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Introduction

The notion of exact category is one of the most interesting notion stud-
ied in category theory. In fact, several important mathematical situations can
be axiomatized in categorical terms as exact categories satisfying some typical
axioms. Let us clarify this fact with some examples.

The categorical setting for homological algebra is given by abelian categories;
an abelian category is an exact category satisfying moreover the typical axiom
which holds in module categories, i.e. the set of homomorphisms between two
objects is an abelian group and composition is a group homomorphism.

The categorical generalization of a space, or, better, of the category of
sheaves on a space, is given by the notion of Grothendieck topos; a Grothendieck
topos is an exact category with a set of generators satisfying moreover typical
axioms which are true for sheaves: sums are disjoint and universal.

The categorical counterpart of universal algebra is given by monads over
SET; a monadic category over SE7 is an exact category satisfying moreover
some extra-assumptions saying that there exist free algebras and each algebra
is a quotient of a free one.

Another important example is given by elementary topo, i.e. the categorical
universes in which to develop mathematics; of course, an elementary topos is
an exact category.

Now, after a little bit of publicity to the notion of exact category, let us
recall the definition:

a category is exact if

i) is left exact

ii) each arrow can be factored as a regular epi followed by a mono and regular
epis are pullback stable

ili) equivalence relations are effective

A category satisfying i) and ii) is also called regular.
(By the way, a category which is exact in the sense of the above definition
is sometimes called “Barr-exact”. This is to avoid confusion with other, not
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equivalent, notions of exact category used, for example, in algebraic K-theory.
The reference to Barr is due to the fact that one of the first, maybe the first, work
in which our definition can be found is Barr’s contribution in [2]. Nevertheless,
this definition is older, at least as Tierney’s theorem characterizing abelian
categories. For a general introduction to regular and exact categories, the reader
can refer to [8]).

Looking at the previous definition, the question naturally arising is: given a
left exact category C, can one “complete C in the best possible way” to obtain
a regular category or an exact category?

Let us start with the problem of the exact completion. More exactly, the
question is: given a left exact category C, do there exist an exact category
Cex and a left exact functor I': C—— Cex which are universal? Here universal
means that, for each exact category B, composing with I' induces an equivalence
between the category of exact functors from Cex to B and the category of left
exact functors from C to B. (Recall that a functor between regular or exact
categories is exact when it is left exact and preserves regular epis).

The answer is affirmative: in fact, following a suggestion of A. Joyal, A.
Carboni and R. Celia Magno in [15] have given an explicit construction of the
free exact category I': C——Cex over a left exact one.

As usual, one of the points of interest in performing this free construction
is that if one wants to study the exact functors between two exact categories
A and B and A is free over a certain left exact base C (that is A is equivalent
to Cex), then one can equivalently look at the left exact functors from C to B,
which can be considerably easier.

Of course, to make this, one must be able to recognize when an exact category
is free, that is one needs a characterization of free exact categories.

In fact, Carboni and Celia Magno give the following elegant characterization
theorem:
an exact category A is free if and only if the two following conditions are satisfied
(“projective” means “regular projective”):

1) A has enough projectives (that is each object is quotient of a projective
one)

2) the full subcategory P(A) of projective objects is closed in A under finite
limits.

When this is the case, A is free over P(A).

Some interesting applications of those results have been found, for example,
in the study of the so called Effective topos (see [14]) and for the construction of
the free abelian category over an additive one (cf. [1] and [15]). However, there
exist important examples of exact categories which satisfy the first condition of
the characterizing theorem but not the second one.

The two crucial examples are the following:
the category of algebras for a monad over SE€7 is exact and has enough projec-
tives, because free algebras are projective and each algebra is quotient of a free
one;



each presheaf on a small category is quotient of a sum of representable presheaves
which are projective objects in the exact category of presheaves.

The question naturally arising is then whether an exact category with enough
projectives is free in some sense; this leads to look more carefully at the full
subcategory of projective objects of a category with enough projectives.

We have said that, if the whole category A is left exact, the full subcategory
P(A) is not necessarily so; nevertheless in P(A) remains a trace of the left
exactness of A.

Consider, for example, two projective objects P; and P, and their product

P1 &Pl X PQ&PQ

in A: there are no reasons why P; x P, is projective but, as the projective are
“enough”, one can consider a projective cover of P; x Ps, that is a projective
object P and a regular epimorphism q¢: P—— P; X P5; now the diagram

P pxpL p 9. p xp-"2p

is a “weak” product of P; and P, in P(A). In fact, given a projective object Q
with two arrows P; <——Q—— P>, there exists a factorization ) —— P which,
in general, is not unique.

This kind of argument indicates that if A is a left exact category (in partic-
ular an exact one) with enough projectives, then the full subcategory of P(A)
of projective objects is weakly left exact.

The next important step is then to observe that the construction of an exact
category Cex from a left exact one can be carried out even if the base C is only
weakly left exact.

