an epimorphism. Now monomorphisms are preserved
under left cancellation. So, s{ is a monomorphism such that H(s!) is an
isomorphism in Z.

Since H is conservative on monomorphisms, sg is an isomorphism. By

Theorem [1.7.5, we deduce that f is a monomorphism.

Since H is conservative on monomorphisms, f is a monomorphism and
H(f) is an isomorphism by assumption, we deduce that f is an
isomorphism in ¥. So, H is a conservative functor. n

Example 2.1.7. This example is from [Boul7, Proposition 2.1.7]. Let €
be a finitely complete category. The forgetful functors Uy : UMg(¥) — €
and Uy : Mon(%’) — € are both left exact and conservative. In fact, the
forgetful functors Uy are faithful.

We have already talked about commutativity in this particular section.
Now we will formally introduce commutativity in the context of internal
unitary magmas and internal monoids.

Definition 2.1.8. Let % be a finitely complete category and (M, m,e) be
an internal unitary magma (or an internal monoid). We say that (M, m, e)
is commutative if the following diagram commutes:

twnr, M

M x M s M x M

s




Here, twarar : M x M — M x M is the twisting isomorphism, which maps
(m,m') to (m/,m).

For this section and the next section, which deal with internal structures,
we assume that every category % is locally small.

Definition 2.1.9. We say that a category % is locally small if for any
pair of objects X, X’ € €, the class of morphisms Home (X, X') is actually
a set.

Theorem 2.1.4. Let € be a finitely complete category and (M, m,e) be an
internal monoid in €. Assume that X € € is an object and f : X — X' is
a morphism in €. Then, Homg (X, M) is a monoid and

Homeg(f, M) : Homg (X', M) — Homeg (X, M)
1s a monoid morphism.

Proof. Assume that € is a finitely complete category and (M, m,e) is an
internal monoid in %. Assume that X € % is an object and f: X — X' is
a morphism in % .

To show: (a) Home (X, M) is a monoid.
(b) Homg(f, M) is a monoid morphism.

(a) To be clear, Hom¢ (X, M) is the set of morphisms from X to M. We
want to show that it is actually a monoid. First, we will define the binary
operation on Homg (X, M) by

p: Homg(X, M) x Homg(X, M) — Homeg (X, M)
(f.9) = ], 9) (@) = m(f(x), g(x)).

Since M is an internal monoid, the internal binary operation m is
associative. Therefore, 1 is also an associative binary operation.

Let ¢ : X — M be the morphism in ¢ which sends x € X to e(x) € M,

where * is the terminal object in €. To see that ¢ is the unit in
Hom (X, M), we compute for f,g € Homy (X, M) and z € X that

and
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p(e, 9)(x) = m(u(x), g(x)) = mle(+), g(x)) = g().
So, p(f,t) = f and p(e, g) = g. Hence, ¢ is the unit in Homg (X, M).
Consequently, Home (X, M) is a monoid.

(b) Let i/ be the binary operation on Home (X', M) and ¢/ be the unit in
Homy (X', M). Explicitly, the map Home(f, M) is defined by
Homg(f,M): Homg(X',M) — Homg(X, M)
g — gof
First, we compute for x € X that

Homy (f, M)(V)(x) = (o f)(z) = /' (f(2)) = e(*).
Therefore, Homg(f, M)(/') = . If ¢, b/ € Home (X', M) then

Homyg (f, M) (' (g, 1) () = (W'(g', 1) o f)(x)

(1 )
(g 1) (f ()
m (

)

(g'(f(x)), W (f(x)))
u(g' o f,h o f)(x)
Homg(f, M)(g'), Home(f, M)(h'))().

g
w(

Therefore, Homg (f, M) is a monoid morphism. O

Theorem tells us that the functor Home(—, M) factorises through the
Mon, so that the following diagram commutes:

Here, U : Mon — Set is the forgetful functor. Next, we will investigate a
particular situation in Theorem [2.1.4] where the internal monoid in % is
commutative.

Theorem 2.1.5. Let € be a finitely complete category and (M, m,e) be an
internal monoid in €. Let X be an object in €. Then, (M, m,e) is
commutative if and only if the monoid Homy (X, M) is commutative.
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Proof. Assume that € is a finitely complete category and (M, m, e) is an
internal monoid in 4. Assume that X € % is an object.

To show: (a) If (M, m,e) is commutative then the monoid Home (X, M) is
commutative.

(b) If the monoid Homg (X, M) is commutative then the internal monoid
(M,m,e) is commutative.

(a) Assume that the internal binary operation m is commutative. Let p be
the binary operation on Homg (X, M). If f,g € Homy(X, M) and x € X
then

w(f9)(x) = m(f(x), g(x)) = m(g(z), f(z)) = pulg, f)(z).

So, u(f,g9) = (g, f) and the binary operation p on Home (X, M) is
commutative.

(b) Assume that the binary operation g on Homeg (X, M) is commutative.

If my, my € M then there exists f1, fo € Homy (X, M) such that
fi(x) =my and fy(x) = my for some x € X. So,

m(my, me) = m(fi(z), fa(x)) = u(fr, f2)(x) = p(fa, fi)(@) = m(mz, m).

Therefore, the internal monoid (M, m,e) is commutative. O

Consequently, if the internal monoid (M, m,e) is commutative then the
functor Home(—, M) factorises through the category CoM, so that the
following diagram commutes:

P
Hom%(—m lU
Set
Again, U : CoM — Set is the forgetful functor.

2.2 Internal groups

We want to distinguish two different ways of defining a group from a
monoid. A group (G, -, 1) is a monoid such that every g € G has an inverse.
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This definition actually requires extra data — the mapping g — g~!. We
can also define a group (G, -, 1) to be a monoid such that every g € G is
invertible. Unlike the previous definition, invertibility is a property.

Although these definitions are equivalent, there is a subtle difference
between the extra mapping and the property which we will now elucidate.

Theorem 2.2.1. Let M be a monoid with binary operation

m: M x M — M and unit e : 1 — M. Here, 1 is the trivial monoid with
one element. Then, M s a group if and only if the following commutative
square in Set is a pullback:

MxM —"= M

lpé” lT M

M —" 1
where p)! is projection onto the first factor of M x M.

We abuse notation in Theorem by using 1 to represent the trivial
monoid, its underlying singleton set and the element it contains.

Proof. Assume that M is a monoid with binary operation m and unit e(1).

To show: (a) If M is a group then the above commutative square is a
pullback square.

(b) If the above commutative square is a pullback square then M is a group.
(a) Assume that M is a group. For each p € M, there exists p~* € M such

that m(p,p~) = m(p~t, p) = e(1). Suppose that we have the following
commutative square in Set:

N m
lg lTM
M 2

Define the function (morphism of sets)

p: N — M x M
n = (g(n),g(n)~f(n))
This is a unique morphism of sets. It is easy to check that the following
diagram commutes:
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I [

Hence, the commutative square we began with must be a pullback square.

(b) Assume that the following commutative square in Set is a pullback
square:

Mx M 25 M
lpé\/l lTM
M —™ 1

Then, there exists a unique morphism « : M — M x M such that the
following diagram commutes:

E€OTNs

W

If p e M and a(p) = (i1(p), i2(p)) then by commutativity of the above
diagram, i1 (p) = p = idy/(p) and m(p, i2(p)) = (e o Tar)(p) = e(1). It
remains to show that i5(p) is the left inverse for p. Note that we also have
m(iz(p), i2(i2(p))) = e(1).

To show: (ba) m(e(1),i2(ia(p))) = m(e(1),p).

(ba) Abbreviating m(a,b) as a - b, we argue as follows

(b) Using part (ba), we have
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(i2(p) - p - i2(p)) - (i2(p) - i2(i2(p)) - p) = i2(p) - (p - i2(p)) - (i2(p) - i2(i2(p))) - p
= i2(p) - p.
By equating the two expressions together, we find that

ia(p) - p = m(ia(p),p) = e(1). So, is(p) is a left and right inverse for p € M.
Hence, every element of M is invertible and consequently, M is a group. [J

From Theorem , the map iy = p} o v is the inverse mapping from M
to M. Here, a: M — M x M is the unique group morphism defined in
part (b) of Theorem and pM : M x M — M denotes projection onto
the right factor of M x M.

The characterisation of a group in Theorem leads us straight to the
definition of an internal group in a finitely complete category.

Definition 2.2.1. Let % be a finitely complete category with terminal
object *. An internal group in % is an internal monoid (M, m,e) such
that the following commutative square in % is a pullback square:

Mx M =25 M

lpé” lﬂw

M —
Again, p)' : M x M — M denotes projection onto the left factor.

An internal abelian group is an internal commutative monoid (M, m, e)
such that the same square above is a pullback square in .
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We denote the category of internal groups in 4 by Grp(%). The category
of internal abelian groups in % is denoted by Ab(%).

In a similar vein to UMg(%) and Mon(%), the forgetful functors
Uy : Grp(€) — € and Uy : Ab(€) — € are left exact and conservative.

Example 2.2.2. The category Grp(Top) is the category of topological
groups — groups which are endowed with a topology which makes the
binary operation and the inverse mapping continuous functions.

The Eckmann-Hilton argument can also be applied to internal groups.

Theorem 2.2.2. Let (G, ,e) be an internal group in the category of
monotds Mon. Note that G is an object of Mon and is itself a monoid.
Consequently, M has a binary monoid operation, which we denote by -.
Then, the binary operations * and - coincide and (G, *,e) is an abelian

group.
Proof. Assume that (G, %, e) is an internal group in UMg. Equivalently,
(G, *,e) is an object in the category Grp(Mon). Let - be the binary
operation on GG as a monoid and e, € M be the unit associated with -.

To show: (a) If a,b,c,d € G then (a-b)* (c-d) = (a*c)- (bxd).

(a) Assume that a,b,c,d € G. Using the fact that x : G x G — G is a
morphism in Mon, we compute directly that

(a-b)*(c-d)==x(a-b,c-d)
= *(a,c) - x(b,d)
= (axc)-(bxd).

In particular, it is the second line where we used the fact that
x: G x G — G is a monoid morphism.

To show: (b) The unit e of * and the unit e, of - coincide.
(c) The operations - and * both coincide.

(b) Using part (a), we compute directly that
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= (e-¢e,) * (€q - €)
= (exe,) - (€exe)

— Cq ' Co — Coq.

(c) We use both part (a) and part (b) to argue that

axb=(a-e,)* (D)
= (axe,) - (caxb) (Part (a))
= (axe)-(exb) (Part (b))

=a-b.

Hence, * and - are the same binary operation on G.
To show: (d) * is commutative.

(d) By direct computation, we have

ee ¥ b) - (axe,) (Part (a))
exb)-(axe) (Part (b))

=b-a=bxa

axb=(eq-a)*(b-e,)
= (
-

where the last equality follows from part (c) of the proof. Hence, * is
commutative and the internal group (G, *,e) is an abelian group. O

A major consequence of Theorem is that the categories Grp(Mon)
and Ab(Mon) are isomorphic to the category of abelian groups Ab. A
similar argument also reveals that the categories UMg(Grp) and
Mon(Grp) are isomorphic to Ab.

Before we continue, we would like to highlight a substantial application of
the Eckmann-Hilton argument to algebraic topology.

Example 2.2.3. Let G be a topological group and e be the identity
element of G. We want to prove that the fundamental group m (G, e) is
abelian. Our strategy is to exploit the fact that the binary operation

i G x G — G is continuous. First, we require the following lemma about
the fundamental group.
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Lemma 2.2.3. Let (X, zq) and (Y, yo) be pointed topological spaces. Then
the fundamental groups m (X X Y, (xo,y0)) and w1 (X, x0) X m (Y, yo) are
1somorphic.

Proof. Assume that (X, zo) and (Y, yo) are pointed topological spaces. Let
f:]0,1] = X x Y be a loop with basepoint (zg,yy) so that

f(0) = f(1) = (zo,y0). Let mx : X xY — X and 71y : X X Y — Y denote
the canonical projection maps. These projections are continuous and hence,
by applying the functor 7; : Top, — Grp which maps a pointed
topological space to its fundamental group, we obtain the group morphisms

Txy: m(X XY, (20,%0)) — m(X,20)

[f] = [mx o f]
and
Tyyg - 7T1<XXY, (xo,yo)) — 7T1<X,Q30)
9] = [my o]
Now define

v m(X XY, (xo,5)) — m(X,xo) X m(Y,v0)
[f] = ([mx o f], [y o f])

We claim that 1) is a group isomorphism. Since v is the product of the
group morphisms 7y and 7y, 1 must be a group morphism itself.

To show: (a) ¢ is well-defined.

(b) % is injective.

(c) v is surjective.

(a) Assume that [f] = [g] in m (X X Y, (x0,%0)). Then, there exists a
homotopy F : [0,1] x [0,1] — X x Y rel {0, 1} such that F'(0,¢) = f(¢),
F(1,t) = g(t), F(s,0) = f(0) = g(0) and F(s,1) = f(1) = g(1).

The composite mx o F': [0,1] x [0,1] — X continuous because it is the
composite of continuous functions. Furthermore,
(mx 0 F)(0,t) = (7x o f)(t), (mx o F)(1,¢) = (mx 0 9)(t),

(mx © F)(s,0) = (mx 0 f)(0) = (7x © 9)(0) = o

and
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(rx o F)(s,1) = (mx o f)(1) = (7x 0 g)(1) = zo.

So, mx o F' is a homotopy rel {0,1} between 7x o f and mx o g. Similarly,
7y o F' is a homotopy rel {0, 1} between 7y o f and my o g. Hence,
[x o f] =[x o g] in m(X,z0) and [my o f] = [my 0 g] in (Y, yo). So,

([mx o fl;[my o f]) = ([mx 0 g, [my o g])

and consequently, v is well-defined.
(b) The kernel of v is given by

keryp = {[f] € m(X XY, (x0,40)) | mx © f = oy and 7y o f = ¢y}

where ¢, : [0,1] = X and ¢, : [0,1] — Y are the constant loops at x, and
Yo respectively.

The idea is to write the loop f:[0,1] = X x Y as f(t) = (g(¢), h(t)), where
g:[0,1] = X and h: [0,1] — Y are loops with basepoints zo and yq
respectively. Let M € Cts([0,1] x [0,1] — X) be a homotopy between

wx o f and ¢;, and H € Cts([0,1] x [0,1] = Y) be a homotopy between

my o f and ¢,,. Then, M(0,t) = g(t), M(1,t) = ¢4 (t) = 20, H(0,t) = h(t)
and H(1,t) = yo.

Now define the function
F: [0,1] x[0,1] — X xY
(s,1) = (M(s,t), H(s,t))

The function F' is continuous because it is the product of the homotopies
M and H, which are continuous by definition. Furthermore,

F(0,t) = (g(t),h(t)) = f(t) and F(1,t) = (zo,y0). This proves the
homotopy equivalence f =~ ¢(y.4) and so, [f] = [C(zg,y0)] 85 equivalence
classes. So, kerty = {0} and ¥ must be injective.

