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Introduction

The aim of this work is to present, in the context of algebraic category
theory, some results concerning regular and exact categories. The notions
of regularity and exactness recapture many of the exactness properties of
abelian categories, but do not require additivity, which is a very strong
condition on the Hom sets’s structure. In particular we will prove that
an abelian category is additive and exact (i.e. a regular category in which
equivalence relations are effective). Finally, to provide the reader with a
wide range of examples, we will prove that an elementary topos is an exact
category.

The language of exact categories supplies a handy structure to work with.
The usefulness of properties as the existence of an epi-mono factorization
or the stability under pullback of epimorphisms becomes apparent as soon
as we start working with this sort of categories. Moreover, such a language
allows to talk about homology, cohomology and even homotopy (see [EC]).

Lo scopo di questo lavoro ¢ quello di presentare, nell’ambito della teo-
ria delle categorie algebrica, alcuni risultati riguardanti categorie regolari
ed esatte. Le nozioni di esattezza e regolarita catturano molte delle pro-
prieta di esattezza delle categorie abeliane, ma non richiedono l'additivita
che risulta essere una condizione molto forte sulla struttura degli Hom set.
In particolare dimostremo che una categoria abeliana altro non & che una
categoria esatta (i.e. regolare le cui relazioni di equivalenza sono effettive)
e additiva. Infine, con lo scopo di fornire al lettore un ampio spettro di
esempi, dimostreremo che un topos elementare ¢ una categoria esatta.

Il linguaggio delle categorie esatte fornisce una struttura comoda su cui
lavorare: 1'utilita di proprieta come l’esistenza di una fattorizzazione epi-
mono o la stabilita per pullback degli epimorfismi diviene chiara non appena
si inizia a lavorare con categorie di questo tipo. Inoltre tale linguaggio
permette di parlare di omologia e comologia ed addirittura di omotopia (si
veda [EC]).
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Chapter 1

Preliminaries

This chapter is intended to give some basic definitions and results in
category theory. For all the definitions, results and notations which are
taken for granted please refer to [H1].

1.1 Pullbacks

We will not give a wide view on limits and their properties. We will give
a few results on pullbacks which may be useful for the reading of further
chapters.

Diagram 1.1.
b

. B ’.C
(1) d (IT) el

A
D
f g

Proposition 1.1.1 (see [H1] 2.5.9). In a category C consider Diagram 1.1,
which is commutative.

1. If the square (I) and (II) are pullbacks, the outer rectangle is a pullback.
2. If C has pullbacks, if the square (II) is a pullback and the outer rect-
angle is a pullback, then (1) is a pullback.
Proposition 1.1.2 (see [H1] 2.5.6). Consider a morphism f:A—— B in
a category C. The following conditions are equivalent:
1. f is a monomorphism;
2. the kernel pair of f exists and is given by (A,14,14);

3. the kernel pair (P,«, 8) of f exists and o = 3.
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Proposition 1.1.3 (see [H1] 2.5.7 and 2.5.8). In a category C, if e is a
coequalizer and it has a kernel pair, then it is the coequalizer of its kernel
pair. Furthermore, if a kernel pair (a,b) has a coequalizer, it is the kernel
pair of its coequalizer.

Proposition 1.1.4 (see [JC] 11.13). If T is a terminal object, then the
following are equivalent:

PA
e

P
Psl
1. the diagram above is a pullback square;

2. (P,pa,pB) is the product of A and B.

1.2 Epi-mono factorizations

Definition 1.2.1. In a category, an epimorphism is called regular if it is
the coequalizer of a pair of morphisms.

Diagram 1.2.

’

b n
Y

>.<

Definition 1.2.2. In a category €, an epimorphism f:A—— B is called
strong when, for every commutative square v o f = z o u as in diagram 1.2,
with 2z :X ——=Y a monomorphism, there exists a unique arrow w :B —— X
such that wo f =w and zow = v.

Proposition 1.2.3. In a category C,
1. the composite of two strong epimorphisms is a strong epimorphism;
2. if a composite go f is a strong epimorphism, g is a strong epimorphism;

3. a morphism which is both a strong epimorphism and a monomorphism
s an isomorphism;

4. every reqular epimorphism is strong.



1.2 Epi-mono factorizations

Proof. (1) Suppose f and g to be strong epimorphisms. In diagram 1.3
choose zou = vogo f with z monomorphism. Since f is a strong epimorphism
there exists w :B—— X such that vog = zow. Since g is a strong
epimorphism there also exists w’ :C' ——= X such that v = z o w’ and
w'o f = w. From the last equation we get w’o(go f) = wo f = u, therefore
w’ is the required factorization.

A
X

(2) Now suppose that g o f is a strong epimorphism in Diagram 1.3
choose z o w = v o g, with z monomorphism. Putting u = w o f we get a
factorization w’ such that w’ o go f = u, 20w’ = v since g o f is a strong
epimorphism. From zow' og =vog = zow we deduce w’' o g = w since z
is a monomorphism. Therefore w’ is the required factorization.

Diagram 1.3.

B—2.

_f C
/ ! l

z

(3) If f is both a strong epimorphism and a monomorphism, we find,
considering diagram 1.4, r such that for =1p and ro f = 14.

Diagram 1.4.

(4) Finally, if f = Coker(a,b) and in diagram 1.5 we choose zou = vo f
with z monomorphism, since foa = fob we find zouob=vo fob=
vofoa=zouoa thus uob=wuoasince z is a monomorphism. Therefore
we get some factorization w through f = Coker(a,b). From wo f = u we
deduce zowo f =wuoz =wo f and thus zow = v since f is an epimorphism.

Diagram 1.5.
A .

B
Y

>

@u

M

O]

Definition 1.2.4. A category C has strong epi-mono factorization when
every morphism f of € factors as f = i o p, with ¢ a monomorphism and p
a strong epimorphism.
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Proposition 1.2.5. Let C be a category with strong epi-mono factoriza-
tions. The strong epi-mono factorization of an arrow is unique up to an
isomorphism.