Now the problem is: given a weakly left exact category C and its exact com-
pletion Cex, what kind of functors with domain C classifies the exact functors
with domain Cex and exact codomain? That is, what functors C——B (with
B exact) correspond to exact functors Cex —B? Of course, if we want the
embedding C——Cex to be universal, this functor must be an admissible one
(it must correspond to the identity of Cex).

Now, taking into account that we would like to characterize free exact cat-
egories over weakly left exact categories as exact categories with enough pro-
jectives, it is clear that we have to look at the full inclusion of P(A) in A: the
exact completion I': C——Cex will be of the form P(A) — A.

Keeping in mind the previous discussion on the weak left exactness of P(A),
we can axiomatize the behaviour of P(A) — A with respect to the weak limits
of P(A) with the following definition: consider a functor F:C——B with C
weakly left exact and B left exact; we say that F' is left covering if the unique
factorization between the image by F' of a weak finite limit in C and the corre-
sponding limit computed in B is a strong epimorphism.

Once this definition is reached, it becomes only a technical work to obtain the
universal property of the embedding I': C——Cex: for each exact category B,
composing with I" induces an equivalence between the category of exact functors
from Cex to B and the category of left covering functors from C to B.
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Moreover, one can obtain the expected characterization theorem: an exact
category is free on a weakly left exact one if and only if it has enough projectives.
More exactly, if A is an exact category with enough projectives P(A), then the
unique exact extension (P(A))ex —A of the full inclusion P(A) — A is an
equivalence.

If also the domain is left exact, a left covering functor is exactly a left exact
one, so that we obtain the case discussed in [15]; in this case the exact completion
gives the left biadjoint to the inclusion of the 2-category of exact categories in
the 2-category of left exact categories.

Unfortunately, this is no longer true for the exact completion of weakly left
categories. There is no way to choose morphisms between weakly left exact
categories so that the universal property of I': C——Cex becomes part of an
adjunction between exact categories and weakly left exact categories.

Now that we have studied the exact completion of a weakly left exact cat-
egory, we can come back to the definition of an exact category and start again
with the analogous problem of the regular completion of a weakly left exact
category. Once again, the problem can be solved keeping in mind the left exact
case, even if the definition of Creg needs some important modifications. The
interesting functors turn out to be again the left covering functors.

Of course, one can study at first the regular completion of a weakly lex
category and then obtain the exact completion using the fact that the forget-
ful functor from the 2-category of exact categories and exact functors to the
2-category of regular categories and exact functors has a left biadjoint. Never-
theless, for the applications it is crucial to have a simple one-step description of
the exact completion.

Now that the whole story of the regular and exact completion of a weakly
left exact category has been told, we can look at the applications of this theory.

First of all, a full understanding of the characterization of our major exam-
ples.

The category EM(T) of algebras for a monad T over SET is exact and the
free algebras constitute enough projectives, so that, from the characterization
of free exact categories, to characterize EM(T) it suffices to characterize the full
subcategory KL(T) of free algebras. This last problem is only an easy exercise.

Moreover, the theory as far developed allows us to characterize some im-
portant classes of subcategories of monadic categories in terms of generators
(more precisely, we can characterize reflections, epireflections and localizations
of monadic categories over SET).

Analogously, one can try to characterize the category of presheaves SE TDOP
on a small category D; here enough projectives are provided by sums of repre-
sentable functors, so that one has only to characterize the full subcategory of
these objects, that is the sum-completion FamD of D.

Remaining in the context of Grothendieck topo, we use the universal prop-
erty of SET pop as exact completion of FamD to give a direct proof of the
equivalence between localizations of presheaf categories and “Giraud” topo.

Another interesting application of our results can be found in the study of



geometric morphisms from a cocomplete (pre)topos to a presheaf category; the
crucial point is to observe that a functor F' from a small category D to a regular
category with good sums A is filtering exactly when its sum-preserving extension
F’ from FamD to A is left covering.

Throughout the second, the third and the fourth chapter, we give some other
examples and applications; to do this, we are sometimes obliged to consider fur-
ther developments of the theory. We leave the reader with some open problems
naturally arising from the examples.

The idea of generalizing the exact completion from left exact bases to weakly
lex bases was firstly conjectured by A. Carboni during his conference at the Cat-
egory Theory 1991 in Montreal. The main results contained in this thesis has
been presented by A. Carboni and myself in a talk at the 51st PSSL (Valenci-
ennes, February 1993). Another ancestor of this work can be found in Freyd’s
work [20], where the problem of the reflection of an additive category in the
category of abelian categories is studied.

To end, I must apologize with the reader for my notation: the composition
of two arrows as

atop 9. ¢

will be written f-g. At least, my work has a common point with the mathe-
matical production of the great mathematician Charles Ehresmann (and this is
an honour for me): to stress the reader with unusual notations.
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Chapter 1

The exact completion

1.1 Weak limits and pseudo equivalence-relations

In this section we look at the existence of weak limits and we state a basic
fact about pseudo equivalence-relations.