(c) Assume that ¢ : [0,1] — X and h: [0,1] — Y are two loops with
basepoints zo and yo respectively. Then, (g(t),h(t)) : [0,1] = X x Y is a
loop with basepoint (zg, o) and

U(l(g, W)]) = (Imx o (g, W], [my o (g, 1)]) = (9] [h])

Hence, 1 is surjective.
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Combining parts (a) and (b) of the proof, we deduce that ¢ defines a group
isomorphism between 7 (X X Y, (2, 40)) and m1(X, zo) X 71 (Y, yo). O

Since the binary operation u : (G x G, (e,e)) — (G, e) of G is continuous, it
is a morphism in the category of pointed topological spaces Top,.
Therefore, 7 (p) = py = m(G x G, (e,€)) = w1 (G, ) is a morphism in the
category of groups Grp. By precomposing with ¢! as defined in Lemma
we obtain the following binary operation on 7 (G, e):

m(p) o™t m(G,e) x m(G,e) — (G, e)
([g], [n]) = [po (g, h)].

Before we proceed, let us iron out the notation for the three binary
operations involved. For g, h € G, we will write the product (g, h) as gh.
For the binary operation in equation ([2.1)), we will write

(2.1)

(mi(w) o™ ) (gl [A])  as  [g]-[h]-
Then, ([g] - [h])(t) = [g(t)h(t)] in 71 (G, e). For [g], [h] € m1(G,e), let

L J9t), ifte0,1/2],
I h(2t — 1), if t € [1/2,1].

The original binary operation on the fundamental group (G, e) will be
denoted by ®@. That is, [g] ® [h] = [g * h].

To show: (a) There exists [k] € m1(G, e) such that if [g] € m1(G, e) then
9] - [K] = [K] - [9] = [g].

(b) If [al, [0], [c], [d] € m1(G, e) then
([a] - [b]) © (Id] - [d]) = (la] © [e]) - (6] © [d])- (2.2)

(a) Let c. : [0,1] — G be the constant loop at e. Let [g] € m1(G,e). We
claim that [c.] - [g] = [g] and [g] - [c.] = [g].

By construction in equation ([2.1)), we deduce that [c.] - [g] = [ o (ce, 9)].
But, if t € [0, 1] then

(0 (ces 9))(t) = plee(t), g(1)) = ce(t)g(t) = eg(t) = g(t).
This shows that [ o (¢, g)] = [g] in m1 (G, e). Therefore, [c.] - [g] = [g]-
Similarly,
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(110 (g, ce))(t) = plg(t), ce(t)) = g(t)ce(t) = g(t)e = g(t).
So, [g] - [ce] = [po (g,ce)] = [g]. Thus, [c.] € (G, e) is the desired element
— it is the unit of the binary operation -. Note that [c.] is also the unit of
the binary operation ©.

(b) Assume that [a], [b], [c], [d] € 71 (G, e). We will compute the LHS and
RHS of equation ([2.2) separately. The RHS of equation (2.2)) is

a(26)b(2t), if t € [0,1/2], }

(laJold)-(tlold) = [axd[bxd] = [{0(225 —Dd(2t - 1), ift € [1/2,1].

Meanwhile, the LHS of equation ({2.2)) is

a(20)b(2t), if t € [0,1/2],

(la]-[b)©([c]-[d]) = [po(a,b)|®[uo(c, d)] = [{C(Qt —1D)d(2t — 1), if t € [1/2,1]. }

Therefore, equation (2.2)) is satisfied.

Using parts (a) and (b) of the proof, we now argue that if [f], [g] € m1(G,e)
then

—
~—

® ([ee] - 9]

“([ee] ©g])  (Equation (2.2))
f]-[g]=([e]®[f]) 9] © [ee])

= ([ee] - [9]) © ([f] - [ee]) = [g] @ [£].

This shows that 7 (G, e) is an abelian group as required.

Returning to the more general scenario of internal groups, we want a
characterisation of an internal group which runs parallel to the
characterisation of an internal monoid in Theorem 2.1.4l

Theorem 2.2.4. Let € be a finitely complete category and (M, m,e) be an
internal monoid in €. Then, (M, m,e) is an internal group if and only if
for any object X € €, Homy (X, M) is a group and for any morphism
f: X =X in€, the map

Homg(f, M) : Homg (X', M) — Homg (X, M)

s a group morphism.
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Proof. Assume that € is a finitely complete category and (M, m, e) is an
internal monoid in ¥. Assume that X, X’ € € are objects and f : X — X’
is a morphism in %.

To show: (a) If (M, m,e) is an internal group then Home (X, M) is a group
and Homg(f, M) is a group morphism.

(b) If Homy (X, M) is a group and Hom(f, M) is a group morphism then
(M,m,e) is an internal group.

(a) Assume that (M, m,e) is an internal group. Then, the following
diagram in % is a pullback square:

MxM —"- M

lpé” lTM

.
M —2

where * is the terminal object in 4. We know from Theorem that we

can use the universal property of the above pullback square to obtain the
inverse mapping (—)~!: M — M such that if a € M then
m(a,a ') =m(at a) = e(*).

We know from Theorem that Home (X, M) is a monoid, with binary
operation

p: Homg(X, M) x Homg(X, M) — Homeg (X, M)
(f,9) = ulf9)(@) = m(f(z), g(x)).

We claim that if f € Homg (X, M) then the composite
(—=)"'o f € Homg(X, M) a multiplicative inverse to f. Observe that if
x € X then

||
2
=
&
=
0
L
@)
=
=
S~—
S~—

p(f, (=) o (=)

and

p((=)" o f, (@) =m((=) " o (), f(2))



Therefore, (=)' o f is a multiplicative inverse to f. Consequently,
Homy (X, M) is a group.

To see that the monoid morphism Home(f, M) is a group morphism, we
compute directly for g € Homeg (X', M) and x € X that

So, Homg(f, M) is a group morphism.

(b) Conversely, assume that Home (X, M) is a group and Home(f, M) is a
group morphism. Suppose that we have the following commutative square

in ¢:

21

J —— M
lz2 lTM
M 2L &

Since Homg (X, M) is a group, there exists a unique multiplicative inverse
for z,, which we denote by z;'. Define ¢ € Home (X, M x M) by

¢ = (22, (25", 21)). In a similar vein to Theorem [2.2.1] we find that the
following diagram commutes:

Hence, the square in € below is a pullback square:

Mx M 25 M

and consequently, (M, m,e) is an internal group in € as required. O]
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Just like Theorem [2.1.4], Theorem can be reformulated as a diagram.
In particular, Theorem tells us that the functor Homeg(—, M)
factorises through the category Grp, so that the following diagram
commutes:

CP ----- » Grp
Hom%(m lU
Set

Again, U the forgetful functor. Also, we have an analogue of Theorem [2.2.4
which applies to abelian groups.

Theorem 2.2.5. Let € be a finitely complete category and (M, m,e) be an
internal monoid in €. Then, (M, m,e) is an internal abelian group if and
only if for any object X € €, Homy (X, M) is an abelian group.

The proof of this is very similar to Theorem [2.1.5| Theorem tells us
that the functor Homg(—, M) factorises through the category Ab. So, the
following diagram commutes:

EP ----- » Ab
Hw(-,m lU
Set

2.3 The Yoneda embedding

Recall the definition of a natural transformation from Definition [[.1.6

Definition 2.3.1. Let ¥ and Z be categories. The functor category
F(€,2) is the category whose objects are functors F' : € — 2 and
morphism are natural transformations between functors.

The isomorphisms in the functor category F(%, Z) are the natural
isomorphisms between functors from % to 2.

In the previous two sections, we worked with the contravariant functor

Homg(—,X) : € — Set.

for an object X € €. Here, € is an arbitrary category. This gives rise to
the functor
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Y: ¢ — F (€, Set)
X — Y(X) = Homg(—, X) (2.3)
f: X=X Y (f)

If f: X — X'is a morphism in % then Y'(f) is a natural transformation
defined by the family of maps

{Y(f)A : Homcg(A, X) — HOmcg(A,X/) | Ae€ Cg}
where we have for each object A € € the morphism of sets
Y(f)A : HOTWg(A,X) — Homgg(A,X’)
g = fog.
For two functors F': ¢ — 2 and F' : € — 2, we write Nat(F, F’) to

denote the set of natural transformations from F' to F”. This notation is
adopted from [Murl6].

Lemma 2.3.1 (Yoneda lemma). Let € be a locally small category and
F :€¢? — Set be a functor. Let C € € be an object. Define the map

bor: Nat(Y(C),F) — F(C)
o — Oéc(idc)

Explicitly, Y 1is the functor from equation , ac s a morphism of sets
from Y (C)(C) = Homy(C,C) to F(C) and ide is the identity map on the
object C. Then, ®c r is a bijection, which satisfies the following two
properties:

1. If f:C — C" is a morphism in € then the following square in Set
commutes:

Do

Nat(Y(C),F) —% F(C)
HoY(f)T F(f)
Nat(Y(C"), F) ~<*

2. If B: F — F' is a natural transformation then the following diagram in
Set commutes:

Nat(Y (C), F) =255 R(C)
po(-) | |se
Nat(Y(C), F') 225 p(c)
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Proof. Assume that % is a locally small category and C' € € is an object.
Assume that F': €°° — Set is a functor.

To show: (a) The map ®¢ p is surjective.

(b) The map ®¢ r is injective.

(c) The first property in the statement of the lemma is satisfied.
(d) The second property in the statement of the lemma is satisfied.

(a) Assume that X € F(C) and D is an object in °P. Define the map
N(X)p by

N(X)p: Y(C)(D)= Homg(D,C) — F(D)
9 = F(g)(X)

Recall that F is a contravariant functor by assumption so that F'(g) is a
morphism in Set from F(C) to F(D).

To show: (aa) N(X) € Nat(Y(C), F).

(aa) We will show that if h : D — D’ is a morphism in ¢’°? then the
following diagram in Set commutes:

Y(C)(h)

Y(C)(D') ————— Y(C)(D)
NGO | |0
F(D') ' P

Assume that £ € Y(C)(D') = Homg (D', C). We compute directly that

(N(X)p 0 Y(C)(h))(€) = (N(X)p o Homg (h, C))(€)
= N(X)p(oh)
= F(§oh)(X)
F(h) o F(£))(X)
F(h) o N(X)pr)(£).

Hence, the above diagram in Set commutes and N(X) € Nat(Y(C), F).

- (
=
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(a) We claim that ®¢ p(N(X)) = X. Using the definitions of ®¢ r and
N(X), we find that

Pe p(N(X)) = N(X)c(ideo)
= F(ide)(X) = idpcy(X) = X.

Therefore, the map ®¢ p is surjective.

(b) Assume that a, 5 € Nat(Y(C), F) such that ®¢ p(a) = o p(5).
Assume that f € Home (D, C) for some object D € €. By naturality of a,
the following diagram in Set commutes:

c| =

F(C ' p(D)

y(c) () —20, y(o) (D)
)

We then have

(E(f) 0 @c.p)(a) = F(f)(ac(ido))
= (ap o Y/(C)(f))(ido)
= ap(Homg(f,C)(idc))
= ap(idco f) = ap(f).

Since ¢ p(a) = ®cp(S) by assumption, ac(ide) = Be(ide). But, 8 is also
a natural transformation between the functors Y (C') and F. So, the
following diagram in Set commutes:

y(c) () —2L s y(o) (D)
5cl lﬂD
(D

F(C) ' p(D)

If fe Homg(D,C)=Y(C)(D) then
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ap(f) = ap(idc o f)
= ap(Homg(f,C)(idc))
= (ap o Y/(C)(f))(idc)
= F(f)(ac(idc))
= F(f)(Bclide)) (since ac(ide) = Beo(ide))
= (Bp o Y/(C)(f))(idc)
= Bp(Homs(f, C)(idc)) = Bp(f)-
Therefore, ap = Bp. Since the object D € € was arbitrary, we deduce that

a = (3 as natural transformations from Y (C) to F. Therefore, ®¢ p is
injective.

Combining parts (a) and (b), we deduce that ®¢ r is indeed a bijective
map. Its inverse is given explicitly by

.y F(C) — Nat(Y(C),F)
X = NX)
where N(X) is the natural transformation in parts (a) and (aa). Recall
that it is defined by
N(X)p: Y(C)D)=Homy(D,C) — F(D)
g = F(g)(X)

(c¢) Now assume that f: C' — C” is a morphism in €. We want to show
that the following square in Set commutes:

Nat(Y (), F) 275 p(C)
(—)OY(f)T TF(f)

Nat(Y(C"), F) 2<%, p(c)

Assume that o € Nat(Y (C’), F'). We compute directly that

(Pe,ro (=)oY (f))(a) = Por(acY(f))
= (a0 Y(f))c(ide)
= (ac o Y(f)c)(idc)
= ac(Y(f)clide))
= ac(f oide) = ac(f)
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and

(F(f) o e p)(a) = F(f)(ac (ider)
= (F'(f) o acr)(idcr)
= (ac o Y(C")(f))(ider) (Naturality of «)
= ac(Homy(f,C")(idc))
= ac(f).

So, the above diagram in Set is commutative.

(d) Assume that § € Nat(F, F'). We want to show that the following
diagram in Set commutes:

(4o}

Nat(Y(C), F) —5 F(0)
ol | |¢e

Do pr

Nat(Y(C), F') -2 F/(C)

Assume that x € Nat(Y(C), F'). We compute directly that

(Bc o @c.r)(x) = Bo(xelide))
= (Bc o xc)(ide)
= (Box)clideo)
=®cp(BoXx)
= (®crofBo(—))(x)

Therefore, the above diagram in Set commutes. This completes the
proof.

]

In the Yoneda lemma (Lemma [2.3.1)), the property proved in part (c) tells
us that ®¢ r is natural in the object C' € €. Correspondingly, the property

proved in part (d) tells us that ®¢ r is natural with respect to the functor

F:6°P — Set.

We can now state the major theorem pertaining to the Yoneda
embedding.

Theorem 2.3.2 (Yoneda embedding). Let € be a locally small category.

The Yoneda embedding, which is the functor
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Y: ¢ — F(€°P, Set)
X — Y(X) = Homg(—, X)
i X=X — Y (f)

1s a fully faithful functor.

Proof. Assume that % is a locally small category and that the Yoneda
embedding Y is the functor defined as above. Let X, X’ be objects in €.
Then, the functor Y induces a mapping

YX,X’ : Hom%(X, XI> — Hom]:((gops.et) (Y(X), Y(X/))
Note that Homzgor sety(Y (X), Y (X')) = Nat(Y(X),Y(X’)) and
Yx () =Y(f)

To show: (a) Yx x+ is bijective.

(a) By Lemma [2.3.1] it suffices to show that Yx x+ is the inverse to the
bijection ®x y(x1 : Nat(Y(X),Y(X')) = Y(X')(X). Assume that
f € Homy(X, X"). Then,

(Pxyxn o Yxx)(f) = Pxyxny(Y(f))
=Y (f)x(idx)
= f o ZdX = f

Hence, Yx x/ is a bijection as required.