Proof.
Diagram 1.6.
AL
p’i %i
7

Given i o p = ¢/ o p/ with p, p’ strong epimorphisms and 7, ' monomor-
phisms, consider diagram 1.6. There exists u such that uop =9/, 7 ou =1
because p is a strong epimorphism and 4’ is a monomorphism. Since p’ is
a strong epimorphism and ¢ is a monomorphism there exists v such that
iov=14and vop = p. Therefore iovouop=1iop' =iopthusvou=1j.
In a similar way wowv = 1p 0

1.3 Additive and abelian categories

Definition 1.3.1. By a zero object in a category €, we mean an object 0O
which is both an initial and a terminal object. Moreover, in such a category
a morphism is called zero morphism when it factors through the zero object.

Proposition 1.3.2. Consider a category C with a zero object 0, there is
exactly one zero morphism from each object A to each object B.

Proof. This is just the composite of the unique morphisms A —— 0 , where
0 is considered as a terminal object, and 0 —— B , where 0 is considered
as an initial object. O

Proposition 1.3.3. In a category with zero object 0, the composite of a
zero morphism with an arbitrary morphism is again a zero morphism.

Proof. Of course, the composite factors through 0. O

Definition 1.3.4. In a category C with zero object 0, the kernel of an arrow
f:A—— B is, when it exists, the equalizer of f and the zero morphism
between A and B. The cokernel of f is defined dually.

Proposition 1.3.5. Let f be a monomorphism in a category with a zero
object. If f o g =0 for some morphism g, then g = 0.

Proof. fog=0= fo0, thus g =0. O

Proposition 1.3.6. In a category with zero object the kernel of a monomor-
phism [ :A—— B is just the zero morphism 0—— A .
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Proof. The composite 0 —— A 1.B is the morphism between 0 and
B, if another composite f o g is zero,

g9
X—O>A—f>B

then fog = f o0 and therefore ¢ = 0, which means that ¢ factors uniquely
through 0. O

Proposition 1.3.7. In a category with zero object, the kernel of a zero
morphism 0:A—— B is just the identity on A.

Proof. 0014 =0 and then, given g:X ——= A with 00 g = 0; there exists
a unique factorization of g through 14: it is g itself. O

Definition 1.3.8. By a preadditive category we mean a category € together
with an abelian group structure on each set C(A, B) of morphisms, in such
a way that the composition mappings

CABC :G(A,B) X G(B,C)

C(A,QC)
are group homomorphisms in each variables.

Proposition 1.3.9. In a preadditive category C, the following conditions
are equivalent:

1. C has an initial object;
2. € has a terminal object;

3. C has a zero object.
In that case the zero morphisms are exactly the identities for the
abelian group structures.

Proof. 3. implies 1. and 2. and, since preadditivity is autodual (see [H2] 1.1
and 1.2.2), it suffices to prove 1. implies 3. Let 0 be a initial object. The
set €(0,0) has a single element, which proves that 1¢ is the zero element of
the group €(0,0). Given an object C. C(C, 0) has at least one element: the
zero element of that group. But if f:C ——= 0 is any morphism, f = 1go f
must be the zero element of C(C,0). Thus 0 is a terminal object as well.
Since ccop :€(C,0) x €(0,D) — C(C, D) is a group homomorphism,
we have O(C’,O) o O(O,D) = (O(C,O) + O(C,O)) o O(O,D) = 0(070) o O(O,D) + 0(070) o
0(07[)) which implies 0(070) o O(O,D) = O(C,D)' O

Proposition 1.3.10. Given two objects in a preadditive category C, the
following conditions are equivalent:
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1. the product (P,pa,pB) of A,B exists;
2. the coproduct (P,sa,sp) of A,B exists;

3. there exists an object P and morphisms
pa:P——A, pp:P——=B, sy:A——=P, sg:B——P
with the properties

paosa=1a,pposp=1p,paosp=0,pgosas=0,
saopa+spopg=1p.

Morever, under these conditions

sa = Kerpg, sg = Kerpa, pa = Cokersg, pg = Cokers 4.

Proof. By duality it suffices to prove the equivalence between 1. and 3.

Given 1. define sy :A——= P as the unique morphism with the prop-
erties pposa = 14, pgosa = 0. In the same way sg:B——= P is such
that pposp =1p, paosp = 0. It is now easy to compute that

pAO(SAOpA+SBOpB) =pa+0=pa,
ppo(saopa+spopp)=0+pp=ps,

from which s4 opa +spopp =1p.
Given condition 3. consider C' € € and two morphisms f:C——= A,

g:C —— B . Define h:C——P ash=s40f+sgog. We have

paoh=pgospof+paposgpog=f+0=Ff,
ppof=ppossof+ppospog=0+g=g.

Given h':C —— P with the properties ppoh’ = f, pgoh’ = g, we deduce

W =1poh'=(saopa+spopp)oh’ =
saopaoh’ +spoppoh’ =ss0f+spog=nh.

Now assuming conditions 1. and 3. let us prove that s4 = Kerpg. We
have already pg o sy = 0. Choose x :X —— P such that pgox = 0. The
composite p4 o x is the required factorization since the relations

PAOCSAOPAOCT =DPAOCT,
pgpospoppaox=0oppox=0=pgox

imply s4opaox = x. The factorization is unique because pgosa = 14 and
thus s4 is a monomorphism.

The relation sp = Kerp4 is true by analogy and the other two relations
hold by duality. O
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Definition 1.3.11. Given two objects A,B in a preadditive category, a
quintuple (P, pa,pB,s4,sp) as in 1.3.10 3. is called a biproduct of A and
B. The object P will generally be written A & B.