Definition 1.1.1 Let £L:D——C be a functor with D a small category; a
weak limit of £ is a cone (mp: L——LD) pep, in C such that for each other cone
(tp: C——LD)pep, in C there exists a morphism 7: C — L with Torp = Tp
V D € Dy; we write wlimL for such a weak limit.

So in the definition of a weak limit we require only the existence of a fac-
torization and not its uniqueness (as in the “strong” case). A first consequence
of this fact is that a functor can admit several not isomorphic weak limits; for
example, in the category SE7, each not emtpy set is a weak terminal object.

Now we give some conditions for the existence of weak limits.

Proposition 1.1.2

1) the existence of weak binary products and weak equalizers implies the
existence of all weak not empty finite limits

2) the existence of weak pullbacks, of a weak terminal object T' and of a weak
product of T' with itself implies the existence of weak finite products

3) the existence of small weak products and of weak equalizers of small fam-
ilies of parallel arrows implies the existence of all small weak limits.

Proof:

1) the existence of weak pullbacks follows as in the strong case and in the
same way binary implies finite. Now, if £:D——C is a functor defined
on a finite category D, let us consider a weak product indexed over all the
objects D € Dy with the corresponding projections

ot ([ p £D)—LD

11
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and, for each arrow d: D— D', the two parallel arrows in C

7TD/

I, . co—rD
DeDo  7p - Ld

and a weak equalizer of them

D
<] ep, LO—7£D'
DeDy

D *

Now we can find a weak pullback (E— %~ F4)4ep, over the diagram of
convergent arrows (Eq—4>[]5cp LD)aep,. It is easy to check that the
cone

(E Ey Dpepy LD LD)pep,
is a weak limit of £;

2) let tg: A——T and tg: B——T be two arrows into the weak terminal ob-
ject T and let T<"—T x T —2+T be the required weak product. Consider
the following weak pullbacks

D2

T1 TxT T2 TxT P —— T2
™ Vo Ty 2 D1 lo
A T T B 5 T Ty o TxT

It is easy to see that AX"L P22 B is a weak product of A and B;

3) analogous to 1). |

Let us remark that in the proof of part 1) of the previous proposition it is not
possible to work as in the strong case (cf. vol.1, ch.2 of [8]) because the family
of projections [[;cp, £(codomain(d)) — L(codomain(d)) is not in general a
monomorphic family.

Definition 1.1.3 We call a category C weakly lex (lex = left exact) if, for every
functor L: D——C defined on a finite category D, there exists a weak limit of

L.

Now some points of terminology: recall that an object P of a category is
called regular projective if, for each arrow f: P—— X and for each regular epi
q:Y — X, there exists an arrow f’: P——Y such that f’-q = f. For brevity,
we write projective instead of regular projective.
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Definition 1.1.4 Let C be a category and P a full subcategory of C; we say
that P is a projective cover of C if the two following conditions are satisfied:

e cach object of P is projective in C

e for each object X of C there exists a P-cover of X, that is an object P of
P and a regular epi P— X.

Of course, a category C admits a projective cover if and only if it has enough
projectives; we have given the previous definition because we will often have to
distinguish between “all the projectives” and “enough projectives”. Elsewhere
a projective cover is called a resolving set of projectives (see, for example, [20]).
The relation between two projective covers of a same category is stated in the
following proposition. The terminology involved in the statement is explained
all along the proof.

Proposition 1.1.5 Let P; and Py be two projective covers of a category C; the
splitting of idempotents of P is equivalent to those of Py (so that, if Py and Py
are small, they are Cauchy-equivalent); in particular, if the idempotents split in
C, the splitting of idempotents of P is equivalent to the full subcategory of all
the projective objects of C.

Proof: Let us recall that the splitting of idempotents ST(P;) of the category
P, is the category defined as follows:
objects: arrows p: A—— A with A€ Py andp-p=p
arrows: an arrow z: (p: A— A)—(q: B— B) is an arrow x: A— B such
that the following diagram is commutative in each part

ALy

N

BT’B

identity: p: (pr A—>A)—— (p: A—A)
composition: the obvious one.

Given an arrow z: (p: A—— A)—(q: B— B) in SI(P;), we can consider
a Py-cover r: A’ —— A of A and a Py-cover m: B'—— B of B.

Since A and B are projectives, there exist sections s: A— A" and n: B—— B’
(that is s-7 =14 and n-m = 1g). It is easy to verify the commutativity of the
following diagram

A - - A

R ) rex-n R )
i !
B ] B
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This means that
r-z-n(r-p-sA—A)—(m-q-n:B —B)

is an arrow in SI(P2).

If we think of choosing a distinguished Pg-cover r: A’— A (together with a
distinguished section s) for each object A of P, the previous construction gives
us a functor SI(P;)— SI(Ps).