Part (a) shows that the Yoneda embedding is a fully faithful functor as
required. O

2.4 Finite limits

The goal of the next few sections is to prove the following important fact
about the Yoneda embedding in Theorem [2.3.2]

Theorem 2.4.1. Let € be a finitely complete category and
Y : € — F(€°P, Set) denote the Yoneda embedding. Then, Y is a left exact
functor.
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In the previous sections, we have used the term limit loosely to refer to the
constructions of equalizers, pullbacks, terminal objects and products. In
order to prove Theorem [2.4.1] we will need to pin down what a limit really
is. The main reference we will follow for the next few sections is [Leild!
Chapters 5 and 6.

Definition 2.4.1. A category % is said to be small if the collection of all
morphisms in % is a set.

Note that if a category % is small then the collection of objects 0b(%) is
also a set because objects are in a one-to-one correspondence with identity
morphisms.

Definition 2.4.2. Let %€ be a category and I be a small category. A
functor I — ¥ is called a diagram in % of shape I.

Definition 2.4.3. Let % be a category, I be a small category and
D :1— % be a diagram in €. A cone on D is an object A € €, called the
vertex of the cone, together with a family

of morphisms in % such that if v : I — J is a morphism in I then the
triangle in ¥ below commutes:

Iel

A —— D(I)

o

D(J)

fr
7

Before we proceed to the tantalising definition of a limit, let us first
understand why the concept of a cone is relevant to the examples of limits
we already know.

Example 2.4.4. Let € be a category and P be the small category
depicted pictorially by

Let D : P — % denote the diagram in € which sends P to
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A coneon D : P — % is an object V € € (the vertex), together with a
family of morphisms f; : V — Ay, fo: V — Ay and f3: V — Az such that
the following triangles in 4 commute:

V—>A1

b

e
lfz&
AQ L) A3

We can combine these two commutative triangles to find that the cone of D
is the commutative square in &

v o4

b
A2 L) Ag
In the above example, we obtained the commutative square associated with

a pullback from the definition of a cone, but we have yet to implement the
universal property of the pullback. This is exactly what a limit does.

Definition 2.4.5. Let % be a category, I be a small category and
D :1— % be a diagram in €. A limit of D is a cone

(pr: L — D)),
such that if we have another cone (f] V= D(I))I61 on D then there

exists a unique morphism f : V — L such that if 7 € I then the following
diagram in ¥ commutes:

V ——-=-- > L
k |
D(I)
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In a common abuse of notation, we refer to L as the limit of D. We write
the limit L as lim D.

+—I

Example 2.4.6. Let us return to the previous example. The previous cone
of D is the following commutative square in 6:

v L4

lfz lf

AQLAS

A limit of the diagram D : P — % in % is another cone, which consists of
an object L € ¢ and morphisms p; : L — A; for j € {1,2,3}. This time,
there exists a unique morphism f : V — L such that if j € {1,2,3} then
p; o f = f;. This is equivalent to saying that the following diagram in ¢’
commutes:

The equation ps o f = f5 is extraneous data and can be deduced from the
above diagram. Indeed, we have

fs=/foh .
=fo(p2of)
=(fop)of
Ipzof-

Hence, we have shown that the limit of D is the pullback of the following
diagram in ¢



Therefore, the above example confirms that a pullback is a specific type of
limit. In the next example, we will show that equalizers are also limits.

Example 2.4.7. Let € be a category and E be the small category
depicted pictorially by

 R—

Let D : E — % denote the diagram in ¢ which sends E to
f1
Ay ?; Ag
2

A coneon D : E — € is an object V € €, together with morphisms
v : V= Ay and vy : V — Ay such that f; ovy = vy and f5 0v; = v9. Hence,
a cone on D is the morphism vy : V' — A; which equalizes the pair (fi, f2).

A limit of the diagram D : E — % is another cone L € ¢ with
accompanying morphisms p; : L — A; and py : L — As such that there
exists a unique morphism f : V' — L which makes the following diagram in
% commute:

Vv

. vy
f\L \ f1

—_—
L L> Al A2
fo

Similarly to the example of a pullback, the equation p, o f = vy is an
extraneous condition, which can be determined from the commutative
diagram above. We have

vy = faou :f20(p10f) - (f20p1)0f:p20f-
Therefore, the limit of the diagram D is the equalizer of the following

diagram in ¢
1
Ay ?; As
2

In the same way as the previous example, we will now show that the
product is also a limit.
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Example 2.4.8. Let € be a category and T be the small category
depicted pictorially by

[ ] [ ]
Let D : T — % denote the diagram in ¥ which sends T to
Al AQ

A coneon D : T — % is an object V € €, together with morphisms
v : V= Ay and vy : V — Ay. There are no commutative diagrams to deal
with here because there are no morphisms in T.

A limit of the diagram D : T — % is another cone L € € with
accompanying morphisms p; : L — A; and py : L — Ay such that there
exists a unique morphism f : V — L which makes the following diagram in
¢ commute:

L
2N
A1 < P Vv o3 > A2

Therefore, the limit of the diagram D is the product of the objects A; and
As.

Finally, we will show that the terminal object can also be thought of as a
limit.
Example 2.4.9. Let % be a category and 0 be the empty category, with

no morphisms or objects. Let D : 0 — % denote the diagram in € which
sends 0 to the empty subcategory of €.

A cone on D : 0 — % is just an object V € %. This time, there are no
accompanying morphisms because there are no objects in the empty
category D(0).

A limit of the diagram D : 0 — % is another cone/object L € € such that

there exists a unique morphism ¢ : V' — L. Therefore, the limit of the
diagram D is the terminal object L € €.
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Let D : I — % be a diagram in %. The universal property associated with
a limit L of D can be interpreted as the bijective correspondence

{Morphisms A — L} < {Cones on D with vertex A}
g:A—=1L — (plog:A—>D(I))I€I (2.4)
f:A=L i (fr: A— D(I))

Iel

The maps p; : L — D(I) are the morphisms accompanying the limit L.
The universal property of the limit provides the direction from “right to
left” in the above correspondence — from a cone on D with vertex A to a
unique morphism A — L.

So far, we have discussed limits in generality. In the next example, we will
discuss limits in our most familiar (finitely complete) category — Set.

Example 2.4.10. Let I be a small category and D : I — Set be a diagram
in Set. The limit %im D satisfies
<—

lim D = Homget({*}, lim D)
«—I «—I
= {Cones on D with vertex {*}}
=~ {(xy)rex | xr € D(I) and (Du)(x;) = x; for u: I — J in 1}

For clarity, {*} is a set with cardinality 1. The second isomorphism is by
the bijective correspondence in equation and the third isomorphism is
straight from the definition of the cone. We highlight the result in this
example below, as it will be used later

lirriD =~ {(z1)rer | xr € D(I) and (Du)(z;) = x5 for u: I — J in I}.
%
(2.5)

We will also need the following lemma, which tells us when two morphisms
to a limit L are equal.

Lemma 2.4.2. Let € be a category and I be a small category. Let
D :I— % be a diagram and L be the limit on D, with accompanying
morphisms pr : L — D(I) for I € I. If h,h' : A — L are morphisms
satisfying pyoh =proh’ for I € I then h =h'.

Proof. Assume that % is a category and I is a small category. Assume that
D :1— % is a diagram and L be the limit on D.
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Assume that h, h' are morphisms from A to L such that p; o h = p; o A’ for
I € 1. By the definition of the limit L, there exists a unique morphism

f:A— L such that pyo f =p;oh =p;oh/ for I € I. By uniqueness of f,
we must have h = h/. O

One can ask what happens when we have two different diagrams
D,D’:1— € and a natural transformation o : D — D’. The natural
transformation « induces a morphism between the limits on D and D’'.

Theorem 2.4.3. Let I be a small category and € be a category. Let
D,D": I— € be diagrams and o : D — D' be a natural transformation. Let

Iel Iel

(pr: lim D — D(I)) and (p} - lim D" — D'(I))
—1I —I
be the limits of D and D’ respectively. Then, there exists a unique
morphism lim « : lim D — lim D’ such that if I € I then the following
—1I —1I —1I
diagram in € commutes:

lim D —— D(I)
—1I

Mnal Jé[
+—I

. b
lim D" —— D'(I)
—I

Moreover, if we have two cones

(fr: A— D)) and (fi: A= D'(I))

Iel Iel

and a morphism s : A — A" which makes the following diagram commute
forl el

A ()

l o

Ay prn
then the square below also commutes:

A L lim D

«—1I
Sl lim «
«—1I

A L lim D
—1I
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Proof. Assume that I is a small category and % is a category. Assume that
D,D":1— % be diagrams and «: D — D’ be a natural transformation.

We will construct the unique morphism lim « : lim D — lim D’. Making
+—I +—I +—I

use of the natural transformation a;, observe that we have the following
cone on D"

(aropr: lim D — D'(I))

By the universal property of the limit lim D’, there exists a unique

+—I
morphism lim « : lim D — lim D’ such that if I € I then
—I —I +—I

Py o lirri a = ay o pr. Thus, we obtain the following commutative diagram in
H

%

lim D —— D(I)
—I

lim « ag
+—I

lim D' —2 D'(I)
—I

Next, assume that we have the two cones

(fr:A— D(I))IEI and (fi: A — D'(I))[EI
and a morphism s : A — A’ such that f]{ o s = a; o f;. By the universal

property of the limits, we can construct unique morphisms f : A — lim D

+—I
and f': A — lin% D’. Now observe that if I € I then
<—

pro(lima)o f= (pjolima)o f
+—1I +—I
ZOZIOPIOf
=ajo fi=fjos

—poFos

By Lemma [2.4.2, we find that f/ o s = lirria o f. So, the following diagram
H

in ¥ commutes

A L lim D

+—I
SJ/ lim «
+—I

AL lim D
+—I
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as required. O

2.5 The Yoneda embedding preserves finite
limits

In the previous section, we have developed the theory of limits in order to
prove Theorem and established a few results about limits we will use
in this section. Our next task is to define and prove a few results about
representable functors.

Definition 2.5.1. Let € be a locally small category and X : € — Set be
a (contravariant) functor. We say that X is representable if X = Y (A)
for some A € €. Here, Y is the Yoneda embedding in equation ({2.3)).

A representation of the functor X is a choice of object A € € and an
isomorphism from Y (A) to X in F(€°P, Set).

The Yoneda lemma (see Lemma [2.3.1)) provides us with another

characterisation of a representable Set-valued contravariant functor.

Lemma 2.5.1. Let € be a locally small category and X : €°P — Set be a

functor. Then, a representation of X consists of an object A € € together
with an element u € X (A) such that if B € € and v € X(B) then there
exists a unique morphism T : B — A such that X(Z)(u) = x.

Proof. Assume that % is a locally small category and X is an object in the
functor category F (€7, Set). Assume that A € ¥ and u € X(A).

By the definition of a representation of X, it suffices to show that the
natural transformation
N(u):Y(A) —» X

is a natural isomorphism if and only if for B € € and = € X(B), there
exists a unique morphism 7 : B — A such that X (7)(u) = z. For the
definition of N(u), see the proof of Lemma [2.3.1]

Now observe that N(u) is a natural isomorphism if and only if the
morphism of sets

N()g: Y(A)(B) = Homg(B,A) — X(B)
g = X(g)(u)
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is a bijection for each B € €. But, N(u)p is a bijection if and only if for
B € € and x € X(B), there exists a morphism 7 : B — A in % such that

N()s(@) = X (T)(u) = =.
]

We will give an example of representations of a particular functor which is
relevant to our goal.

Example 2.5.2. Let I be a small category, & be a category and D : I — €
be a diagram. Let A € € and Cone(A, D) denote the set of cones on D
with vertex A.

Define the functor

Cone(—, D) : EP — Set
A — Cone(A, D)
s:A— B +— Cone(s,D): Cone(B,D) — Cone(A, D)

In particular, let us describe explicitly how the morphism of sets
Cone(s, D) : Cone(B, D) — Cone(A, D) works. Suppose that we have cone
( fr:B— D(I ))

on D with vertex B. The map Cone(s, D) sends each morphism f; to fro s
and the vertex B to A. This works because

Iel

(fros:A— D(I))

is a cone on D with vertex A.

Iel

What are representations of the functor Cone(—, D)? Using Lemma m,
we see that a representation of Cone(—, D) consists of an object A € €,
together with an element

u=(u;: A— D(I))IEI € Cone(A, D)
such that if B € ¢ and

r=(z;: A— D(I))IeI € Cone(B, D)

then there exists a unique morphism 7 : B — A such that
Cone(Z, D)(u) = x. This means that if I € I then u; o7 = z.
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Therefore, a representation of a functor Cone(—, D) is literally a limit on D
with some vertex.

Another method of interpreting this example is that we have a bijective
correspondence of sets

Cone(A,D) < Homyg(A, lirri D)

_
(f1)1er = f (2:6)
(proglrear g

The morphisms py : limI D — D(I) are the morphisms associated with the

«—

limit. The map f is the unique morphism formed by using the universal
property of the limit. We find that equation ([2.6]) is the same as equation

2.

In our next lemma, we present the set Cone(A, D) as a limit in Set.

Lemma 2.5.2. Let I be a small category, € be a locally small category and
D :I— % be a diagram. Let A € €. Define the functor

¢A,D): I — Set
I — Homge(A,D(I))
fo= D(f)o(=)

Then, we have the equality of sets
Cone(A,D) =1im ¢ (A, D).
«—1I

Proof. Assume that I is a small category, € is a locally small category and
D :1— % is a diagram. Assume that A € € and ¢ (A, D) is the functor
defined as above.

The key observation is that (A, D) is a functor from a small category to
Set. Hence, its limit is given by equation (2.5)). Equation (2.5 tells us that
lirri % (A, D) is a set consisting of families
—

such that if u: I — J is a morphism in I then

Iel

(€(A, D)(w)(f1) = fs
By definition of the functor € (A, D), the above equation tells us that
D(u) o f; = f; for any morphism u : I — J in I. Therefore, the elements of
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lim (A, D) are cones of D with vertex A. So, lim € (A, D) = Cone(A, D)
1 «—1

as required. O

Our first major result of this section demonstrates that a particular
Set-valued functor preserves limits. The functor in question is very similar
to the output of the Yoneda embedding. Hence, it is wise to go over
equation before launching into the following theorem and proof.

Theorem 2.5.3. Let € be a locally small category and A € €. Define the
functor

CA-): € — Set

B +— Homg(A, B)
fo= fol(m)
Then, the functor € (A, —) preserves limits.

Proof. Assume that % is a locally small category and A € €. Let I be a
small category and D : I — % be a diagram. Suppose that D has a limit

lirri D. We have the isomorphism of sets
—

% (A, lim D) = Cone(A, D) = lim %' (A, D).
+—I +—I

The first isomorphism follows from equation (2.6) and the second equality
follows from Lemma 2.5.2 O

The isomorphism %(A, lirri D) = lirr} % (A, D) in Theorem [2.5.3| tells us that
— —

if we feed a limit in % into the functor € (A, —) then we obtain a limit in
Set. So, ¥ (A, —) must preserve limits.