Proposition 1.3.12. Let f,g:A——= B be two morphisms in a preaddi-
tive category. The following are equivalent:

1. the equalizer Ker(f,qg) exists;
2. the kernel Ker(f — g) exists;
3. the kernel Ker(g — f) ewists.
When this is the case, those three objects are isomorphic.

Proof. Since in any case Ker(g, f)=Ker(f, g), it suffices to prove (1.<2.).
Given a morphism = :X ——= A | fox = gox is equivalent to (f —g)oxz = 0,
from which the result follows. O

Definition 1.3.13. By an additive category we mean a preadditive category
with a zero object and binary biproducts.

Definition 1.3.14. A category € is abelian when it satisfies the following
properties:

1. € has a zero object;
2. every pair of object of C has a product and a coproduct;
3. every arrow of C has a kernel and a cokernel;

4. every monomorphism of € is a kernel; every epimorphism of € is a
cokernel.

Theorem 1.3.15 (see [H2] 1.6.4). Every abelian category is additive.
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Chapter 2

Regular Categories

The aim of this chapter is to present some basic results concerning reg-
ular categories and also some “exactness properties” which are implied by
regularity but do not require properties of additivity unlike abelian cate-
gory theory. For an introduction to abelian categories the reader can refer
to [H2].

Notation. From this point forward — will denote only regular epimor-
phisms; no special notation will be used for ordinary epimorphisms.
2.1 Basic results and definitions

Definition 2.1.1. A category C is regular when it satisfies the following
conditions:

1. every arrow has a kernel pair;

2. every kernel pair has a coequalizer;

3. regular epimorphisms are pullback stable, i.e. the pullback of a regular
epimorphism along any morphism exists and is also a regular epimor-

phism.

Lemma 2.1.2. In a regqular category C, consider f:A——s= B a reqular
epimorphism and an arbitrary morphism g :B ——= C . In these condition

the factorization f xX¢o f:AXxcA—— B xX¢c B exists and is an epimor-
phism.

Proof. The pullback B x¢ B of (g,g) is the kernel pair of g, thus it exists.

15
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Diagram 2.1.

AxcA—2sBxo Al >4

N

AXCBT»B XCBT>B

[k

A B C

Since f is a regular epimorphism, the three other partial pullbacks in-
volved in diagram 2.1 exist (from the third axiom of regular categories),
yielding e, d, i, j regular epimorphisms. Then f X¢o f =doi = e o j exists
and is an epimorphism as composite of two epimorphisms (see 1.2.3). O

Remark. In diagram 2.1 the notation of the partial pullback B x ¢ A instead
of A xp (B x¢ B) is coherent (see 1.1.1).

Theorem 2.1.3. In a regular category, every morphism admits a regular
epi-mono factorization which is unique up to isomorphism.

Proof.
Diagram 2.2.

v
:>>A4f>B

P u
J{q pi/
R——=1

T

Consider a morphism f, its kernel pair (P, u,v) and the coequalizer p =
Coker(u,v), as in diagram 2.2. Since fou = fowv there exists a factorization
1 through the coequalizer such that iop = f. It remains to prove that i is a
monomorphism. Let (R, s, ) be the kernel pair of i. Since iopou =iopov
there exists a unique morphism ¢ such that roqg=powu and sog = pow.
Applying the lemma to the regular epimorphism p and i, we get that

P:AXBA,R:IXBI,q:pXBp

thus ¢ is an epimorphism. Then roqg=pou =powv = soq implies s =7
since ¢ is an epimorphism. Therefore i is a monomorphism (see 1.1.2). pis a
regular epimorphism as the coequalizer of a pair of morphisms, thus f = iop
is the required factorization. The uniqueness follows from 1.2.5. O

Proposition 2.1.4. In a reqular category f is a regular epimorphism iff f
is a strong epimorphism.
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Proof. (=) has been proved in 1.2.3. Conversely a strong epimorphism
f factors as f = ¢ o p with p regular epimorphism and ¢ monomorphism.
But then ¢ is both a strong epimorphism and a monomorphism, thus is an
isomorphism (see 1.2.3). O

Corollary 2.1.5. In a reqular category C,
1. the composite of two reqular epimorphisms is a reqular epimorphism;

2. if a composite g o f is a reqular epimorphism, g is a regular epimor-
phism;

8. a morphism which is both a reqular epimorphism and a monomorphism
s an isomorphism.

Proof. Via the proposition above, this follows directly from 1.2.3. O

2.2 Exact sequences

u
Definition 2.2.1. A diagram P ——* A I B is called exact sequence

when (u,v) is the kernel pair of f and f is the coequalizer of (u,v).

Proposition 2.2.2. In a regular category, pulling back along any arrow
preserves exact sequences.

Proof.
Diagram 2.3.

u/

PP—=A

I
v

\Lk h g
N f

®

-

Sy

We consider the situation of diagram 2.3, where all the individual squares
are pullbacks and (f;u,v) is an exact sequence. Observe that since fou =
f ow, their pullbacks with g are the same and by associativity of pullbacks
(see 1.1.1) this means the existence of a single morphism k such that (v, k)
is the pullback of (u, h) and (v/, k) is the pullback of (v, h). Now we have to
prove that (f’;u/,v’) is an exact sequence. f'ox = f oy implies fohox =
goflox =gof oy = fohoy, from which there is a unique w such
that wow = hox, vow = hoy. This yields 21, 23 such that v/ o 21 = z,
koz =w and v o0z =y, ko 2o = w. The relations ko z; = w = ko 23 and
flou'ozy = flox = floy = f'ov'oz9 imply 21 = 29, since the global diagram
is a pullback. This yields a morphism z = z; = 25 such that «’ o 2 = z and
v’ 0 z = y. The uniqueness of such a z is proved in the same way. Now f’ is



18

2. Regular Categories

regular since f is. The pair (u/,v’) is the kernel pair of f” and f’ is regular:
this implies that f’ is the coequalizer of (u/,v") (see 1.1.3). O

Proposition 2.2.3. Let C be a regular category with binary products. Given
two exact sequences
u f u’ f/
P—=A——-DB PP—=A——>PB
v

the product sequence
uxu’

PxP—=Ax AL pyp

VXV
1S again exact.