Analogously one can build up a functor SI(Pg)—SI(Py).

If A is in P; and we have choosen as Py-cover r: A’—— A and as P;-cover
p: A" —— A" (with sections s: A—— A’ and 0: A’——A"), we obtain a natu-
ral transformation from the composite SI(P;)—SI(Py)—SI(Py) to the
identity functor on SI(IP;) taking as component at (p: A—— A) the arrow

pr-p(pr-p-s-ocA—A")—(p A—>A).
But this arrow is an isomorphism having as inverse the arrow
p-s-o(p-A—sA)—>(p-1-p-s-a A'—=A").

This shows that SI(P;) is equivalent to SI(Ps).

To prove the remamining part of our statement, we need some general facts.
Given an idempotent p: A—— A in a category X, we say that p splits if there
exist e: A—— F and f: E— A such that e- f = p and f-e = 1. Equivalently,
p splits if there exists the equalizer f: E—— A of p and 1 4; if such an equalizer
exists, then it is an absolute equalizer. We say that X is Cauchy-complete if in
X all idempotents split. The category ST(X) is then the “Cauchy-completion”
of X, that is

o SI(X) is Cauchy-complete
e there exists a full and faithful functor §: X—— SI(X)

e for each functor F:X——A, with A Cauchy-complete, there exists a
unique (up to natural isomorphisms) functor F: S1(X)——A such that
S -F~F.

In fact, given an idempotent z: (p: A—— A) — (p: A—— A) in ST (X)), it splits
as
(p: A A) Lo (2: A A) L (p: A— A).

The functor
X— SI(X)

sends z: A—Bon x: (14: A— A)——(1g: B—— B). As far as the univer-
sal property of X——ST(X) is concerned, it suffices to observe that for each
arrow z: (p: A—— A)—(¢: B— B) in SI(X), the following diagram is com-
mutative and each line is an absolute equalizer
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p
(p:AHA)—Z)»(lA:AHA) (14:A— A)

La
4 q q
q
(q:B—>B)—q>(13:B—>B) (1g: B — B).
1p

In particular, if in X idempotents split, then SI(X) is (equivalent to) X.

It is a well-known fact that, if X is small, SI(X) is equivalent to the full

0
subcategory R(X) of SET™ P spanned by retracts of representable functors;
0
moreover, two small categories X and Y are Cauchy-equivalent (that is SE T* P
0

is equivalent to SET” p) if and only if R(X) is equivalent to R(Y) (cf. [8] vol.
I chap.6 5, where also the name “Cauchy-completion” is exaplained).

Coming back to our statement, it remains to prove that if idempotents split

in C, then they split in the full subcategory of projective objects: this is the
case because retracts of projective objects are projectives. [ ]

The relation between weak limits and projective covers is given in the fol-
lowing proposition.

Proposition 1.1.6 Let £L:D——C be a functor defined on a small category
D and suppose that it can be factored as

NS

where P is a projective cover of C and P——C is the inclusion; if there exists
wlimL, then there exists also wlim£’. In particular if C is weakly lex, the same
holds for P.

D

Proof: Let (rp: L—LD)pep, be a weak limit of £ and consider a P-
cover p: P——L of L; then (p - 7p: P—LD)pep, is a weak limit of £": in
fact, if (7p: Q—LD)pep, is a cone on £ with @ € P, then the factorization
7:Q— L can be lifted to a factorization 7: Q—— P because @ is projective.

|

Let us recall another definition.

Definition 1.1.7

1) in a category C, a pseudo relation on an object X is a pair of parallel
arrows r,r9: R—» X ; the pseudo relation is a relation if vy and ry are
Jjointly monic;
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2) the pseudo relation r1,r9: R— » X is

o reflective if there exists an arrow rr: X — R such that rg - r4 =
1X =TR" T2

e symmetric if there exists an arrow sg: R— R such that sg-T1 =79
and sp-1To =11

3) if
l
P—+R
l2l l"“Q
R?X

is a weak pullback, the pseudo relation r1,r9: R X is transitive if there
exists an arrow tp: P—— R such that the following diagram is commuta-
tive in each part

I I
R~—p—2+R

Tll ltR lrz

Let us remark that the transitivity of a pseudo relation rq,75: R— X does
not depend on the choice of the weak pullback of 1 and ro; in fact, if

Iy

L

is another weak pullback, the factorization P— P composed with the transi-
tivity tg: P—— R ensures that the pseudo relation is transitive also with respect
to the second weak pullback. In particular, this tells us that, if C has pullbacks
and the pair 71,72 is jointly monic, our definition coincides with the usual one
given in terms of (strong) pullback and so with the one given in terms of hom-set
(cf. vol. II, ch. 2 of [8]). Of course a pseudo equivalence-relation is a pseudo
relation which is, at the same time, reflective, symmetric and transitive.