The Yoneda embedding maps from a category to a functor category. Hence,
we must understand how limits behave in a functor category. Let € and ¥
be categories. If A € € is an object then there exists a functor

eva: F(€,9) - 9
F —  F(A)
« — ap

called the evaluation functor at A. Given a diagram D : I — F(%,2),
we have for each A € ¥ the composite functor

evgyoD: 1 — 9
I — D(I)(A)
a — D(a)a

In the next theorem, we will write the composite evy o D as D(—)(A).
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Theorem 2.5.4. Let I be a small category and € and A be locally small
categories. Let D : I — F(A,€) be a diagram and assume that if A € A
then the diagram D(—)(A) : I — € has a limit. Then, there exists a cone
on D whose image under the evaluation functor eva is a limit on D(—)(A)
for each A € A. Moreover, a cone on D which satisfies the aforementioned
property is a limit.

Proof. Assume that I is a small category and 4 and A are locally small
categories. Assume that D : I — F(A, %) is a diagram and that if A € A
then the diagram D(—)(A) : I — % has a limit.

Suppose that

(pI,A P L(A) — DU)(A))

Il
is such a limit.

To show: (a) There is a unique way of extending L to a functor on A such

that (p; : L — D(I))I€I is a cone on D.

(b) The cone (p; : L — D(I)),_; on D is a limit.

Iel

(a) Let f: A— A’ be a morphism in A. By applying the functor, D, we
obtain the natural transformation (morphism in F(A — %))

D(f) =D(=)(f) : D(=)(A) = D(=)(A).

Now we can apply the construction in Theorem to obtain a unique
morphism L(f): L(A) — L(A’) such that if I € I then the following
diagram in ¥ commutes:

L(A) =% D(I)(4)

L(f)l lD(I)(f)

L(A') =5 D(D)(A)
It is tedious, but straightforward to check that L is a functor from A to %.
Commutativity of the above diagram in € tells us that if I € I then the
map

pr: L — D(I) such that (pr)a =pr.a

is a natural transformation. Hence, we have constructed the following
family of maps
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(pr: L — D)),

in the functor category F(A,%). We know that L(A) is a cone on D(—)(A)
for any A € A. Hence, (p;: L — D(I))IeI must be a cone on D.

(b) Now let (g; : X — D(I))IGI be a cone on D in F(A,%). If A€ A then
we have a cone (g4 : X(A) = D(I)(A)),_; on D(—=)(A) in €.

Iel
Since (pr,a: L(A) — D(I)(A))IeI is a limit on D(—)(A), there exists a
unique map G, : X(A) — L(A) such that p; 410G, =qra for I € L

It remains to prove that g, is natural with respect to A. Since ¢; is a
natural transformation, if f: A — A’ is a morphism in A then the following
diagram commutes:

Consequently by Theorem the following diagram must commute:

X(A) — L(A)
X(f)l lL(f)

X(A) B LA

So, ¢ : X — L is a unique natural transformation such that p; o g = q;

because pra oGy = qr.a for A € A. Therefore, (pI L — D([))IEI is a limit

on D as required. O

We can now finally prove Theorem [2.4.1

Proof of Theorem [2.4.1] It suffices to show that if € is a locally small
category then the Yoneda embedding Y : € — F (%P, Set) preserves limits.

Assume that € is a locally small category and D : I — % is a diagram in
€. Let

Iel

(pr + lim D — D(I))
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be a limit on D. If A € ¥ then observe that the composite functor
evgoY =% (A, —). By Theorem [2.5.3] evy oY preserves limits. Hence, for
an object A € A,

((evA oY)(pr): (evao Y)((h_rri D) — (eva o Y)(D(I)))IGI

is a limit on the diagram evy oY o D. Now we can apply Theorem to
the diagram Y o D in F (%P, Set), to find that

(Y(pl) : Y(}I‘H} D) — Y(D(I)))IGI

is a limit. Thus, the Yoneda embedding Y preserves limits. O]

2.6 Embeddings for internal structures

In this chapter, we have addressed two main ideas — internal structures
and the Yoneda embedding. In this final section, we will tie these two ideas
together and study embeddings of internal structures into functor
categories.

Let (M, m,e) be an internal unitary magma in the finitely complete, locally
small category €. Recall from Theorem that the functor Homeg(—, M)
factorises through UMg so that the following diagram commutes:

The forgetful functor U : UMg — Set induces a functor between functor
categories

F(&PU): F(€P,UMg) — F(€,Set)
F —> UoF

The factorisation of Homg(—, M) through UMg can be restated with
functor categories and the Yoneda embedding.

UMg(%) -----""2-- s F(€?, UMg)
lu% lf((é“"P,U)
¢ Y s F(€, Set)
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Recall that the forgetful functor Uy : UMg(%) — € is left exact,
conservative and faithful. We claim that the induced functor Yyay, is fully
faithful and left exact.

First, let us show that YUMQ is a faithfui functor. Since Uy and Y are
faithful functors, Y o Uy = F(€°P,U) o Yy, is a faithful functor. By

Lemma [1.10.3} the functor ?UMQ is faithful.

Next, we will show that Yy, is full. Let (M, m,e), (M',m’,¢') € UMg(%)
be internal unitary magmas in €. Let 6 : Homg(—, M) — Homg(—, M")
be a natural transformation — a morphism in the functor category
F(€°?,UMg). It suffices to construct a morphism f : M — M’ such that

Yuug(f) = 0.

The idea here is that the natural transformation ¢ has an underlying
natural transformation g, : Homeg(—, M) — Homeg(—, M'), which is a
morphism in F(% ", Set). Since the Yoneda embedding Y is full (see
Theorem , there exists a morphism of sets f: M — M’ such that

Y (f) = 0se- To see that f is a morphism of internal unitary magmas, we
will use the Yoneda embedding and the magma structure in Theorem [2.1.4]

First, we will show that f preserves internal units. That is, foe = ¢'.
Recall that 14 s € Homg (A, M) is the unit of Homg (A, M), which sends
any a € A to the internal unit e(x) where * is the terminal object in €. By
applying the Yoneda embedding to f o e, we find that for A € ¥ and

g € Homg (A, %),

Y(foe)alg) = (Y(flaoY(e)a)(g) =Y (f)aleog) =Y (f)altam)

Since Y (f)a = 04 is a morphism of unitary magmas,
Y (f)alan) = vaar =Y (€')alg). If A€ € then Y(foe)s =Y (e)a,
Y(foe)=Y(e) and because Y is full, foe =¢.

Next, we show that f om =m'o (f, f). Assume that

g=(g1,92) € Homy (A, M x M). Let p and y/ denote the internal binary
operations on Homg (A, M) and Homg (A, M') respectively. We then have

165



=mo Y(f)A,Y<f)A)(glyg2)
Nao (Y(f)a, Y (f)a)(g1: 92)
=Y (m'o (f, f)) a1, g2).

Since A € € and g € Hom4 (A, M x M) were arbitrary,

Y(m' o (f,f)) =Y(fom) and by fullness of Y, m' o (f, f) = fom.
Therefore, f is an internal unitary magma satisfying Y (f) = 6. So, Yy, is
a full functor.

|
=
3

Finally, to see that Y Mg 1s a left exact functor, note that the functors Uy
and Y are all left exact. So, the composite Y olUy = F(€P,U) o Yy
must be left exact. Consequently, Y74 is left exact.

So, Yy, is a fully faithful, left exact functor.

Since we have Theorem [2.1.5, Theorem and Theorem [2.2.5] we can
repeat the above argument for internal monoids and internal groups. We
conclude that the induced functors

Y Mon: Mon(¢) — F(€°°,Mon)
Ycorr: CoM(¥) — F(€P,CoM)
Yep: Grp(¢) — F(€° Grp)
Ya: Ab(¥¢) — F(€P Ab)
are all fully faithful and left exact. In [Boul7, Exercise 2.3.4], the above

functors are called structure embeddings.

The argument we outlined in this section to prove that Y Mg is fully
faithful and left exact is a special case of the enriched Yoneda lemma. A
good reference for this is [Kel05, Section 2.4].
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Chapter 3

The four major observations

3.1 Pointed categories

In this chapter, we want to better understand the relationships between the
categories Mon, CoM, Grp and Ab. There are four major observations
about this quartet of categories which we will investigate and describe in
this chapter. First, we will point out a common feature of these categories
in this section.

Definition 3.1.1. Let % be a category. We say that € is pointed if there
exists an object 1 € € such that 1 is both a terminal object and an initial
object. The object 1 is called a zero object.

The categories Mon, CoM, Ab and Grp are all pointed, with the zero
object being the trivial monoid for Mon and CoM and the trivial group
for Grp and Ab.

Example 3.1.2. Let Set, be the category of pointed sets. The objects in
Set, are the pairs (X, xy) consisting of a set X and a point g € X. The
morphisms in Set, are maps f : (X, z9) — (Y, y) such that f: X — Y is a
morphism of sets and f(xy) = yo.

The category Set, is pointed, with the zero object being the pair ({x}, ),
where {x} is the singleton set.

Let us establish some notation regarding the zero object of a pointed
category.

Definition 3.1.3. Let % be a pointed category with zero object 1. Let
X € €& be an object. The initial map from 1 to X will be denoted by ay,
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whereas the terminal map from X to 1 is denoted by 7x.

If X,Y € % is any pair of objects then the composite ay o7y : X — Y is
called the zero map between X and Y. It is usually denoted by Ox y.

One might ask whether the internal categories discussed in the previous

chapter are pointed. It turns out that they are and we will prove this for
the category UMg(%).

Theorem 3.1.1. Let € be a finitely complete category with terminal object
x. Then, the category of internal unitary magmas UMg(€) is pointed and
finitely complete.

Proof. Assume that % is a finitely complete category.
To show: (a) The category UMg(%) is finitely complete.
(b) The category UMg(%) is pointed.

(a) By Theorem [1.13.1] it suffices to show that UMg(%’) has products and
equalizers.

Assume that (M, m,e) and (N,n, f) are internal unitary magmas. Since &
is finitely complete, we can construct the product M x N as an object in ¢
which satisfies the universal property of products. Define the maps

mxn: (MxN)x(MxN) — M x N
((m1, 1), (ma,na)) = (m(my, ma), n(n1,n2))

and

exf: %« — MxN
* = (e(x), f(%))
To see that e x f is an internal unit for M x N, we compute directly that if
(z,y) € M x N then

(m xn)((z,y), (e(x), f(¥))) = (m(z, e()),n(y, f(+)))
= (z,9) = (m(e(*), ), n(f (%), y))
= (mxn)((e(+), f(*)), (2,9)).

Since, m,n,e and f are all morphisms in ¥, m X n and e X f are also
morphisms in €. Hence, m X n is an internal binary operation on M x N
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and consequently, M x N is an internal unitary magma.

Next, let hy, hy : M — N be two morphisms of internal unitary magmas.
Since % is finitely complete, we can construct an equalizer of h; and hs in
¢ so that we have the following diagram in %"

h1

n —
E—— M - N

We will construct an internal binary operation and an internal unit on E by
using the universal property of the equalizer. First, define the morphism in

¢

¢o: ExXE — M
(a1,a2) = m(n(ar),n(az))
Observe that

(h1o¢)(ar,as) =

= (hy o ¢)(ay, as).

By the universal property of the equalizer, there exists a unique morphism
mg : E x E — E in € such that the following diagram in € commutes:

ExFE

ma ! ¢
h1

N2
n EE—
E—— M - N

Now since h; and ho are morphisms of internal unitary magmas,
hi(e(x)) = f(*) = ha(e(x)).
We can again apply the universal property of the equalizer to deduce the

existence of a morphism eg : x — E such that the following diagram in ¢
commutes:
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*
1
|
1

e
er
\V\nl h1
EFE—— M . N
2

To see that ep is an internal unit for F, observe that if x € E then

(nomp)(z,en(x)) = ¢(z, en(+))
= m(1n(z), nep(+)))
= m(n(x), e(x)) = n(x)

and similarly, (nomg)(eg(x),z) = n(z). Since 7 is an equalizer, it must be
a monomorphism by Theorem and consequently,
mg(ep(*),x) = mg(x,ep(*x)) = z. So, eg defines an internal unit on FE.

By commutativity of both diagrams, we have e = n o eg and
¢ =mo (n,n) =nomg. Hence, n is a morphism of internal unitary
magmas and F is an internal unitary magma.

It is straightforward but tedious to check that (M x N,m x n,e x f) and

(E, mpg, eg) respectively satisfy the universal properties of the product and
equalizer in UMg(%’). This works because M x N and E are the product
and equalizer respectively in €. Therefore, UMg(%) is a finitely complete
category.

(b) Consider the terminal object * in €. By defining the morphisms

my X

kX ok —» %k
(k,%) —

and
€yl * — %
* ok
we find that (x,m,, e,) is an internal unitary magma in %.
Now let (M, m,e) be another internal unitary magma in %. Since * is a
terminal object in %', there exists a unique morphism 7, : M — % in €. To

see that 1), is a morphism of internal unitary magmas, we compute for
x,y € M that
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i (M, y)) = = ma(x, ) = ma(Ta(2), T (y))

and Ty (e(*)) = % = e,(x). Therefore, 75 : M — * is a morphism of internal
unitary magmas.

Now we will show that e : x — M is a unique morphism of internal unitary
magmas. To see that it is a morphism of internal unitary magmas, we
compute directly that

e(m.(x, %)) = e(x) = m(e(x), e(x))
and e(e.(x)) = e(*). So, e is a morphism of internal unitary magmas. To
see that e is unique, suppose that we have another morphism of internal
unitary magmas ¢’ : x — M. Then, €'(e.(x)) = €/(x) = e(x) because €
preserves internal units. So, ¢/ = e and e must be unique.

Thus, (*,m.,e,) is a zero object in the category UMg(%). So, UMg(¥%) is
a pointed category. O

A similar argument to the proof of Theorem [3.1.1] can be devised to show
that the categories Mon(%’), CoM (%), Ab(%) and Grp(%’) are pointed
and finitely complete.

3.2 Kernels, cokernels and exact sequences

In pointed categories, we are able to recover particular tools used in the
category of groups — namely, the concepts of kernels, cokernels and exact
sequences. First, we will like to generalise the kernel of a group morphism
to morphisms in a pointed category.

In the category of groups Grp, we are used to talking about the kernel of a
morphism f : G — H as a normal subgroup of G. In the context of
category theory, a kernel is instead a morphism.

Theorem 3.2.1. Let f : G — H be a group morphism. Then, the following
commutative square in Grp is a pullback square:

ker f —— G



Here, 1 denotes the trivial group, which is the zero object in Grp and
t:ker f — G is the inclusion morphism.

Proof. Assume that f: G — H is a group morphism. Assume that 1 is the
trivial group and ¢ : ker f < G is the inclusion morphism. By definition of
the kernel ker f and the fact that ay o 7 is the zero map, the following
square in Grp commutes:

ker f —— G
[« ]
1 —"= H
To see that the above square is a pullback square, suppose that the

following square in Grp commutes:

YLG

lTY lf

122 qH

By commutativity, if y € Y then B(y) € ker f. Hence, the following diagram
must commute:

1 -2 v H

To see that §: Y — ker f is unique, suppose that v : Y — ker f is a group
morphism which also makes the above diagram commute. Then,

to 3 =1o~. Since the inclusion ¢ is an injective group morphism, it is a
group monomorphism. So, § = 7.

Consequently, the commutative square
ker f —— G

lTK ) gf

o

1 ——

is a pullback square in Grp. O
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Theorem provides us with the appropriate generalisation of a kernel to
pointed categories.