Proof. 1t is just an obvious exercise on pullbacks and products to check that
(ux u',vxv) is the kernel pair of f x f/. By 1.1.3, it remains to prove that
f x f"is a regular epimorphism.

Diagram 2.4.
AXA/ABXA/ BxA’Lj;BxB’
PAi ipB PA/\L \LPB’
A B Al B’

fl

Observing that the squares of diagram 2.4 are pullbacks we can conclude
that f x 1 and 1 x f" are regular epimorphisms thus f x f' = f x 101 x f’
is a regular epimorphism (see 2.1.5). O

Now we will define a class of functors between regular categories which
preserve these “exactness properties”

Definition 2.2.4. Let F':6——= D be a functor between regular cate-
gories €, D. F is exact when it preserves:

1. all finite limits which happen to exist in C;
2. exact sequences.

Proposition 2.2.5. Let F :C——=D be an exact functor between reqular
categories C, D. The functor F preserves:

1. regular epimorphisms;

2. kernel pairs;
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3. coequalizers of kernel pairs;

4. reqular epi-mono factorizations.

Proposition 2.2.6. Let F :€——=D be a functor between regular cate-
gories. The following conditions are equivalent:

1. Fis exact;
2. F preserves finite limits and reqular epimorphisms.

Proof. (1) = (2) by 2.2.5. Conversely, with the notation of 2.2.1, the regular
epimorphism F'(f) has a kernel pair (F(u), F'(v)), thus is its coequalizer (see
1.1.3). 0

2.3 Examples

In this section we will give some examples of regular and also non-regular
categories. First of all, it is necessary to prove a couple of results which
give a possible definition of regular categories in terms of regular/strong
epimorphisms.

Proposition 2.3.1. A category C is reqular iff it satisfies the following
conditions:

1. every arrows has a kernel pair;

2. every arrow f can be factored as f = iop with ¢ a monomorphism and
p a reqular epimorphism;

3. the pullback of a regular epimorphism along any morphism exists and
is a regular epimorphism.

Proof. 2.1.3 proves the necessary condition. Conversely, consider an arrow
f, its kernel pair (u,v) and its regular epi-mono factorization f = i o p.
Since ¢ is a monomorphism, (u,v) is still the kernel pair of p and since p is
a regular epimorphism, p is the coequalizer of (u,v) (see 1.1.3). O

Proposition 2.3.2. Let C be a category with all finite limits. The category
C s reqular iff it satisfies the following condition:

1. every arrow f can be factored as f = iop with i a monomorphism and
p a strong epimorphism;

2. the pullback of a strong epimorphism along any morphism is again a
strong epimorphism.
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Proof. The necessity of conditions 1. and 2. follows from 2.1.5 and 2.3.1.
Conversely, it suffices by 2.3.1 to prove the coincidence between strong and
regular epimorphisms. To do this, let consider f:A——= B, the kernel
pair (u,v) of f and a morphism ¢ such that g ou = g o v; we shall prove
the existence of w :B ——= C' such that g = wo f (such a w is necessarily
unique since f is an epimorphism).

Diagram 2.5.
— 2 f
P——A- B
g .. PB
EY
c<~BxC

We consider the product of B, C' and the unique factorization h :A—— B x C
as in diagram 2.5, such that pgoh = f, pcoh = g. The morphism A can be
factored as h = ¢ o p with ¢ a monomorphism and p a strong epimorphism.

We shall prove that pg o is an isomorphism and w = pcoio (pgoi)~!is

the required factorization.

Diagram 2.6.

TN

P/T>>Y—>>A
Yy
b
u X—»t Q4>>S I f
ix ri pBoil
AP Plp

(

Let us consider diagram 2.6, where all the individual squares are pull-
backs. Since ppoiop = pgpoh = f, we can identify the global pullback
with the kernel pair of f, yielding P = P, zom = u,yon = v Since p is a
strong epimorphism, so are t, q, m, n; r, s are strong epimorphisms as well
as parts of a kernel pair, but it is not really relevant here. By commutativity
of diagram, we have immediately pgoiorotom =pgoiosotom.

On the other hand

pocotorotom=
pooitopoxrom=
pcohoxom=
gou=

gov=
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poohoyon=
pcotopoyon =
pooitosoqon =
pocoiosotom

By definition of product, this yelds iorotom = iosotom, thus
r = s since 7 is a monomorphism and ¢, m are epimorphisms. This proves
that pp o4 is a monomorphism (see 1.1.2). But f = (pgpoi)op and f is
a strong epimorphism, pp o i is a strong epimorphism as well and finally
pp oi is an epimorphism (see 1.2.3). So we put w = pcoio(pgoi)~ . Itis
straightforward to observe that

wo f =
pcoio(pgoi)tof=
pcoio(ppoi) topgoiop=
pcotopo =g

On the other hand we have noticed already that such a factorization w
is unique since f is an epimorphism. This proves that f = Coker(u,v).
In particular every strong epimorphism is regular and thus regular epimor-
phisms coincide with strong epimorphisms. O

2.3.1 The category of sets and functions

Theorem 2.3.3 (see [H1|, 2.8.6). The category of sets is complete and
cocomplete.

Therefore we can apply 2.3.2, moreover the pullback of a strong epimor-
phism along any arrow does exist.

Lemma 2.3.4 (see [H1], 4.3.10). In Set the strong epimorphisms are exactly
the surjective functions.

Diagram 2.7.