Definition 1.1.8 A category A is regular if
1) it is left exact

2) each arrow can be factored as a regular epi followed by a monomorphism
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3) regular epis are pullback stable

Recall that, if conditions 1) and 3) of the previous definition are satisfied, then
condition 2) is equivalent to

2’) each kernel pair has a coequalizer.

Proposition 1.1.9 Let A be a regular category and P a projective cover of A;
if ri,ro: R—+ X is a pseudo equivalence-relation in P and

1

R X

1

11 |12
R

. . PR . . . . . . —_— .
is its regular epi-jointly monic factorization in A, then i1,i9: R— + X is an
equivalence relation in A. ]

This proposition, together with proposition 1.1.6, constitutes the basic fact
to understand the notion of left covering functor and its properties. Never-
theless, we do not give here a proof for this proposition, because it is a very
particular case of a more general theorem which will be proved in section 1.4.
Let us only remark that in general ry, 72: R—_7 X is not transitive in the whole
category A. In fact, the transitivity of r1,ro: R__7X in P means that there
exists a transitivity tp: P—— R defined on a P-cover P of the pullback of ry
and ro. Such an object P is a weak pullback of 1 and 75 in P but not necessarily
in A, while the transitivity of rq,rs: R— 77X inA requires the existence of a
transitivity morphism defined on a weak pullback of r; and 7y in A.

1.2 The exact completion

This section is completely devoted to the construction of an exact category
from a weakly lex one.

Definition 1.2.1 A category A is exact if
1) it is regular
2) each equivalence relation is effective (that is it is a kernel pair).

Definition 1.2.2 Let C be a weakly lex category; we define a new category
Cex as follows:

e objects: an object of Cex is a pseudo equivalence-relation in C

—_—
ri,ror R X
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e arrows: an arrow between two objects
_— —_—
ri,ro: R— X and s1,89: S5 —5Y

of Cex is an equivalence class of pairs of compatible arrows (f, f) as in
the following diagram

where the pair (f, f) is said to be compatible if f-s; =71 - f and f - sy =
ro - f; such two pairs (f, f) and (g, g) are considered to be equivalent if
there exists an arrow (a “homotopy”) ¥: X —S such that ¥ - s; = f
and X - s9 = g.

The previous definition needs some comments. First of all, it is easy to see
that the relation between compatible pairs is effectively an equivalence relation
(to check each condition, use the corresponding condition of the pseudo relation
S1, S9! S::Y) and that it is compatible with the composition in C; so Cex is
a category with respect to the composition between equivalence classes defined
as the componentwise composition of the corresponding representatives and the
identity of 71,72: R— X given by the class of the pair of identities (1g,1x).

Let us also observe that, if (f, f) and ( 1, f) are two compatible pairs of
arrows between the same objects of Cex, then they are always equivalent (use
f followed by the reflectivity of the codomain as homotopy); so it makes sense
to write [f] for the equivalence class of (f, f).

(Nevertheless, by abuse of language, we will often say that a double-commutative
diagram

Rt

[l -[1

X 7 Y
is an arrow in Cex, forgetting the passage to the quotient.)

Observe also that no size conditions are requested on C to construct Cex
and that Cex is small if C is small.

Before starting with the verification that the category Cex is exact, let us
look more informally at the definition of an arrow in Cex. Think of the category
C as an exact category in which every object is projective (for example SET)
and think of ry,rs: R X and S1, So: S__TY as two equivalence relations.
Then an arrow between rq, ro: R__T X and S1, So: S”_YY as in the definition
of Cex is exactly an arrow from the quotient of X by R to the quotient of Y by
S (we leave to the interested reader the easy but instructive verification of this
last assertion).
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Theorem 1.2.3 Let C be a weakly lex category and let Cex be as in definition
1.2.2; then Cex is an exact category.

We give here only the constructions of finite limits and regular epi-mono
factorization in Cex. We refer to chapter 4 (sections 6 and 7) for two detailed
proofs of the theorem.

Proof: Step 1: Cex is a left exact category. Let T be a weak terminal object
in C and consider a weak product T<"—T x T—"2+T. Then my,mo: TXT — T
is the terminal object in Cex.

Let us consider now the following pair of arrows in Cex

In order to build up its pullback, consider a weak limit (P; f, ¢, Q) as in the
following diagram

and a weak limit (E; p, ey, e9,7) as in the following diagram

E
p T
/// €2
P
f g

R P T
r2 ) 9 g t
T to
X X A Z

The required pullback in Cex is given by
R~L—p—Tur7

e [ )

XTPTZ
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We also need an explicit description for equalizers in Cex; for this, consider
two parallel arrows in Cex

f
R S
g
Tl |[T2 S1| |S2
f
X Y
g

In order to build up their equalizer, consider a weak limit (E;e, ) as in the

following diagram
E
/ X
X g s S
| >k

Y Y
Consider again a weak limit (R;e1,€,e2) as in the following diagram
E~ R+
el le le
X+~ R—Fp>X
Then the equalizer in Cex is given by