Definition 3.2.1. Let % be a pointed category and f: X — Y be a
morphism in €. The kernel of f is a morphism £ : ker f — X in & such
that the following commutative square in % is a pullback square:

ker f —7 4 X

lTK lf
« —> Y
Here, * is the zero object in €.

To acquaint ourselves with the definition of a kernel in a pointed finitely
complete category, we will first see what happens to the kernel when we
replace the initial map ay : 1 — Y with a different morphism.

Theorem 3.2.2. Let € be a pointed finitely complete category. Let
f: X =Y andy:Y' —Y be morphisms in € and suppose that we have
the following pullback square in € :

x Ly

[
X —Y

Then, there exists a unique morphism k' : ker f — X' such that the
following diagram in € commutes:

Here, 0 : ker f — Y denotes the zero map.

Proof. Assume that % is a pointed finitely complete category. Assume that
we have the following pullback square in %"

x Ly

ool
X —Y
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Observe that the composite y o 0 is the zero map from ker f to Y because
the group morphism y must preserve units. So, the following diagram in €
commutes:

ker f —2 5 Y7

bl

x ' 5y

The morphism ky : ker f — X is the kernel of f. By the universal property
of the pullback, there exists a unique morphism £’ : ker f — X’ such that
the following diagram in 4 commutes:

ker f 0

]

Theorem tells us that &' : ker f — X’ is the kernel of f’. So, f and f’
have the same “kernel object” ker f.

The next theorem tells us that we can construct unique maps between
kernel objects.

Theorem 3.2.3. Let € be a pointed, finitely complete category. Let
f:X=>Y andy:Y' —Y be morphisms in €. Suppose that the following
square in € commutes:

x Ly

o)
X —Y

Then, there exists a unique morphism K(x) : ker f* — ker f such that the
LHS square of the following diagram commutes:

k. /
ker f/ —L— X' "y
ker f b s x Ly

174



Moreover, if the RHS square is a pullback square then K(x) : ker f" — kerx
s an isomorphism.

Proof. Assume that € is a pointed, finitely complete category. Assume
that we have the following commutative square in %:

x Ly

ool
X —Y

Let kf : ker f — X and kg : ker f* — X be the kernels of f and f
respectively. Using the commutative diagram above, we have

f (o] (LL’ O kf/) = (f OLE) O ]{}f/ = (y (@] f/) (@] kf’ = yOOkerflyyl = Okerf/,y

where Oye, 7y : ker f* — Y is the zero map from ker f’ to Y. Hence, the
following square in 4 commutes:

, xokf/
ker f' —y X

lTK, lf
« —Y LY

By the universal property of the pullback, there exists a unique morphism
K(z) : ker f* — ker f such that the following diagram commutes:

acokf/

ker f/
S K@)
o .

Therefore, the diagram in 4 commutes:

ke /
ker f/ —1— X' Iy
|

| K (2) lw ly
N2

ker f —7 o x L,y

~

Now assume that the RHS square is a pullback square in €. The key is to
form the following cube in %"
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Ti!
ker f > %

ﬁ/

id

K(x) x l 'Y

ker f LS. ‘y
h A

X ! , Y

By assumption, the top, front and bottom faces of the cube are pullback
squares in %. By the Dice lemma (see Lemma [1.4.6)), the back face of the
cube

is a pullback square in %. The identity map id : * — % is an isomorphism.
By Lemma |1.4.1] K (z) must also be an isomorphism as required. O

Next, we will describe the kernel k; of a morphism f as an equalizer. This
is the definition Borceux uses for the kernel in [Bor94bl, Definition 1.1.5].

Theorem 3.2.4. Let € be a pointed, finitely complete category. Let

f: X =Y be a morphism in € and Oxy : X —Y be the zero map. The
kernel kg : ker f — X of f is the equalizer of f and Oxy . Consequently, kj
1s a monomorphism.

Proof. Assume that % is a pointed finitely complete category. Assume that
f: X — Y is a morphism in ¢ and Oxy : X — Y is the zero map.

To see that the kernel k; : ker f — X equalizes the pair (f,0xy), we
compute directly from the definition of the kernel that

fokf=ayoTkg =Oeyry = Oxy oky

where 7 : X — * is the unique terminal map from X to the zero object
x € ¢ and ay : * — Y is the unique initial map from * to Y.

To see that ky is the equalizer of f and Ox y, suppose that we have a

morphism ¢ : Z — X such that fo¢ = 0xy o¢. Then, the following square
in ¥ commutes:
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By the universal property of the pullback, there exists a unique morphism
p: Z — ker f such that the following diagram commutes:

lm lf

*« —Y Y

This means that the following diagram in % commutes:

Z
:px
v ky L}
ker f —— X Y
Ox,y

So, the kernel k¢ is the equalizer of f and Oxy. Moreover, by Theorem
k¢ must be a monomorphism. O

The cokernel of a morphism is defined dually to the kernel.

Definition 3.2.2. Let % be a pointed category and f: X — Y be a
morphism in €. The cokernel of f is a morphism ¢y : ¥ — coker f such
that the following commutative square in % is a pushout square:

coker f < Y
aCT fT

Here, * is the zero object in €.

With the definition of a cokernel, we will prove the dual result of Theorem

B.2.4

Theorem 3.2.5. Let € be a pointed category. Let f: X —Y bea
morphism in € and Oxy : X =Y be the zero map. The cokernel

qr 1 Y — coker f is the coequalizer of f and Oxy. Moreover, gy is an
epimorphism.
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Proof. Assume that % is a pointed category. Assume that f: X — Y isa
morphism in ¢ and Oyy : X — Y is the zero map.

To see that the cokernel ¢f : Y — coker f coequalizes the pair (f,0xy ), we
use the definition of the cokernel to compute that

grof=acoTx = Oxcoker f = qf © Oxy-

To see that ¢y is the coequalizer of f and Oxy, suppose that v :Y — Z is a
morphism in ¢ such that yo f =~y 00xy. Then, the following diagram in
¢ commutes:

7 —
QZT
*

By the universal property of the pushout, there exists a unique morphism
0 : coker f — Z such that the following diagram in ¥ commutes:

Y
v fT
=X

coker f < Y

QCT fl

X
TX

This means that the following diagram commutes:

Z
/|\
g s
f |
X e Y —— coker f

So, the cokernel gy is the coequalizer of the morphisms f and Ox y. Since gy
is a coequalizer, it must be an epimorphism. O]

As another example of a kernel, we will construct a kernel from the
pullback square involving the product.

Lemma 3.2.6. Let € be a pointed, finitely complete category. Let X and
Y be objects in €. Consider the following pullback square:
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XxY 25 Y
lﬂ'X lTy
X —= 5«

Then, there exists a unique section jx : X — X XY of wx such that the
following square in € commutes:

XxY 25y

W]

XT—X>*

Correspondingly, there exists a unique section jy : Y — X XY of my such
that the following square in € commutes:

XxY 25 X

jYT OéXT
y
k

T

Y ——

Proof. Assume that € is a pointed, finitely complete category. Assume
that X and Y are objects in €. Then, the following square in 4 commutes:

X 2y

z'dxl lﬂ'y
X =

Here, idx denotes the identity morphism on X. Using the universal
property of the pullback, there exists a unique morphism jx : X — X x Y
such that the following diagram commutes:

So, mx o jx = idx, which means that jx is a unique section of 7.
Moreover, Ty o jx = Oxy = ay o Tx as required.
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The unique section jy : Y — X x Y of my is constructed in a very similar
manner. One can check directly from the commutative diagrams that

jX = (’idx,OX,y) and jy = (Oyvx,’idy). D
Now, we will show that the section jy is the kernel of the projection map
X .

Theorem 3.2.7. Let € be a pointed, finitely complete category. Let X and
Y be objects in €. Suppose that we have the following pullback square in € :

XxY 2Xsy

|7 ify

TX

X ———

Let jx : X = X XY and jy : Y — X XY be the sections constructed in
Lemma|3.2.0. Then, jy is the kernel of the projection map

mx : X XY — X. That is, the following commutative square in € is a
pullback square:

Y 2 X xY
lTy lﬂ'X
« —X 5 X
Correspondingly, the section jx is the kernel of the projection map 7y .

Proof. Assume that % be a pointed finitely complete category. Assume
that X and Y are objects in . Assume that jx : X — X x Y and

Jy Y — X x Y are the sections of the projections mx and 7y respectively,
which were constructed in Lemma [3.2.6

Consider the following commutative diagram in "

Yy Xy -,y

Tyl |7 lw

* XL X X 4k

The outside square and the right hand side square of the above diagram are
pullback squares. By Lemma [1.4.5] the LHS square is a pullback square.
So, jy is the kernel of the projection map 7x.

A similar argument demonstrates that jyx is the kernel of the projection
map Ty . L]
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With the kernel and cokernel, we are now able to define exact sequences.

Definition 3.2.3. Let € be a pointed category with zero object *. An
exact sequence in % is a sequence

* y K — X > Y > x
where £ is the kernel of f and f is the cokernel of k.

The above definition of an exact sequence is not the mainstream definition
of an exact sequence. We will show in the next example how the definition
we gave is connected to the mainstream definition.

Example 3.2.4. We will work in the pointed category Grp. An exact
sequence in Grp is a sequence

1 s K —F o x » Y > 1

where k is the kernel of f and f is the cokernel of k. Here, 1 denotes the
trivial group which is the zero object in Grp. Since k is the kernel of f, the
following diagram in Grp is a pullback square:

ker f LN '
lTK lf
11— 5y

Since f is the cokernel of k, the following square in Grp is a pushout
square:

coker k <; X

"

* «———— ker f

So, K =ker f and Y = coker k. Moreover, since f is a coequalizer by
Theorem [3.2.5, f must be an epimorphism in Grp and subsequently, a
surjective group morphism.

Recall that in Grp, the kernel of f is the inclusion map k : ker f — X.
Notice that im k = ker f. Since f is surjective, im f =Y, which is the
kernel of the terminal map 7y : Y — 1. Finally, ker k = {ex }, where ex is
the identity element of X. This is equal to the image of the initial map
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OéK21—>K.

Thus, we have shown that in Grp, the definition of an exact sequence we
gave is equivalent to the mainstream definition of an exact sequence — the
image of any morphism in the sequence is equal to the kernel of the next
morphism in the sequence. In fact, our definition of an exact sequence in
Grp is a short exact sequence in Grp.

The five lemma is a useful result concerning morphisms between exact
sequences. We will state it for the category Grp. Since our definition of
exact sequences corresponds to short exact sequences in Grp, we will
generalise and state the five lemma for exact sequences in Grp, where we
use the mainstream definition.

Lemma 3.2.8. Suppose that the top and bottom rows of the following
diagram in Grp are eract sequences:

.
L

Suppose that f, g,k and l are isomorphism. Then, h is also an isomorphism.

B>C£>D5E

bk

RN & N Y |

g

QO

\
7

Proof. Assume that f, g,k and [ are isomorphisms in the above diagram.
Assume that the top and bottom rows of the above diagram are exact
sequences in Grp.

To show: (a) h is injective.
(b) h is surjective.

o, g_",¢

bl

\ E\
7 7
G g "

(a) Consider the three commutative squares on the left:
A D
If I
F I

Assume that ¢ € C such that h(®¢) = 0. Then, (no h)(Pc) = 0 and by
the commutativity of the square with corners, C, D, H and I,

(noh)(®c) = (ko &)(Pc) = 0.

182



Since k is an isomorphism, it must be injective. Consequently, £(®¢) =0
and by exactness of the top row, & € ker £ = im . So, there exists
®p € B such that 8(®p) = $c.

By applying the morphism h to both sides, we deduce that
(hoB)(®p) = h(Pc) = 0. However, by the commutativity of the square
with corners B,C,G and H,

(hoB)(®@g) = (v0g)(Pp) =0.

This means that g(®p) € kery = im ¢, by the exactness of the bottom row.
So, there exists ®p € F such that ¢(Pr) = g(Pp).

Since f is also an isomorphism, it is surjective. So, there exists &4 € A
such that f(®4) = & and by commutativity of the square with corners
A, B, F and G,

(@0 f)(®a) = (g0 a)(Pa) = g(Pp).

Since ¢ is injective, a(®4) = ®p. By exactness of the top row,
®p € im a = ker 5. Therefore,

B(Pp) = Pc = 0.

So, & = 0 and consequently, A is injective.

(b) Consider the three commutative squares on the right:

B 5>C £>D S L F

bbb

G- H " e J

Assume that Ay € H. Since k is an isomorphism, it must be surjective. So,
there exists Ap € D such that k(Ap) = n(Ag).

Next, we use the commutativity of the rightmost square (the square with
corners D, E, I and J). In particular,

(tLok)Ap) = (lod)(Ap).

By exactness of the bottom row, im n = ker¢. This means that
0=(ton)Ag) = (tok)Ap) = (lod)(Ap).
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Since [ is an isomorphism, it must be injective. Since [(6(Ap)) = 0,
d(Ap) = 0. By exactness again, Ap € kerd = im £. Thus, there exists
Ac € C such that £(Ao) = Ap.

Using commutativity of the middle square (with corners C, D, H and I), we
have

(ko&)(Ac) = (noh)(Ac)

and

k(Ap) =n(Au) = (noh)(Ae).

Since 7 is a group morphism, n(Ag — h(A¢)) = 0. By exactness of the
bottom row, Ay — h(A\¢) € kern = im ~. Thus, there exists A\¢ € G such
that

")/()\G) = )\H — h()\c)

Since ¢ is an isomorphism, it must be surjective. Thus, there exists A\g € B
such that g(Ap) = A\g. By using the commutativity of the square with
corners B, C, G and H, we have

(Ve 9)(AB) =v(Ac) = (ho B)(Ap).
So,

(hoB)(A) =7v(Ag) = Am — h(\c)
Consequently,

)\H - h(ﬁ()\B) + )\c)

and h must be surjective.

Parts (a) and (b) together demonstrate that h is a bijective group
morphism. Therefore, h is an isomorphism as required. ]

3.3 Observation A

In the following sections, we will introduce the observations about the
categories Mon, CoM, Grp and Ab that we want to generalise.
Observation A concerns the category of monoids Mon.
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Example 3.3.1 (Observation A). Let M, N € Mon be monoids. If
(z,y) € M x N then

(z,y) = (w,en) - (ea,y) = (e, y) - (x,en)

where e); and ey are the identity elements of M and N respectively and -
is the monoid operation on the product M x N.

We want to rephrase observation A with category theory. Observation A
introduces the pair of monomorphisms in Mon.

(M, ) Jam=(idar,00,N) X (M, ) % (N, ) . IN=(0nN,n15idN) (N, )

Recall that jj; and jy are the sections constructed in Lemma [3.2.6
Observation A tells us that the monoid M x N is generated by the
submonoids jp/ (M) and jy(N). Alternatively the only submonoid of
M x N which contains jj (M) and jy(N) is M x N itself.

This conclusion is rewritten in [Boul7] as follows: any monomorphism
m : L — X in Mon which produces the following factorisations

~

M— s MxN+——N
JIM IN

is necessarily an isomorphism. This motivates the definition we will now
make.