We will now prove the regularity of Set. Since every function in Set
factors as a surjection followed by an injection, the second condition of 2.3.2
holds. Furthermore, the pullback of a surjection is a surjection. Indeed if
the diagram 2.7 is a pullback of sets with g a surjection,

Axe B ={(a,b)la € Asb € B, f(a) = g(b)}
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Given a € A, there exists b € B such that f(a) = g(b), just because g is a
surjection. Therefore (a,b) € A x¢ B and pa(a,b) = a. This proves that pa
is surjective. So Set is regular.

2.3.2 The category of topological spaces and continuous maps

The category Top of topological spaces and continuous maps is not reg-
ular.

Proposition 2.3.5 (see [H1], 4.3.10b). In Top strong epimorphisms are just
the quotient maps f:A—— B, i.e. the surjections f where B is provided
with the corresponding quotient topology.

But quotient maps are not pullback stable, it is shown by the following
counterexample:
Let us put

A ={a,b,c,d} with {a,b} open,
B = {l,m,n} with {m,n} open;
C = {z,y, z} with the indiscrete topology.
We define f:A——C, g:B——=C by
fla) =z, f(b) =y = f(c), f(d) = z and g(I) = z, g(m) = z = g(n).
Now f is surjective and no subset of C has {a,b} as inverse image; thus f

is a quotient map. The product A x B has a single non-trivial open subset,
namely {a,b} x {l,m}. The pullback of f, ¢ is thus given by

P ={(a,l);(d,m); (d,n)} with {(a,l)} open

The projection pp :P — B is not a quotient map since p' (1) = {(a,1)}
while {l} is not. So Top is not a regular category.

2.3.3 Abelian categories

Theorem 2.3.6 (see [H2] 1.5.3). Abelian categories are finitely complete
and cocomplete

Proposition 2.3.7 (see [H2] 1.5.8). In an abelian category

1. every monomorphism is the kernel of its cokernel;

2. every epimorphism is the cokernel of its kernel.

Corollary 2.3.8. In an abelian category every epimorphism is regular.
Proof. Via 2.3.7, directly by 1.3.4. O
Proposition 2.3.9 (see [H2] 1.7.6). In an abelian category the pullback

of an epimorphism is still an epimorphism and the corresponding pullback
square s also a pushout.

The propositions above prove that abelian categories are regular.
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2.4 Equivalence relations

Definition 2.4.1. By a relation on an object A of a category €, we mean
an object R € C together with a monomorphic pair of arrows

r1,7T2 :R4>A

(i.e. given arrows z,y:X —= R,z =y iff ryox =r;0y Vi € {1,2}). For
every object X € € we write

Rx ={(riox,moox)lz € C(X,R)}

for the corresponding relation (in the usual sense) generated by R on the
set C(X, A).

Definition 2.4.2. By an equivalence relation on an object A in a category
C, we mean a relation (R,r;,72) on A such that, for every object X € C,
the corresponding relation Ry on the set C(X, A) is an equivalence relation.
More generally, the relation R is reflexive (transitive, symmetric, antisym-
metric, etc.) when each relation Ry is.

Diagram 2.8.
RxaR” R
2
R A

T2

Proposition 2.4.3. Let C be a category admitting pullbacks of strong epi-
morphisms. A relation (R,r1,72) on an object A € C is an equivalence
relation precisely when there exist:

1. a morphism § :A—— R such thatriod =14 =1906;
2. a morphism o :R—— R such thatriooc =19, 1900 =171,

3. a morphism T :R x4 R—— R such that ryoT = r10py, 19207 = 909
where the pullback is that of diagram 2.8.

Such morphisms &, o, T are necessarily unique.

Proof. The reflexivity of the relation (R,ry,r2) implies that given the pair
(14,14) :A—= A, there exists a morphism ¢ :A—— R such that r; o
0 =14 = rg0d. Conversely, if given a relation (R,r1,72) such a morphism

0 exists, then for every arrow x :X ——= A one has

r=riodox, x=r9000I,
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which proves that (x,z) € Rx and thus R is reflexive.

The pair (r1,72) :R —= A is obviously in Rp, since 71 = r1 o 1z and
ry = 79 0 1g. By symmetry of (R,7r1,72), the pair (ro,r) :R—= A is
in Rp, yielding a morphism ¢ :R—— R such that rp 00 =1y, r9 00 =
r1. Conversely, if given the relation (R,ri,r2) such a morphism o exists,
then for every pair of arrows (z,y) :X ——= A in Rx one has a morphism

z :X — R such that r; o z = x, r9 0 2 = y; as consequence,
rTMO0O0Z=T902=1,T900002=T102=20

and the pair (y,x) is in Rx as well, proving the symmetry of R.

Let us consider the pullback of diagram 2.8, which exists since the rela-
tions r1 09 =14 = ry 0§ imply that r1, ro are strong epimorphisms (1.2.3).
R x 4 R represents the pairs ((a1,a2), (az,a3)) where a; ~ ay and ag ~ as.
Considering the diagrams

P1 L> P2 L>
RXARHA?A, RXARHA?A

we conclude that (r10py,r20p1) and (r1 0 pg, 190 pg) are in R(rx ,r) - Since
710 p1 = T2 0 pg, this implies that (r1 o p1,72 0 p2) are in R(RXAR)) yielding
an arrow 7 :R x4 R—— R such that ri o7 =ry0py, 1o 07 = 190 po.
Conversely, suppose we are given a relation (R,71,r2) with the property
that such a morphism exists. Given three arrows x,y,z:X —— A with

(2,v), (y,2) € Rx, we get two morphisms u,v :X ——= R such that rjou =
x,ro0u =1y, rrov =y and rp ov = z. From the relation ri ov =ryo0u
we get a morphism w :X —— R x4 R such that pj ow = u, pa ow = v.
Finally one has

T=T]0U=T10PIOW=T]0TOW,
Z=T9O0U=T90P20W=T20TO0W

so that (x,z) € Rx and R is transitive.
It remains to observe that the morphisms 6,0, 7 are unique because
(r1,72) is monomorphic. O

Definition 2.4.4. An equivalence relation (R,rj,72) on an object A of a
category C is effective when the coequalizer q of (ri,r2) exists and (r1,72)
is the kernel pair of q.