R ¢ R

€1] |€2 i |72

E - X

Step 2: Cex has regular epi-mono factorization and regular epis are stable
under pullbacks.
Given an arrow in Cex
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R

1| |T2 S1| | S2

X

7 Y

consider a weak limit (I;41,7,72) as in the following diagram

X2 7 2,.x

b

Y+~ S ——Y

51 59
Since
R
AN
X S X

is a cone on the diagram defining I, there exists t: R——1I such that, in partic-
ular, t-4; = ry and t - io = ro. The required factorization is given by

t i

R—— I —S§

o o |

X—X—FY
1x f
As far as the previous factorization is concerned, one can prove (and it will
be done in section 6 of chapter 4) that in Cex regular epimorphisms are, up to
isomorphisms, exactly the arrows of the form
rt.g

rll 17«2 sll 132

XTX>X

1.3 Projective objects in the exact completion

In this section we study the embedding of a weakly lex category C in its
exact completion Cex defined in the previous section. We deduce from this
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study that the category Cex has enough projectives, which will be the condition
characterizing a free exact category.

Proposition 1.3.1 Let C be a weakly lex category and Cex its exact comple-
tion as defined in 1.2.2; there exists a functor

I CH(C@X

defined by

X 7

which is full and faithful and preserves monomorphic families.

Proof: The functoriality of I' is obvious.
I" is full: consider an arrow in Cex

X

The compatibility condition immediately implies that f = f so that [f] = ['(f).
T is faithful: if I'(f) = I'(g) then there exists a homotopy ¥: X ——Y such that
-1ly = fand ¥ -1y =g so that f =g.

I" preserves monomorphic families: as for the faithfulness. [ |

Proposition 1.3.2 Let I': C——Cex be as in the previous proposition; the
image I'(C) generates Cex via coequalizers (that is, if

i

S

T1| | T2 S1| | S2
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is an arrow in Ceyx, then in the following diagram in Cex the two horizontal
lines are coequalizers and the last vertical arrow is the unique extension to the
quotient

F’I"l r 1 1
I'R px L lx] (R — X)
I'ro T2
rf rf [f]
I'sy 1
rs Iy S —2XY) )
]_"32 [T'S, ]-Y] S9
Proof: Let us write explicitely the first line
1 r
R x —&~ R
T2
1r| |1r Ix| |1x ri| |72
™
R X I X
T2 X

(rr: X —R is the arrow realizing the reflexivity of rl,TQ:R:X); using
as homotopy the identity 1p: R—— R, one has that the arrow on the right
coequalizes the two parallel arrows on the left; suppose now that the same is
true for an arrow

so that there exists a homotopy >: R——T such that >-t; =r;-gand X -t5 =
r9 - g; one can choose then as factorization the arrow

D)

R T

ri| |72 t1] |12

X A

g

in fact the resulting diagram in Cex is obviously commutative; moreover, the
factorization is necessarily unique because
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x — &

R

Ix| [1x ri| T2

X

1x X

is a regular epi (cf. Step 2 of theorem 1.2.3). In order to conclude our proof, it
is enough to observe that the following square in Cex is commutative

rx relxl p ——
T2

rf [f]
1

ty [rs, 1y] (5 % )

Proposition 1.3.3 Consider the functor I': C—— Ceyx defined in 1.3.1 and an
object Y € C; I'Y is a projective object in Cex.

Proof: Consider an arrow in Cex

~l

X

Y

and its regular epi-mono factorization as in 1.2.3

R - I - Y

r1i| |72 51| |52 Iy | |1y

X 1X‘X f‘Y

If the given arrow is a regular epi, then the monic part of its factorization has
a left-inverse, that is there exists an arrow
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together with a homotopy >:Y ——Y such that ¥ -1y =1[- fand X -1y =1y
so that, as a section of the given arrow, one can choose

y l'TR

R

Iy | |1y T1| T2

Corollary 1.3.4 The image I'(C) of the functor I': C——Cex is a projective
cover of Cex, so that Cex has enough projectives. [ ]

Let us remark that in general the functor I': C——Cex does not preserve
weak limits of C (we will give an explicit counterexample in section 1.6); never-
theless, we can observe some useful facts.

Proposition 1.3.5 Consider the functor I': C——Cex
1) T preserves all the strong finite limits which turn out to exist in C

2) the corestriction of T to the full subcategory of projective objects of Cex
preserves the weak finite limits of C.

Proof: Part 1) is a particular case of a more general property which will
be proved in the next section; part 2) is routine using the characterization of
projective objects in Cex given in the following lemma.

Lemma 1.3.6 An object r1,75: R— X of Cex is projective if and only if it
is contractible, that is if there exists an arrow X: X — R such that ¥ -ry = 1x
andry-X 19 =79 X - To.