Definition 3.3.2. Let % be a category and u: U — X and v : V — X be
monomorphisms in . We say that the pair (u,v) is a covering pair if any
monomorphism m : Z — X which induces the factorisations

A IN

e AN
e mo
7 N
e N
7 N

\ <
— X

U V

is necessarily an isomorphism.
More generally, a pair of morphisms (f, f’) with the same image X is called

jointly extremally epic if any monomorphism m : Z — Z which induces
the factorisations
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is necessarily an isomorphism.

Let us give our first example of a jointly extremally epic pair of morphisms.

Example 3.3.3. Let ¥ be a category with coproducts. Let X,Y € € be
objects. The coproduct X UY has two canonical morphisms — the maps
tx : X —>XUY and vy 1Y =5 X UY.

We claim that (1x,ty) is jointly extremally epic. Suppose that
m: Z — X UY is a monomorphism which induces the following
factorisations in %

A
<Z5X//>r lmﬁ\\\%f

To see that m is an isomorphism, we use the universal property of the
coproduct to obtain the unique morphism o : X UY — Z such that the
following diagram in 4 commutes:

Xuy

|
Lx : o ly
<+

X ¢X>Z<¢Y Y

By commutativity of the two diagrams, we have

ly =mo¢y =mo(aoty)=(moa)oLy.

Similarly, tx = (m o «) o tx. Note that m o a makes the following diagram

commute:
Xuy
% imoa Y
<
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However, the identity map ¢dx vy also makes the above diagram commute.
By uniqueness, m o a = idx_y. Subsequently,

mo (aom)=(moa)om=m=moidy.
Since m is a monomorphism, a o m = idz. Therefore, « is the inverse
morphism for m and m is an isomorphism. So, the pair (tx,ty) is jointly
extremally epic.

Here is an important observation regarding equalizers and jointly
extremally epic pairs.

Theorem 3.3.1. Let € be a category with equalizers. Let f: X — Z and
f':Y — Z be morphisms in €. Suppose that the pair (f, f') is jointly
extremally epic. Then, (f, ') is jointly epic; that is, a parallel pair of
morphisms h,h' : Z — T are equal if and only if they are equalized by both
fand f'.

Proof. Assume that € is a category with equalizers. Assume that (f, f’) is
a jointly extremally epic pair of morphisms. Assume that h,h': Z — T is a
parallel pair of morphisms.

To show: (a) If h = A’ then the pair (h, k') is equalized by both f and f’.
(b) If the pair (h, /') is equalized by both f and f’ then h = .

(a) Assume that h = h’. Then, ho f =h o f and ho f' = h' o f' so that the
pair (h, 1) is equalized by both f and f’.

(b) Assume that the pair (h,h') is equalized by both f and f’. So,
hof=~hofandho f'=h o f. Suppose that e = eq(h, k') is the equalizer
of h and A/, where e is a morphism from F to Z. Then, we have the
following commutative diagram in %

h
e —
E— 7 . T

By the universal property of the equalizer, there exists unique morphisms
ex : X = E and ey : Y — FE such that the following diagrams in ¢
commute:

X

ie)\fJ

v _h,
EFE— 7 . T



~

h

\lf
e —
E— 7 _ T

These two commutative diagrams can be combined to form the
commutative diagram

7 K
ex - ey
. e N
\\

s
s
s AN
\
7

AR Y

X 7 7

Since e is an equalizer, it must be a monomorphism by Theorem [1.2.1}
Since the pair (f, f’) is jointly extremally epic, e must therefore be an
isomorphism and hence, both a monomorphism and an epimorphism.

Since hoe = h' oe and e is an epimorphism, h = A’. This completes the
proof. n

Using covering pairs, observation A in Example [3.3.1] can be restated as
follows: Let M, N € Mon be monoids. Then, the pair of morphisms
(ja, jn) is a covering pair. Recall that jy, = (idp, Oy ) and

Jn = (On ., tdn).

In fact, it is easy to see that observation A holds in the category UMg
because we did not need to use associativity of the binary operation. Let us
extend this reasoning to internal categories.

Theorem 3.3.2. Let € be a category and & be a pointed finitely complete
category. Then, the functor category F (€, D) is a pointed finitely complete
category.

Proof. Assume that € is a category and Z is a pointed finitely complete
category.

To show: (a) The functor category F (%, Z) is finitely complete.
(b) The functor category F (%, Z) is pointed.
(a) By Theorem |1.13.1] it suffices to show that F (%, Z) has products and

equalizers.
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Let F,G : € — 2 be functors (objects in F(€,2)). We will define the
product F' x G. The key idea is that & is a finitely complete category and
thus, 2 has products and equalizers. Keeping this in mind, we define

FxG: (2 — 9
C — F(C) x G(C)
f:C=C" = F(f)xG(f): F(C)xG(C)— F(C") x G(C")

It is straightforward to check that F' x G is a functor (because F' and G are
both functors). We will show that F' x G satisfies the universal property of
the product. First, we define for an object A € €, the maps

7 FXG— Fand g : FxG— G by

(mr)a = F(A) x G(A)
(e, B)

— F(A)
— «
and

(ta)a: F(A) x G(A) — G(A)
(@,6) = B

To show: (aa) mp and g are natural transformations.

(aa) Assume that f: A — A’ is a morphism in 4. We must show that
F(f)o(mp)a = (mp)a o (F x G)(f). From the definition of F' x G, we have
for (a, B) € F(A) x G(A),

So, F(f)o(mp)a = (mr)a o (F x G)(f) and consequently, 7 is a natural
transformation. In a similar fashion, one can show that
G(f)o(mg)a = (mg)ar o (F x G)(f). So, m¢ is also a natural transformation.

(a) Suppose that op : H — F and 05 : H — G are morphisms in the
functor category F (%, Z) (natural transformations). Define the map
0: H— F x G for an object A € € by

0. H(A) —  F(A) x G(A)
h = ((or)a(h), (0c)a(h))
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To show: (ab) € is a natural transformation.

(ab) Again, let f : A — A’ be a morphism in 4. We compute directly for
h € H(A) that

(00 H(f))(h) = 04 (H(f)(h))

In the third last equality, we used the assumption that o and o4 are
natural transformations. Hence, 64 0 H(f) = (F x G)(f) 004 and
6 : H— F x G is a natural transformation.

(a) From the definitions, it is easy to check for A € € that
(mp)ao s = (0r)a and (mg)a 004 = (0g)a. Hence, the following diagram
in F(¢,2) commutes:

Fxd
F < H e
op [ores

It is also simple to check that # : H — F' x (G is the unique morphism in
F(€, ) which makes the above diagram commute. Hence, we have
successfully defined the product F' x G in F(¥, 2).

Now, we will define equalizers in F (%, %). Suppose that F,G : € — Z are
functors and 7,6 : F — G is a pair of natural transformations. If A € € is
an object then we obtain a pair of morphisms in Z:

Since & is a finitely complete category, it has equalizers. So, we form the
equalizer of the pair of morphisms (v4,04):

B(4) —4 F(4) — ) G(A)
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Let f: A— A’ be a morphism in 4. We want to define a corresponding
morphism E(f) : E(A) - E(A") in 2. We claim that the composite

E(A) -4 FA) 29 poa

equalizes the pair of morphisms (y4s,94/). We compute directly that

Yaro (F(f)oea) = (yaro F(f)) oea
= (G(f)ova)oea
=G(f)o(racea)
=G(f)o(dacen)
= a0 (F(f)oea).

By the universal property of the equalizer, there exists a unique morphism
E(f): E(A) — E(A’) such that the following diagram in & commutes:

E(f). \cm
%4/

(A’ ) =2 F(A) T G(A)

—
S a1

Now, we claim that £ : 4 — & is a functor and € : E — F' is a natural
transformation.

To show: (ac) E: € — Z is a functor.
(ad) € : E — F is a natural transformation.

(ac) Suppose that A € € and ids : A — A is the identity morphism on A.
Then,

€40 E(ZdA) = F(ZdA) O €yq = ZdF(A) O€pq = €A
Note also that €4 0 idga) = €4 = F(ida) o €4. By uniqueness, we must have

E(idy) = idpa)

Next, assume that p: A — B and ¢ : B — C are morphisms in 4. Then,

ecol(qop) = F(qop)oea = F(q)o(F (p)oea) = F(q)o(epoE(p)) = eco(E(q)oE(p)).
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By uniqueness, we find that E(q o p) = E(q) o E(p). Therefore, F is a
functor and thus, an object in F (%, 2).

(ad) By construction, if f: A — A’ is a morphism in ¢ then
eax o E(f) = F(f)oea. Therefore, € : E — F' is a natural transformation —
a morphism in F(%, ).

(a) Next, we will show that e : E — F is the equalizer of the pair (v,4) in
the functor category F(%,Z). Suppose that x : H — F is a natural
transformation which satisfies yo xy =d o x. If A € % is an object then by
the universal property of the equalizer, there exists a unique morphism
€a: H(A) — E(A) in Z such that the following diagram commutes:

H(A)

|
XA
€A : \
¥ VA

E(A) —— F(A)

Since €4 0 4 = xa for an arbitrary object A € €, e 0 £ = x. It remains to
show that £ is a natural transformation.

We compute directly for a morphism f: A — A’ in € that

caro(§a o H(f)) = (ea08a)o H(f)
= xa o H(f)
= F(f) o xa-
Also,

a0 (E(f)o&a) = (a0 E(f)) o0&
= (F'(f)oea)oéa
= F(f) o xa.
So, both E(f) o &4 and 4 o H(f) make the following diagram in 2

commute:

H(A)
E(f)OEAi F(f)oxa
€ Yar
E(A") A F(A") G(A")
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Once again by uniqueness, we must have E(f)o&s = &a 0 H(f). So, { is a
natural transformation and consequently, € is the equalizer of v and ¢ in

F(€. D).

Since F(%, Z) has products and equalizers, we can use Theorem [1.13.1] to
show that F(%, 2) is a finitely complete category.

(b) Let * be the zero object in 2. We want to define a zero object in the
functor category F (%', Z). Define the functor

0: 3 - 9
C %
f:C—=>C" — id,
where ud, : * — * is the identity morphism on the terminal object x € Z.

Now let H : € — 2 be a functor. We will construct unique natural
transformations 7 : H — 0 and oy : 0 — H.

Since * is the terminal object in Z, for any object A € €, there exists a
unique morphism (7g5)4 : H(A) — . To see that 7y is a natural
transformation, if f: A — A’ is a morphism in ¢ and h € H(A) then

(0(f) o (i) a)(h) = O(f)(*)
= id, (%) = *

= (tu) 4 (H()(h) = ((rr) ar 0 H([))(h).

Hence, 75 is a unique natural transformation from H to 0.

Since * is the zero object in &, for any A € %, there exists a unique
morphism (apy)a : 0(A) — H(A). A similar argument as before reveals that
oy 18 also a natural transformation.

Therefore, 0 € F(¢, Z) is a zero object.

By combining parts (a) and (b), we find that the functor category F (%, 2)
is pointed and finitely complete. O

The product of two functors, defined in Theorem |3.3.2 will play an
important role in the next result.

Theorem 3.3.3. Let € be a category. Then, the functor category
F(€, UMg) is pointed and finitely complete by Theorem[3.5.9, Let
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H, K :% — UMg be two functors and H x K be the product functor
defined in Theorem[3.3.93 Let 7y : H X K — H and 7 : H x K — K be
the natural transformations defined in Theorem|[3.3.3 Let jy: H— H x K
and jx : K — H x K be the unique sections constructed in Lemma |3.2.6,
Then, (ju,ji) is a covering pair.

Proof. Assume that % is a category. Suppose that H, K : € — UMg are
functors and H x K is the product functor. Assume that jpz: H - H x K
and jix : K — H X K are the unique sections constructed in Lemma [3.2.6]
Recall that ]H = (ZdH,OHJ() and jK = <OK,H,idK).

Suppose that we have the following factorisation in F (%, UMg):

1 <
- ~
// \\
. m N
- ~
-
-

H S HxK +— K
JH JIK

~
~

where m : L — H x K is a monomorphism.
To show: (a) m: L — H x K is a natural isomorphism.

(a) Notice that if A € € is an object then we have the following
factorisation in UMg:

Since m is a monomorphism, the morphism my4 : L(A) — H(A) x K(A) in
UMg is a monomorphism. Since ((ju)a, (jx)a) is a covering pair for
H(A) x K(A), m must be an isomorphism. Since the object A € € was
arbitrary, we find that m must be a natural isomorphism as required

Hence, (jg,jk) is a covering pair for H x K. O

Observe that in Theorem [3.3.3] we can freely replace the category UMg
with Mon, CoM, Ab or Grp and obtain the same result. We can do this
because observation A in Example [3.3.1] also applies to the pointed, finitely
complete categories UMg, CoM, Ab and Grp.
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Theorem 3.3.4. Let € be a finitely complete category. By Theorem |5.1.1
UMg(%) is a pointed finitely complete category. Let (M, N) be a pair of
internal unitary magmas in €. Let jpr - M — M x N and

In N — M x N be the morphisms defined in Lemma|3.2.6 Then,
(JaryJN) is a covering pair for the product M x N.

Proof. Assume that_‘ﬁ is a finitely complete category. Recall the structure
embedding functor Yy, : UMg(%) — F(€°?, UMg), which is fully
faithful and left exact.

Let M and N be internal unitary magmas in %. Assume that

v M — M x N and jn : N — M x N are the morphisms defined in
Lemma Suppose that we have the following factorisation in the
category UMg(%):

1 T~
- ~
- N
N
P m <
- ~
-
-

M~—3s MxN+——N
JIM IN

~
~

Here, m : L - M x N is a monomorphism. Notice that B
Yumg(in) = Jy, ) By Theorem 3.3.3/and the fact that Yy is left

exact, (Jy, ., (M) J¥ya,(n)) 1 & covering pair for Yumg(M) x Yiarg(N)
and Y uarg(m) is a monomorphism in F(¢°?, UMg). By Theorem m,
Y uag(m) must be an isomorphism in F (€7, UMg).

Since the functor Yy, is fully faithful, m must be an isomorphism in
UMg(%). Consequently, (jar, jn) is a covering pair for M x N. O

Again, Theorem still holds when we replace the internal category
UMg(%) with Mon(%), CoM(%), Ab(%¢) or Grp(%).

3.4 Observations B and B’

Observations B and B’ concern the category of commutative monoids
CoM. Let us first deal with observation B.

Example 3.4.1 (Observation B). Let (M, +) be a commutative monoid.
Then, the binary operation

+: MxM — M
(my,ma) — my+ moy
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is a morphism of commutative monoids. To see why this is the case, assume
that (my, ms), (n1,n9) € M x M. Using the commutativity of M, we
compute directly that

+((m1, m2) + (n1,n2)) = +(m1 + ny, ma + no)
= (my + n1) + (ma + n2)
= (m1 + m2) + (n1 + n2)
= +(mq, my) + +(ng, na).

We want to emphasise that commutativity was used in the third equality in
the above computation.

Now, let f, f': N — M be a parallel pair of morphisms in CoM. Consider
the composite

RN YV VN

This is a composite of commutative monoid morphisms and is thus, a
commutative monoid morphism. This tells us that the sum f + f’, which
maps n € N to f(n)+ f'(n) € M, is itself a morphism in CoM. This does
not happen in Mon.