Chapter 3

Exact Categories

After the categorical formulation of equivalence relations given in the
previous chapter, we can now define exact categories. Furthermore, in this
chapter we will show some examples of exact categories and emphasize how
they are a sort of “non-additive version of abelian categories”.

Definition 3.0.5. An exact category is a regular category in which equiv-
alence relations are effective.

3.1 A non-additive version of abelian categories

Lemma 3.1.1. In a non-empty and preadditive regqular category €, the
biproduct A & A exists for every object A.

Proof. Consider an arbitrary object A € €, the zero map 0:4 ——= A and
its kernel pair w,v :P ——= A . Given arbitrary morphisms z,y : X —= A |

one has 0 oz = 0 oy, from which there is a unique morphism z:X —— P
such that woz = x, voz = y This proves that (P, u,v) is the product A x A.
One derives the conclusion by 1.3.10. O

Lemma 3.1.2. A non-empty and preadditive regular category C has a zero
object.

Proof. Choose an arbitrary object A. By 3.1.1, the zero map 0:A—— A
admits pi,p2 :APD A—= A as kernel pair. Let ¢:A——= @ be the co-

equalizer of p1,p2. Given a morphism z :QQ—— X we have
rog=zoqgopiosy=x0qgopgosy=xo0qol=0

from which x = 0 since ¢ is an epimorphism. Thus 0 is the unique morphism
from Q to X and  is an initial object. One derives the conclusion by
1.3.9. O
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Lemma 3.1.3. A non-empty and preadditive regular category € has biprod-
ucts.

Proof. Given objects A, B the morphisms A——>0, B——=0 to the
zero object are retractions, with zero as a section. Therefore they are regu-

lar epimorphisms and the pullback of those two arrows exists, yielding the
product A x B (see 1.1.4). One derives the conclusion by 1.3.10. O

Lemma 3.1.4. A non-empty and preadditive reqular category C has kernels.

Proof. Take a morphism f:A—— B and its kernel pair u,v:P——= A.

The morphism u —v:P——> A can be factored as u —v =iop with 7 a
monomorphism and p a regular epimorphism. We shall prove that ¢ is the
kernel of f.

First foiop = fo(u—v) = fou— fov =0, which proves foi = 0 since
p is an epimorphism. Next if x:X ——= A is such that foz =0= f o0,
we get a factorization y:X —— P such that wuoy = z, voy = 0. This
yields

iopoy=(u—v)oy=uoy—voy=x—0=ux

and poy is a factorization of x through i. This factorization is unique since
1 is a monomorphism. O

Lemma 3.1.5. A non-empty preadditive reqular category C is finitely com-
plete (i.e. equivalently C has equalizers and binary products; see [H1] 2.8.1).

Proof. By 1.3.12 and 3.1.4 C has equalizers. We derive the conclusion by
3.1.3 and 1.3.10. O

Lemma 3.1.6. In a preadditive category C, every reflexive relation is nec-
essarily an equivalence relation.

Proof. Consider a reflexive relation si, s :5 ——= A . Given an object X €
C, the relation Sx = {(s1 o z,s2 0 z)|z € C(X,S)} on the abelian group
C(X, A) contains the diagonal, just by assumption. Since Sx is obviously
a subgroup of C(X, A) x C(X, A), this reduce the problem to proving the
lemma in the category of abelian groups.

Consider Ab the category of abelian groups and their homomorphisms,
we already know that all the pairs (a,a) belong to S, since S is reflexive.
Next if (a,b) € S we get

(bv CL) = (CL, a) - (CL, b) + (b) b) S
proving the symmetry of S. Finally if (a,b), (b,c) € S we get
(a,c) = (a,b) — (b,b) + (b,c) € S
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which proves the transitivity of S. O

Notation. If Ay, A, By ,Bs are four object in an additive category C a
morphism

f:AL ®Ay—— B @© Bs
is completely characterized by the following four morphisms
fii=piofos A —— DB
fiz=pirofosy:Ads——= DB
fa1 =p2ofos Ay —— Bs
foo =p2o fosy:As—— Do

so that it makes sense to use the notation

[fn le]
fo1  fa

Moreover, the composite of two morphisms is represented by the product of
their matrices (see [H2] 1.2).

Lemma 3.1.7. In an additive exact category C, every monomorphism has
a cokernel and is the kernel of its cokernel.

Proof. Let f:A—— B be a monomorphism. Applying 3.1.3 and using
the matrix notation, let us consider the morphism

Bo® B

_ | 1|,
T[O 13} A® B

This is a monomorphism, since given morphisms

a,a X —=A, b :X—=B
f 1p o lel — (foa)+b
0 1p b| b

f 1p a f 1p a
(e] = (¢]
0 1p b 0 1p b
We deduce b =V and (foa)+b= (foad')+V, thus foa = foa and finally

a = a since f is a monomorphism. Observing moreover that

0 2o ) =[] =2

so from the relation
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we conclude that the monomorphism r, seen as a relation on B, contains
the diagonal Ap. Therefore r is an equivalence relation by 3.1.6 and thus
an effective relation by the exactness of C.