Proof: (if) : use X: X — R as a homotopy to show that the two following
arrows

R ISR O X TR

R

r1| T2 x| |1x T1| T2

X

- T2 X 1X X

exhibit r1,r9: R— + X as aretract of 1x,1x: X —+ X;

(only if) : if rq,r9: R—+ X is projective, then there exists a section of the
regular epi
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x —E . R
Ix| [1x ri| T2
X Tx X
that is an arrow
R —5%— X
r1| T2 Ix| [1x
X 3 X

@

together with a homotopy ¥: X —— R such that ¥ -ry = 1x and ¥ -ry =
from the second equation and the compatibility condition, one has ry - ¥ - 79
rN-S=8=T9:-S=7"9 2" Ts.

Y

1.4 Left covering functors

Keeping in mind the proof of Proposition 1.1.6, we are ready to give our
basic definition.

Definition 1.4.1 Consider a functor F: C—— A with C weakly lex and A left
exact; we say that F' is left covering if, for all functors L: D——C defined on a
finite category D and for all weak limits

wlimL = (mp: L—LD) pep,,

the canonical factorization p: FL— L is a strong epimorphism. Here p is the
unique arrow such that

FL

p
)

F(LD

L

is commutative for all D € Dy, where
(#p: L—F(LD))pep, = limL - F

As a first remark, observe that in the previous definition the second “for all”
can be equivalently replaced by a “for one”. In fact, if

(7T'D: L"l:D)DE’DO and (7TID: L/HED)DEDO
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are weak limits of £: D ——C, then there exists a factorization ¢t: L — L’; now,
if the factorization p: FL— L is a strong epimorphism, even the factorization
p': FL'— L must be a strong epimorphism because the following diagram is
commutative

FL

L

P P’

Ft

L
(to check this commutativity, we can compose with the 7p’s, because L is the
strong limit).

Proposition 1.4.2 Let F:C——A be a functor with C weakly lex and A a
left exact category with strong epi-mono factorization; the following conditions
are equivalent (notations of 1.4.1)

1) F is left covering with respect to a given finite diagram £:D——C in C

2) the jointly monic part of the strong epi-jointly monic factorization of
(Frp: FL—F(LD))pep, is the limit of L - F

3) there exists a weak limit (mp: L——LD)pep, of L, a weak limit (7 p: L——F(LD))pep,
of L-F and a strong epi q: F'(L)— L such that q-7p = F(np) for each
D in Do.

Proof: The equivalence between 1) and 2) and the implication 1) = 3) are
obvious.

It remains to prove that 3) implies 1): if (7p: L — F(LD)) pep, is the limit
of £ - F, then weak limits of £ - F are exactly coretracts of L (and retraction
and section commute with projections). As factorization p: F(L)— L we can
choose F (L)—»ﬁ—»i; by assumption, the first component is a strong epi

and the second one is a strong epi because it has a section. [ |

The interest of the previous proposition lies in the fact that condition 3) can
be formally written when the codomain A is only weakly lex. Unfortunately, this
condition is not stable by composition; an explicit counterexample will be given
at the end of section 1.6. The stability of the notion of left covering functor will
be discussed in propositions 1.4.7 and 1.4.8.

Let us look now at an important particular case; we say that a functor
F:C——A defined on a weakly lex category C is weakly lex if for each func-
tor £L:D——C, with D finite, and for each (eqivalently, for one) weak limit
(mp: L—LD)pep, of L, one has that (F(np): F(L)—F(LD))pep, is a
weak limit of £ - F.

Proposition 1.4.3 Consider a functor F: C——A with C weakly lex and A
left exact; consider also the following conditions

1) F is left covering
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2) F is weakly lex
3) F is left exact.

One has that 2) implies 1); moreover, if C is left exact, the three conditions are
equivalent.

Proof: To prove that 2) implies 1) and, if C is left exact, that 3) implies 2), it
suffices to use once again the fact that, if there exists the strong limit, then weak
limits are exactly the coretracts of the strong one. Now, assume C left exact
and F left covering; let us start showing that F' preserves the terminal object
T of C: by hypothesis, the unique arrow ¢: FT —T (where T is the terminal
object of A) is a strong epimorphism; in C, one has that T2 T 170 T ig the
product of T with itself, so that the unique factorization FT ——FT x F'T is a
(strong) epimorphism and then the two projections FT <"~ FT x FT "2~ FT
are equal. But the pair 71,7y is the kernel pair of ¢, so that ¢ is a mono and
then an iso.

To show that I’ preserves not empty finite limits, we need a lemma.

Lemma 1.4.4 Let F:C——A be a left covering functor; F preserves finite
monomorphic families.