The key to rephrasing observation B with category theory is that the
product of two commutative monoids M x N doubles as a coproduct.

Theorem 3.4.1. Let M and N be commutative monoids. Let
M — M x N and jn : N — M x N denote the morphisms constructed

in Lemma . Recall that jp = (idar, Opn) and jy = (On s, idy). Then,
the triple (M x N, ja, jn) 1S a coproduct in the category of commutative

monoids CoM.

Proof. Assume that M and N are commutative monoids. Assume that jy,
and jy are the morphisms defined above. Assume that f: M — L and
g : N — L are morphisms in CoM.

The map
¢o: MxN — L
(m,n) = f(m)+g(n)

is a morphism in CoM (see Example [3.4.1)) which makes the following
diagram in CoM commute:
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It remains to show that ¢ is unique. Suppose that there exists another
morphism ¢ : M x N — L such that f =1 o jy and g =1 o jy. By
Theorem [3.3.3] (jar, jn) is a covering pair. Since CoM has equalizers, we
can apply Theorem to deduce that the pair (jy, jn) is jointly epic.

Now, since the morphisms v and ¢ are both equalized by jy; and jn, ¢ = ¢
because (a7, jn) is jointly epic. Hence, ¢ must be unique. O]

In a similar vein to Theorem [3.3.3] we can devise a similar argument and
use Theorem to prove the following theorem.

Theorem 3.4.2. Let € be a category. Then, the functor category

F (€, CoM) is pointed and finitely complete by Theorem . Let

H K :% — CoM be two functors and H x K be the product functor
defined in Theorem[3.3.4 Let jy : H— H x K and jx : K — H x K be
the unique morphisms constructed in Lemma . Then, (H X K, ju, ji)
is a coproduct in the functor category F (€, CoM).

Finally, we can use Theorem to extend observation B to internal
categories.

Theorem 3.4.3. Let € be a finitely complete category. We know that
CoM(%) is a pointed finitely complete category. Let (M, N) be a pair of
internal commutative monoids in €. Let jy - M — M x N and

jn: N — M x N be the morphisms defined in Lemma|3.2.0. Then,

(M x N, ja, jn) is a coproduct in CoM(F).

Proof. Assume that ¢ is a finitely complete category. Recall the structure
embedding functor Y¢on : CoM(%) — F(€°?, CoM), which is fully
faithful and left exact.

Let M and N be internal commutative monoids in 4. Assume that

Ju M — M x N and jy : N - M x N are the morphisms defined in
Lemma Suppose that we have the following diagram in the category
CoM(%):




Since Y conr is left exact,

Ycort(M x N) =Y corr (M) X Y gopr(N).

Notice that Y cons (i) = J¥ gons () BY Theorem , there exists a unique
morphism ¢ such that

Yo j?CoIM(M) - ?C"M(f) and P o j?CoJW(N) - ?C"M(g>'

Since the functor Y ¢,y is fully faithful, there exists a unique morphism ¢
in CoM(%’) such that the following diagram commutes:

M x N
M i¢ rw
+
M P L +—; N
Hence, (M x N, ja, jn) is a coproduct in CoM(%). O]

Note that Theorem also applies to the internal category Ab(%).

We turn to observation B’. We have already encountered observation B’ —
the Eckmann-Hilton argument in Theorem [2.1.1} In particular, the category
UMg(UMg) coincides with CoM. It is worth going through the proof of
Theorem again because we will generalise it to internal categories.

Theorem 3.4.4 (Observation B’). Let € be a finitely complete category.
Let (M, m,e) be an internal unitary magma in UMg(UMg(%)). Then,
(M,m,e) is a commutative monoid. Consequently, the category
UMg(UMg(%¢)) = CoM(¥).

Proof. Assume that € is a finitely complete category and (M, m, e) is an
internal unitary magma, which is an object in the category
UMg(UMg(%)). By Theorem 2.1.4, Hom« (X, M) is a unitary magma for
an object X € €.

Let n: (M,m,e) x (M,m,e) — (M, m,e) be an internal binary operation
with unit in UMg(%’). Then, the map

Homg(X,n): Homg(X, M) x Homg(X, M) — Homg (X, M)
(f,9) = Homy(X,n)(f,9)(x) = n(f(x), g(x))

defines an internal binary operation on the unitary magma Home (X, M),
giving Home (X, M) an internal unitary magma structure. By the
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Eckmann-Hilton argument in Theorem and the original binary
operation g on Homeg (X, M) in Theorem [2.1.4] we deduce that if
f,f € Homg(X, M) and x € X then

m(f(x), f'(x)) = n(f(x), f'(z)).
Let my : M x M — M be the projection morphism onto the first factor and

7o be the projection morphism onto the second factor. If
(m1,me) € M x M then

m(my, ma) = m(m (m1, ma), Ta(my, ms))

= n(m(my, ms), ma(my, mg)) = n(my, my).

Therefore, m = n. Moreover, the Eckmann-Hilton argument applied to the
unitary magma Home (X, M) shows that Home (X, M) is a commutative

monoid. By Theorem [2.1.5, we deduce that (M, m,e) is an internal

commutative monoid in ¢ as required. O]

3.5 Observation C

Our next observation concerns split epimorphisms in the category Ab.

Example 3.5.1 (Observation C). In the category of abelian groups Ab, let
f: A — B be a split epimorphism. Then, there exists a section s : B — A
such that f o s = idg, where idpg is the identity element on B.

We will use addition to represent the binary operation on A. If a € A then

a = s(f(a)) + (a = s(f(a)))-

where s(f(a)) € s(B) and a — s(f(a)) € ker f. We claim that the above
representation of a is unique.

Suppose that a = s(b) + k, where b € B and k € ker f. Then,

s(f(a)) = s(b) = k+a—s(f(a)).
Applying f to both sides, we find that

fla)=b=0
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where 0 € A is the identity element of A. Therefore, f(a) = b. Now,
a=s(f(a))+ (a —s(f(a))) =s(f(a)) + k. So, k =a—s(f(a)). Hence, the

decomposition

a=s(f(a)) + (a—s(f(a)))
is unique. This means that A is the direct sum A = s(B) @ ker f.
Observation C in Example tells us that the morphism in Ab

¢: Bxkerf — A
(b, k) — s(b)+k

is an isomorphism. Let us construct this morphism explicitly.

(3.1)

First, let jg: B — B x ker f and ji : ker f — B X ker f be the morphisms

jB = (idB7 OB,kerf) and jK = (Oker f,B> Z‘dkerf>

which were explicitly constructed in Lemma [3.2.6] Since Ab is a
subcategory of CoM, Theorem tells us that the triple

(B x ker f, jp, jx) is a coproduct in CoM and hence, a coproduct in Ab.
Thus, there exists a unique morphism ¢ : B X ker f — A such that the
following diagram in Ab commutes:

B x kerf
/ :¢
> A < ker f

One can check by the commutativity of the above diagram that ¢ is the
morphism given in equation (3.1)).

Because ¢ is an isomorphism according to Observation C, we obtain a
particular coproduct in Ab.

Theorem 3.5.1. Let f: A — B be a split epimorphism in the category Ab
so that there exists a morphism s : B — A such that f os =1idg. Let

kg :ker f — A be the kernel of f. Then, the triple (A, s, ky) is a coproduct
in Ab.

Proof. Assume that f : A — B is a split epimorphism in the category Ab.
Then, there exists a morphism s : B — A such that f os =idg. Assume
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that ky : ker f — A is the kernel of f.

Assume that a; : B — C and ay : ker f — C are two morphisms in Ab.
Define the morphisms jg : B — B x ker f and jg : ker f — B X ker f by

JB = (1dB, 0B ker f) and Jk = (Oer £,B, 1xer f)-

Recall that these maps were constructed in Lemma |3.2.6 The category Ab
is a subcategory of CoM. Thus, by Theorem the triple
(B x ker f, jp, jx) is a coproduct in Ab.

By invoking the universal property of the coproduct, there exists a unique
group morphism v : B X ker f — C' such that the following diagram in Ab
commutes:

B x ker f
B a— C —% ker f

Now let ¢ denote the isomorphism in equation (3.1)). Then, the composite
o¢p~t: A— Cis the unique group morphism making the following
diagram in Ab commute:

A
s iwfl ks
+
B o s (¢ - ker f

In the above diagram, we used the fact that in our construction of ¢,
s =¢ojpand ky = ¢ o jg. Therefore, the triple (A, s, kf) is a coproduct in
Ab. ]

As with Theorem [3.4.1] and Theorem [3.3.3] we can extend Theorem to
the functor category F (%, Ab).

Theorem 3.5.2. Let € be a category. Then, the functor category

F(€, Ab) is pointed and finitely complete by Theorem[3.3.3. Let

H K :% — Ab be functors and f : H — K be a split epimorphism in
F(€, Ab) so that there exists s : K — H such that so f = idy. Let

kg :ker f — H be the kernel of f. Then, the triple (H, s, ky) is a coproduct
in F(€,Ab).
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Proof. Assume that % is a category. Assume that H, K : € — Ab are
functors and f : H — K is a split epimorphism in the functor category
F(%,Ab). Then, there exists a morphism s : K — H such that fos = idg.

Assume that ks : ker f — H is the kernel of f. This exists because
F (%, Ab) is a pointed finitely complete category by Theorem [3.3.2]

Assume that p: K — L and ¢ : ker f — L are morphisms in F (%, Ab). For
any object A € €, we have the following diagram in Ab:

H(A)
K(A) ——— L(A) +———— (ker f)(A)

By Theorem [3.5.1] there exists a unique morphism ¢4 : H(A) — L(A) such
that the diagram in Ab commutes:

We claim that ¢ : H — L is a natural transformation. Assume that
f:A— A'is a morphism in . We compute directly that

(¢aro H(f))osa=dao(H(f)osa)
= ¢aosa0K(f)
= par o K(f)
= L(f)opa
= (L(f) o ¢a) o sa.

By a similar argument,

(par o H(f)) o (kf)a = (L(f) o da)o (ky)a.

Now observe that ¢4 o H(f) and L(f) o ¢4 both make the following
diagram in Ab commute:
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H(A)

/ : W
v

L(A) e —— (ker f)(4)

K(A)

paroK(f)

By uniqueness, we must have ¢4 0o H(f) = L(f) o ¢a. So, ¢ : H — L is the
unique natural transformation which makes the following diagram in

F (€, Ab) commute:

Therefore, the triple (H, s, k f) is a coproduct in the functor category
F(€,Ab). O

m

i¢
+
> L < kerf

Again, we use Theorem to demonstrate that observation C in
Example holds for internal abelian groups.

Theorem 3.5.3. Let € be a finitely complete category. We know that
Ab(¥) is a pointed finitely complete category. Let f : A — B be a split
epimorphism in Ab(€) so that there exists a morphism s : B — A such that
fos=1idp, where idg is the identity morphism on B. Let ks : ker f — A
be the kernel of f. Then, the triple (A, s, ky) is a coproduct in Ab(E).

Proof. Assume that % is a finitely complete category. Assume that
f A — Bis a split epimorphism in Ab(%") with section given by
s: B — A. Assume that ks : ker f — A is the kernel of f.

Assume that we have the following diagram in Ab(%):

B > C < ker f

Recall that the structure embedding Y 4, : € — F (%P, Ab) is fully faithful
and left exact. Since it is left exact, we can apply it to the previous
diagram to obtain the following diagram in F (%7, Ab):
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Y ap(A

Y 4(B —> Y 40(C) ¢+—=—— Y gp(ker f)
Y au(p) Y a6(q)

By Theorem [3.5.2] there exists a unique morphism ¢ : Y 45(A) = Y 4,(C)
such that the following diagram commutes:

YAb

Y 45(B) Y—> YAb(C) ———— Yap(ker f)
Ab(p) Y av(q)

Since the functor Y 4 is fully faithful, there exists a unique morphism
1 : A — C such that the diagram in Ab(%") commutes:

Therefore, (4, s, k) is a coproduct in the internal category Ab(%) as
required. O

3.6 Observation D

Our final observation deals with the category Grp. Without the
commutativity afforded by Ab, observation C in Example does not
apply. Nonetheless, we can make a similar observation to observation C
about Grp.

Example 3.6.1 (Observation D). In the category of groups Grp, let
f X — Y be a split epimorphism. So, there exists a group morphism
s:Y — X such that fos=1idy. If xt € X then

v = sf(@) - (s(f@z™))a).
This means that if X’ is a subgroup of X which contains the subgroups
ker f and s(Y) then X = X'. By considering the subgroups of X as a
lattice, we say that X = s(Y) \/ ker f. That is, X is the supremum (join) of
s(Y') and ker f.
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As with the other observations, we rephrase Example |3.6.1] in terms of
category theory.

Theorem 3.6.1. Let f : X — 'Y be a split epimorphism in Grp so that
there exists a group morphism s : Y — X such that f o s = idy. Let
ky:ker f — X be the kernel of f. Then, the pair (s,ky) is a covering pair.

Proof. Assume that f: X — Y is a split epimorphism in Grp, which has
unique section s : Y — X. Assume that k; : ker f — X is the kernel of f.

Suppose that m : Z — X is a group monomorphism which induces two
factorisations, making the following diagram in Grp commute:

o P \\\ K
e m N
a ~
P N
. N
y X

¢ ker f

Y — 5

S0, movy = s and mok = ky. We will now prove that m is an isomorphism
using observation D in Example |3.6.1]

Assume that x € X. By observation D,

v =sf(x) (s(f(a7"))x)
where sf(z) € s(Y) and s(f(2!))x € ker f. Define the map

If z € X then

In the second last equality, we used the fact that k; is the inclusion
morphism ker f — X.

So, mon =idy. Observe that m o (nom) =m =moidy. Since m is a

monomorphism by assumption, n o m = idz. Thus, m is an isomorphism
and the pair of morphisms (s, k) is a covering pair. H
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In the same fashion as the previous observations, we can generalise
Theorem [3.6.1] first to the functor category F (¢, Grp) and then to the
internal category Grp(2) for a finitely complete category &. This time, we
will omit the proofs because they follow in a similar fashion to how the
previous observations were generalised.

Theorem 3.6.2. Let € be a category. Then, the functor category

F(€, Grp) is pointed and finitely complete by Theorem[3.5.9 Let

H, K : % — Grp be functors and f : H — K be a split epimorphism in

F (¥, Grp) so that there exists s : K — H such that so f =idk. Let

k¢ :ker f — H be the kernel of f. Then, the pair (s, ky) is a covering pair.

Theorem 3.6.3. Let € be a finitely complete category. We know that
Grp(%) is a pointed finitely complete category. Let f: A — B be a split
epimorphism in Grp(€) so that there exists a morphism s : B — A such
that f o s = idg, where idg 1s the identity morphism on B. Let

kg :ker f — A be the kernel of f. Then, the pair (s, ky) is a covering pair
in Grp(%).

3.7 Natural structures

The main idea of this section concerns the following definition.