Writing ¢ for the coequalizer of the effective equivalence relation r on B,
thus we have an exact sequence

(filp) q
AEBB(UJB) B @
In particular go f = go(f,1g)osa = fo(0,1p)os4 = qo0 = 0. Now given
a morphism x :B —— X such that xo f =0

zo(f,1g)=(xo f,z)=(0,2) =x0(0,1p)

from which we get a unique factorization z :QQ —— X such that zoq = .
This proves that ¢ = Coker f.
It remains to prove that f is the kernel of q. Given y:Y ——= B such

that goy = 0 = qo0, we find a unique z:Y —— A @ B such that (f,1p)o0
z =1y, (0,1g) oz = 0. The arrow z has the form [Z] for some morphism

u:Y —= A, v:Y ——= B . The arrow u is the required factorization since

0=(0,1;) 0 m = (0ou)+ (lgov) =0

y=(f15)o o] = (Fou)+ (mov) = Fouto=fou
Such a factorization is unique since f is a monomorphism. O

Lemma 3.1.8. An additive exact category is finitely cocomplete.

Proof. By 3.1.3 we get the existence of binary coproducts, thus it suffices
to prove the existence of coequalizers, which is equivalent to the existence
of cokernels (1.3.12). Given a morphism f:A—— B, we factor it as f =
1 o p with ¢ a monomorphism and p a regular epimorphism. Since p is an
epimorphism, the cokernel of ¢, which exists by 3.1.7, is also the cokernel of

e O

Lemma 3.1.9. In an additive exact category, every epimorphism is a cok-
ernel

Proof. Let f:A——= B be an epimorphism. Since the category is regular,
we can factor f as f = ¢ o p with ¢ a monomorphism and p a regular epi-
morphism. But the monomorphism ¢ is a kernel by 3.1.7; so it is a strong
monomorphism by 1.2.3 but ¢ is also an epimorphism, since f is. Then 1 is
an isomorphism and f is a regular epimorphism. Thus f = Coker(u,v) for
some pair u,v:P——= A and therefore f = Coker(u — v), see 1.3.12. [



3.2 Examples

Theorem 3.1.10. The following conditions are equivalent:

1. C is an abelian category;
2. C is an additive exact category;

3. € is a non-empty preadditive regular category.

Proof. We have proved in the previous chapter that an abelian category is
regular. By [H2] 2.5.6d we get that abelian categories are even exact. Then
the result follows by lemmas 3.1.1, 3.1.9. 0

3.2 Examples

We have just proved that every abelian category is exact. In this section
we will provide a list of examples of exact categories. The main references
for this section are [EC] and [CF].

3.2.1 The category of sets and functions

In 2.3.1 we have seen that Set is a regular category. The proposition
below proves that Set is even exact.

Proposition 3.2.1 (See [CF] 2.28 (1)). In Set equivalence relations are
effective.

3.2.2 The category of compact Hausdorff spaces

CH (compact Hausdorff spaces) is complete and cocomplete, since it is
reflexive in Top. The regularity and the exactness follow by the fact that
any epimorphism is a topological quotient (see, [SS] pg. 100).

3.2.3 The category of torsion-free abelian groups

The category Abys is an example of a regular category which is not exact.
An abelian group G is torsion-free when for every g € G and every non-zero
natural number n

ng=g+g+..+g=0iff g =0

let us first remark that the category of torsion-free abelian groups is
closed under finite limits and subobjects in Ab (see [CF] 2.28 (4)). The
regularity of Ab (it is abelian seen as the category Modyz, see [H2] 1.4.6a)
then implies that Ab;s is regular. Since Ab;y is additive, the exactness would
imply its abelianness. In particular we would have a short exact sequence,
in the sense of [H2] 1.8,

0 27— >7-2-Q 0
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where 4 is the canonical inclusion of the even integers in Z and ¢ is the
cokernel of ¢ in Ab;y. But from ¢(2) = 0 we get ¢(1)+¢(1) = 0 which implies
q(1) = 0 since Q is a torsion-free group. Thus ¢ = 0, with therefore the
identity on Z as kernel (see 1.3.7). This contradicts the fact that ¢ should
be the kernel of q (see [H2] 1.8.5).



Chapter 4

Elementary Topoi as Exact
Categories

The aim of this chapter is to provide the reader with a wide range of
examples of exact categories, proving that every elementary topos is an exact
category.

Diagram 4.1.

Definition 4.0.2. A category € is called elementary topos if:
1. & is finitely complete (i.e & has pullbacks and a terminal object 1);

2. € is cartesian closed (i.e. for each object X we have an exponential
functor (—)% :& — & which is right adjoint to the functor (—)x X);

3. € has a suboject classifier (i.e. an object ) and a morphism 1 LAY

(called "true”) such that, for each monomorphism Y>—"+ X in &,
there is a unique @, :X ——= Q (the classifying map of o) making a
pullback diagram as in 4.1).

Proposition 4.0.3 (see [TT] 1.22). A topos is balanced (i.e. a morphism
which is both a monomorphism and an epimorphism is an isomorphism).

The original definition of elementary topos, given by Lawvere and Tier-
ney, included the existence of finite colimits, but it was a redundant condi-
tion as proved by the following proposition.

Proposition 4.0.4 (see [TT] 1.36). A topos has finite colimits.
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Diagram 4.2.
GD =2 FD

N

GD N2 FD

S

Definition 4.0.5. Consider a category € with pullbacks and an arbitrary
functor F :D —— €. Given a cocone (tp :FD——= M)pep on F and

a morphism f:N ——= M in C, we can compute the various pullbacks

(GD,rp,sp) of tp along f. Moreover, given a morphism d:D'——= D in
D, the equalities

tDOFClOSD/:tD/OSD/:fO’rD/

imply the existence of a unique factorization Gd making the diagram above
commutative. In particular we have defined a functor G :D ——=C and a
cocone ( rp :GD —— N )pep on this functor.

A colimit (M, (tpep)) is said to be universal when for every morphism
f:N ——= M in C, the cocone constructed above is a colimit of the corre-
sponding functor G.

In other words, colimits are universal in € if any colimit remains a colimit
in C after pulling back along an arrow (see, [HT] 6.1.1 (ii)).

Proposition 4.0.6 (see [H3], 5.9.1). In a topos, finite colimits are universal.

Theorem 4.0.7. Any morphism in a topos can be factored as an epimor-
phism followed by a monomorphism.

Proof. Given f:X ——Y | form the diagram

Diagram 4.3.

where (a,b) is the kernel pair of f, ¢ is the coequalizer of (a,b) and i is
the unique map between the coequalizer and Y. We need to show that i is
a monomorphism. Consider the pullback in the following diagram
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Diagram 4.4.
S —~=p
7

X — Q

where (c,d) is the kernel pair of i. Since ¢ is a coequalizer and finite
colimit are universal in a topos, e is a coequalizer and then it is an epimor-
phism. The equalities fog = iogog = tocoe = jodoe = j0qoh = foh implies
the existence of a unique factorization k of (g, h) through (a,b). Thus we
get coe=qog=qoaok=qgobok=qgoh=doe and then ¢ = d. The
result follows directly by 1.1.2. O

Proposition 4.0.8. In a topos, every epimorphism is a coequalizer.

Proof. Suppose f =i o ¢ is an epimorphism, then so is i, and hence it is an
isomorphism by 4.0.3. O

Corollary 4.0.9. A topos is a reqular category.

Proof. Via 2.3.2, it follows directly by 4.0.8, 4.0.7 and 4.0.6. O

Proposition 4.0.10. In a topos, equivalence relations are effective.

a
Proof. Let R — X be an equivalence relation. Since a, b is a monomor-

b
phic pair, R>&>)X x X is a monomorphism: let X x X 2 . Q beits

classifying map and X — 2. 0X the exponential transpose of &. We will
a —
show that R — X is a kernel pair of .

f _ _
Let U — X be a pair of arrows such that ®o f = ®og. Then applying

the exponential adjuction, we have ®(f x 1x) =®(g x 1x) :U x X —=Q;
and composing with (1y,g) :U ——=U x X , we obtain ®(f,g) = ®(g,9).

But U ﬂ)X x X factors through R since R is reflexive, and so ®(g, g)

classifies the maximal subobject —>U . Hence ®(f,g) also classifies
this subobject; so (f, g) factors through R.

Conversely, we must show that ® o a = ® o b, or equivalently that the
subobjects of R x X classified by ®(a x 1x) and ®(bx 1x) (resp. Y and Y’)
are isomorphic.
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Diagram 4.5. /—\
h

R 1
f (1) l((hb) (1 it

RxX——XxX Q
a><lX

As in diagram 4.5, since (a, b) is classified by @, we get that (R, (a,b), cr)
is a pullback, where cg is the (unique) arrow to the terminal object 1.
Then there exists a unique map h:Y —— R such that cg o h = ¢y and
(a,b)oh = fo(ax1ly). ®(ax1x) classifies f, thus (Y, croh, f) is a pullback;
since (II) is also a pullback, by 1.1.1, we get that (I) is a pullback.
Diagram 4.6.

X xXxX

If we compose the subobject f with the monomorphism (a,b) x 1y :Rx X —= X x X x X
we obtain the situation in diagram 4.6, where P is the pullback of ((m1,73), (a,b)).
Since (a,b) oh = (a x 1x) o f = (m,m3) o ((a,b) x 1x) o f, there exists
a unique arrow ¥y :Y —— P . Furthermore, y is a monomorphism since
((a,b) X 1x) o f = pa oy is. In the same way we get v :Yo—— P .
Diagram 4.7.

Y

P

|

Q

¢

Finally, y is classified by a morphism ¢, then as in diagram 4.7, since
such a square is a pullback, there exist a map z:Y’' ——=Y such that
cy ox = cys and yox = y/. In the same way there exists a unique z’ such
that cy 02’ = ¢y and y/ox’ = y. yowox' =y ox’ =y, thus zox’ = 1y, since
y is a monomorphism. Then z is both a monomorphism, since ¥ = yo x
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is a monomorphism, and an epimorphism, as a retraction of z’. A topos is
balanced, thus z is the required isomorphism, see 4.0.3.

Since a topos is a regular category, every kernel pair has a coequalizer
and then is the kernel pair of that coequalizer. Thus every equivalence
relation in a topos is effective. O

With the proposition above we have finally proved the exactness of an
elementary topos.

Corollary 4.0.11. A topos is an exact category.

Proof. 1t follows directly by 4.0.9 and 4.0.10. O



36

4. Elementary Topoi as Exact Categories




Bibliography

[H1] Francis Borceux, Handbook of Categorical Algebra 1 Basic Category
Theory, Cambridge University Press, 1994, Cambridge

[H2] Francis Borceux, Handbook of Categorical Algebra 2 Categories and
Structures, Cambridge University Press, 1994, Cambridge

[H3] Francis Borceux, Handbook of Categorical Algebra 3 Categories of
Sheaves, Cambridge University Press, 1994, Cambridge

[JC] Jiri Adamek, Horst Herrlich, George E. Strecker, Abstract and Con-
crete Categories: The Joys of Cats, Online Edition, download at
http://katmat.math.uni-bremen.de/acc

[TT] P.T. Johnstone, Topos Theory, Dover Publications, 2014, Mineola,
New York.

[SS] P.T. Johnstone, Stone Spaces, Cambridge University Press, 1982, Cam-
bridge

[EC] Micheal Barr, Pierre A. Grillet, Donovan H. van Obdsol, Exact
Categories and Categories of Sheaves, Springer-Verlag, 1971, Berlin-
Heidelberg-New York

[CF] Maria Cristina Pedicchio, Walter Tholen, Categorical Foundations
Special Topics in Order, Topology, Algebra, and Sheaf Theory, Cam-
bridge University Press, 2004, Cambridge

[HT] Jacob Lurie, Higher Topos Theory, Online Edition, download at
http://www.math.harvard.edu/ lurie/

37