Definition 3.7.1. Let % be a finitely complete category. Let

Uvng : UMg(€) — € be the forgetful functor. We say that any object

X € ¥ is endowed with a natural unitary magma structure if there
exists a section Sypg : € — UMg(%) such that Uy o Sumg = idg, where
1dy is the identity functor on %.

Similar definitions apply when we replace UMg with Grp, Ab, CoM and
Mon. By the Eckmann-Hilton argument in Theorem and Theorem
[3.4.4] we can show that certain natural structures are equivalent to each
other.

Theorem 3.7.1. Let € be a finitely complete category. The following are
equivalent:

1. Any object X € € is endowed with a natural unitary magma structure.
2. Any object X € € is endowed with a natural monoid structure.

3. Any object X € € is endowed with a natural commutative monoid
structure
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4. The forgetful functors Uynrg, Unron and Uconr are isomorphisms of
categories.

Proof. Assume that % is a finitely complete category. We will first show
that the first three statements are equivalent to each other.

Assume that any object X € % is endowed with a natural unitary magma
structure. Then, there exists a functor Sy, : € — UMg(%) such that
Uvmg © Sumg = tdg, where idy is the identity functor.

Set Suarg(X) = (X, mx,ex). We know that the forgetful functor Uy, is
left exact and conservative. Since Uyarg © Syamg = idy, the functor Sy,
must be left exact and hence, it preserves products. Moreover, the map
myx : X x X — X is a unitary magma morphism. By the Eckmann-Hilton
argument, (X, m,, ex) is an internal commutative monoid and any X € &
is endowed with a natural commutative monoid structure. Therefore, the
first three statements are equivalent.

By definition of an isomorphism, the first statement is a consequence of the
fourth statement. It remains to prove that the fourth statement follows
from the first. Without loss of generality, suppose that any object X € € is
endowed with a natural unitary magma structure. Let (M, m,e) be an
internal unitary magma in UMg(%). Then, Syng(M) = (M, mpr, enr),
where a priori, the internal binary operation mj; and the internal unit e,
differ from m and e respectively. But, by the Eckmann-Hilton argument,

e = epr and m = my,. Therefore,

(SUMQ © UUMQ)(Mvmﬂe) = <M>mM>6M> - (Mama 6)

SO, SUMg o UUMg = ZdUMg(g/) By assumption, UUMg o SUMg = idcg.
Therefore, the forgetful functor is an isomorphism of categories as
required. O

Of course, we can repeat the above argument to prove

Theorem 3.7.2. Let € be a finitely complete category. The following are
equivalent:

1. Any object X € € is endowed with a natural abelian group structure.
2. Any object X € € is endowed with a natural group structure.

3. The forgetful functors Ugy, and Uy, are isomorphisms of categories.
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Chapter 4

Unital and protomodular
categories

4.1 Examples and basic properties

The goal of this chapter is to generalise the observations in Example [3.3.1}
Example [3.4.1, Example and Example by making some apt

definitions.

Definition 4.1.1. Let % be a finitely complete category. We say that & is
unital if € is pointed and if XY € % then the pair of monomorphisms
J¥ X - X xYand j¥ : Y — X XY is a covering pair.

Again, we recall the construction of the morphisms j§ and j}" from Lemma
In particular, j; and j} are monomorphisms because their left
inverses are the projection maps 7x : X XY - X andny : X xY =Y
respectively. The definition of a unital category generalises Observation A
in Example |3.3.1}

Definition 4.1.2. Let % be a finitely complete and pointed category. We
say that € is protomodular if for any split epimorphism f: X — Y in ¢
with section s : Y — X and kernel map k; : ker f — X, the pair (s, kf) is a
covering pair.

The definition of a protomodular category generalises Observation D in
Example [3.6.1] In the previous chapter, we have some basic examples of
unital and protomodular categories.

Example 4.1.3. Let € be a category. The categories Mon, CoM,
F(%,Mon) and F(%,CoM) are all unital categories. If ¢ is finitely
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complete then the internal categories Mon(%) and UMg(%’) are unital
categories. See Theorem [3.3.3| and Theorem |3.3.4

The categories Ab, Grp, (%, Ab) and F (%, Grp) are all protomodular
categories. If € is finitely complete then the internal categories Grp(%)
and Ab(%) are protomodular categories. See Theorem [3.6.1] Theorem [3.6.2]
and Theorem [3.6.3

Here is the first instance of how unital and protomodular categories are
related.

Theorem 4.1.1. Let € be a finitely complete and pointed category. If € is
protomodular then € is a unital category.

Proof. Assume that % is a finitely complete and pointed category. Assume
that € is a protomodular category. Let X,Y € % be objects.

To show: (a) The pair (ji, ji*) of monomorphisms is a covering pair.

(a) Suppose that m : Z — X X Y is a monomorphism which induces the
factorisations depicted by the following diagram in %:

m A o~
X - ~. my
e m o
- N
- ~
- ~

X XxY —Y
J0 Jo

We need to show that m is an isomorphism in 4. By Lemma [3.2.6
mx 0 ji¢ =idx and Ty o j} = idy. In particular, the projection morphisms
Tx : X XY — X and my : X XY — Y are split epimorphisms in %.

Recall from Theorem that the kernel of the projection morphism 7y is
Jo. Since € is a protomodular category and we have the above
commutative diagram, m must be an isomorphism.

Consequently, € is a unital category. O

The next theorem provides us with some more examples of unital and
protomodular categories.

Theorem 4.1.2. Let € and Z be pointed and finitely complete categories.
Let U : € — P be a left exact and conservative functor. If & is unital then
€ is unital. Analogously, if & is protomodular then € is protomodular.
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Proof. Assume that ¥ and & are pointed and finitely complete categories.
Assume that U : € — Z is a left exact, conservative functor. Recall the
definition of a left exact functor from Definition 2.1.5] and the definition of a
conservative functor from Definition 2.1.6l

To show: (a) If Z is unital then % is unital.
(b) If 2 is protomodular then % is protomodular.

(a) Assume that Z is a unital category. Let X, Y € ¥ be objects and
suppose that we have the following factorisation in %"

m A o~
X - ~. Mmy
e m So
- ~
- ~
- ~

X5 XxY —Y
Jo Jo
Here, m : Z — X x Y is a monomorphism in %. The idea is to apply the
functor U to this above diagram. Since U is left exact, it must preserve
products. So, U(X xY) = U(X) x U(Y) and the U(rx) = my(x) and
U(rny) = my(y), where mx, y, Ty (x) and my(yy are projection morphisms.

Furthermore, by uniqueness in Lemma m, UGE) =47 ) and

UGY) = i), Now since U preserves pullbacks, U(m) must be a
monomorphism in & because m itself is a monomorphism, which satisfies
the pullback square in Theorem [1.7.5]

So, we have the following factorisation in Z:

Y vi2) ¥
Ulmx) _.-="" lU(m)\\\\\U(mY)

S~
_-

UX) —— S UX) x UY) — U(Y)

UGE)=5d UGy )=

Since ¥ is a unital category, U(m) must be an isomorphism in . By
Theorem [2.1.3] we deduce that m is an isomorphism. Hence, % is a unital
category.

(b) Assume that 2 is a protomodular category. By using a similar

argument to part (a) of the proof, we conclude that € is a protomodular
category. L]
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Example 4.1.4. By Theorem [4.1.2] the category of rings Ring is a
pointed protomodular category. This is because the forgetful functor

U : Ring — Ab is left exact (because it is a right adjoint functor) and
conservative. Similarly, the category of commutative rings CoMRing is
also a pointed protomodular category.

4.2 Characterisation of unital categories

We make the following definition.

Definition 4.2.1. Let % be a category and X,Y € % be objects. A span
between the objects X and Y is a pair of morphisms (fy, f1): Z - X x Y
in €. For clarity, fo € Homy(Z,X) and f1 € Homg(Z,Y).

A relation between the objects X and Y is a pair of morphisms
fo € Homy(Z, X) and f; € Homy(Z,Y) such that the induced morphism
(fo, f1) : Z — X x Y is a monomorphism in &.

Our characterisation of unital categories relies on a particular type of
span/relation — the notion of a punctual span/relation.

Definition 4.2.2. Let € be a pointed category and X,Y € % be objects.
A span/relation (fo, fi1) : Z — X x Y is said to be punctual if there exists
a pair of morphisms s: X — Z and ¢t : Y — Z in % such that

foos=1idy, fios=0xy, foot=0yx and fiot=1idy.

Here, Oxy : X — Y denotes the zero map from X to Y.

Equivalently, (fo, fi1) : Z — X x Y is punctual if there exists morphisms
s: X = Zandt:Y — Z in ¥ such that the following diagram commutes:

///\( Z ‘/\\\
2T l(fo,ﬁ) I
X — XxY — Y
J0 Jo

Note that by the construction of the morphisms j;* and j¢ in Lemma m
J¥ = (idx,0xy) and j) = (Oy.x,idy). This explains why the two
definitions of a punctual relation/span given above are equivalent.

We now state a characterisation of a unital category.
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Theorem 4.2.1 (Unital category characterisation). Let € be a pointed,
finitely complete category. Then, the following are equivalent:

1. € is a unital category.

2. If X and Y are objects in € and (dy,dy) : R — X XY is a punctual
relation then (do,dy) is an isomorphism.

3. If X and Y are objects in € and (fo, f1) : Z — X X Y is a punctual
span then (fo, f1) is an extremal epimorphism.

Proof. Assume that % is a pointed, finitely complete category.

To show: (a) If statement 1 holds then statement 2 holds.

(b) If statement 2 holds then statement 3 holds.

(c) If statement 3 holds then statement 1 holds.

(a) Assume that € is a unital category. Assume that X,Y € € and

(do,dy) : R — X x Y is a punctual relation. Then, there exists morphisms
s: X —=>Zandt:Y — Zin % such that the following diagram commutes:

///\( Z ‘/\\\
Jttad l(do,dl) N
N «
X ~ X xY ~ Y
J0 Jo

SInce (do, dy) is a relation, it is a monomorphism. Since % is unital, (do, d;)
must be an isomorphism.

(b) Assume that the second statement holds. Assume that

(fo, f1) : Z — X x Y is a punctual span. Assume that (fo, f1) = mo f’,
where f' € Homg(Z, R) and m : R — X x Y is a monomorphism. Since
(fo, f1) is a punctual span, there exists there exists morphisms s : X — Z
and t: Y — Z in ¥ such that the following diagram commutes:



Thus, we obtain the following factorisation in ¢

’ - AN ’
- N
flos .- ~<_ [flot
- m N
- ~
-

~
~
~

/—> <—\
X X XY =y
Jo Jo

Since statement 2 holds and m is a monomorphism, m must be an
isomorphism in ¢". Consequently, (fo, f1) is an extremal epimorphism.

(c) Assume that the third statement holds. Assume that m: Z — X x Y is
a monomorphism in % which factorises in the following manner:

~
~

_-T ~o
- -~ '
S ~ ~
Jtae m ~
-
_-

~
~
~
~

/—> <—\
X S XXY Y
J0 Jo

By the universal property of the product, m = (wx o m,my o m), where
x : X XY = X and 7y : X XY — Y are the projection morphisms in % .

So, m = (mx om,my om) : Z — X x Y defines a punctual span between X
and Y. Since statement 3 holds, m is an extremal epimorphism. Since m is
also a monomorphism, we deduce from Theorem that m is an
isomorphism. Therefore, (j5°, 7)) is a covering pair and € is a unital
category. ]

In the setting of a unital category, we can also establish stronger relations
between projection morphisms and their sections as constructed in Lemma
2.2.0l

Theorem 4.2.2. Let € be a unital category and X,Y € € be a pair of
objects. Then, the projection morphism my : X XY — 'Y is the cokernel of
the section j& : X — X x Y.

Similarly, the projection morphism wx : X XY — X 1is the cokernel of the
section jo 1Y =+ X x Y.

In particular, it is much easier to see that Theorem holds in an
abelian category € because a monomorphism is the kernel of its cokernel
and an epimorphism is the cokernel of its kernel.

213



Bibliography

[Awo10] S. Awodey. Category theory, Oxford Logic Guides 52, Oxford
University Press, Oxford, 2004, ISBN: 978-0-19-923718-0, MR2668552.

[Bor94a] F. Borceaux. Handbook of categorical algebra 1 Basic category
theory, Encyclopedia Math. Appl. Cambridge University Press,
Cambridge. 1994, ISBN: 0-521-44178-1, MR1291599.

[Bor94b] F. Borceaux. Handbook of categorical algebra 2 Categories and
structures, Encyclopedia Math. Appl. Cambridge University Press,
Cambridge. 1994, ISBN: 0-521-44179-X, MR1313497.

[Boul7] D. Bourn. From groups to categorial algebra Introduction to
protomodular and Mal’tsev Categories, Compact Textbooks in
Mathematics, Birkhduser/Springer, Cham. 2017, ISBN:
978-3-319-57218-5, MR3674493.

[BG04] D. Bourn, M. Gran. Regular, protomodular and abelian categories,
Categorical Foundations Special Topics in Order, Topology, Algebra,
and Sheaf Theory, Cambridge University Press, 2004, Pages 165-212,
ISBN: 0-521-083414-7, MR2056583.

[CSMO95] R. Carter, G. Segal, I. Macdonald. Lectures on Lie Groups and Lie
Algebras, Cambridge University Press, London Mathematical Society
Student Texts 32, Cambridge, 1995, ISBN 0-521-49922-4, MR1356712.

[Hat02] A. Hatcher. Algebraic Topology, Cambridge University Press,
Cambridge, 2002, ISBN: 0-521-79540-0, MR1867354.

[Kel05] G. Kelly. Basic Concepts Of Enriched Category Theory, Reprints in
Theory and Applications of Categories, 10, 2005, MR2177301.

[Leild] T. Leinster. Basic category theory, Cambridge Stud. Adv. Math,
Cambridge University Press, Cambridge, 2014, ISBN:
978-1-107-04424-1, MR3307165.

214



[Mur06] D. Murfet. Foundations for Category Theory, 2006, Available at:
http://therisingsea.org/notes/FoundationsForCategoryTheory.pdf.

[Murl6] D. Murfet. MAST90068 - Lecture 6, 2016, Available at:
http://therisingsea.org/notes/mast90068/lecture6.pdf.

[Mur21] D. Murfet. Lecture 7: Constructing topological spaces, 2021,
Available at: http://therisingsea.org/notes/mast30026 /lecture?.pdf.

215



	Purpose
	Category theory
	Basic definitions and examples
	Equalizers and coequalizers
	Reflexive relations
	Pullbacks and pushouts
	Inverse image
	Internal equivalence relations
	More about equivalence relations
	The square construction
	Split graphs and split relations
	Fibres and split epimorphisms
	Different types of epimorphisms
	Barr-Kock Theorem
	Products and finitely complete categories

	Internal structures
	Internal unitary magmas and internal monoids
	Internal groups
	The Yoneda embedding
	Finite limits
	The Yoneda embedding preserves finite limits
	Embeddings for internal structures

	The four major observations
	Pointed categories
	Kernels, cokernels and exact sequences
	Observation A
	Observations B and B'
	Observation C
	Observation D
	Natural structures

	Unital and protomodular categories
	Examples and basic properties
	Characterisation of unital categories

	Bibliography