Proof: (up to some minor modifications, it is the same argument used in
1.829 of [22])
A family of arrows (f;: A— A;);ec1 is monomorphic if and only if the following
diagram is a limit

A - A = A
i fi

(when the family is reduced to one single arrow f: A—— B, one has the familiar
argument that f is a mono if and only if

A A, g
1a f
A B
f

is a pullback); now apply F' and consider the factorization ¢: FA— M (where



1.4. LEFT COVERING FUNCTORS 29

M

X a; Y

FA -FA; < FA

Ff; Ff;

is the limit in A); by hypothesis ¢ is a strong epimorphism, but, by the commu-

tativity of
FA d - M
FA

q is also a monomorphism and so it is an isomorphism. This means that

FA
1F Ffl 1FA
PA—pg iy 14
is a limit and then the family (Ff;: FA——FA;);cs is monomorphic. [ |

Let us come back to the proof of proposition 1.4.3: F:C——A is a left
covering functor between left exact categories and we have to prove that F
preserves not empty finite limits. Consider a functor £:D——C defined on
a not empty finite category D; consider also limL = (np: L——LD)pep,
and limL - F = (7p: L— F(LD))pep,: the family (mp: L—LD)pep, is
monomorphic so that also the family (Frp: FL—F(LD))pep, is monomor-
phic by 1.4.4; for all D € Dy, the following diagram is commutative

FL P - i
F(LD)

so that the unique factorization p: FL— L is a monomorphism; but, by hy-
pothesis, it is a strong epimorphism, so it is an isomorphism. ]
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Let us remark that in the proof of proposition 1.4.3 we have established a
more general fact: a left covering functor from a weakly lex category to a left
exact one preserves all the finite limits which turn out to exist in the domain
(i.e. being left covering is a kind of flatness).

In the next proposition we complete the comparison between left covering
functors and weakly lex functors. We call strong projective an object which is
projective with respect to strong epimorphisms.

Proposition 1.4.5 Consider a functor F: C——A with C weakly lex and A
left exact; suppose that F factors through the full subcategory P(A) of strong
projective objects of A and call F': C—— P(A) its corestriction;

1) if F is left covering, then F' is weakly lex

2) if A has enough strong projectives and F' is weakly lex, then F is left
covering.

Proof: 1) Let D be a finite category and consider
pL.cLia

wlhim£ = (nmp: L—LD)pep, and imL - F = (7p: L— F(LD))pep,; the
factorization p: FL——L is a strong epimorphism in A, so that if P is the
vertex of a cone over £ - F and P is in P(A), then the unique factorization
P——T can be lifted to a factorization P— FL.

2) if t: P— L is a strong epimorphism in A with P € P(A), then there exists
a factorization t': P—— F'L such that the following diagram is commutative for

all D € D,

!
FIL ~—t P
F(’]TD) t
F(LD) = L

but the family (7p: L— F(L£D))pep, is monomorphic, so that the following
diagram is commutative

/
FI < t P
L

This implies that p: FL—L is a strong epimorphism in A. ]
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Corollary 1.4.6 Let F:C——A be a functor with C weakly lex; consider the
three following conditions:

1) F is flat
2) F is weakly lex
3) F is left covering

The two first conditions are equivalent; moreover, if the axiom of choice holds
in A (that is each object is strong projective) and A is left exact, then the three
conditions are equivalent.

Proof: the equivalence between 2) and 3) immediately follows from the pre-
vious proposition. Now let us make clear that in the present situation we
call F flat if, for each functor £:D——C with D finite and for each cone
(7p: L—F(LD))pep, over L-F in A, there exist a cone (1p: L—LD)pep,
over £ in C and a factorization t: L— F(L). (Observe that this condition does
not require the existence of weak limits in C. It means that, for each A € A,
the comma category (A, F) is filtering (cf. [6]).) To show that 2) implies 1),
we can take as L a weak limit of £ so that, by assumption, F(L) is a weak
limit of £ - F and then there exists a factorization from L to F(L). Conversely,
by assumption, there exist a cone (7T/DZ L'——LD)pep, in C and a factoriza-
tion t': L— F(L'). But, if L is a weak limit of £, there exist a factorization
h: L' — L. Now t' - Fh gives us a factorization from L to F(L), that is F(L)
is a weak limit of £ - F. n

In the two next propositions, we establish the stability of the notion of left
covering functor; we leave the easy proofs to the reader.

Proposition 1.4.7 Let B—Y~C—E+A be two functors with B and C weakly
lex and A left exact; if G is weakly lex and F is left covering, then the compo-
sition G - F:B—— A is left covering. [ |

Proposition 1.4.8 Let C—E+A—C+B be two functors with C weakly lex
and A and B left exact; if F' is left covering, G is left exact and moreover
G sends strong epimorphisms into strong epimorphisms, then the composition
F - G:C——B is left covering. [ |

Let us recall that in a regular category, the strong epimorphisms coincide
with the regular epimorphisms. Now we are ready to state the most important
property of left covering functors.

Theorem 1.4.9 Consider a left covering functor F: C——A with C a weakly
lex category and A a regular one; let r1,72: R— + X be a pseudo equivalence-
relation in C and consider the regular epi-jointly monic factorization of its image
by F
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F?“l
FR FX
FT’Q
11| |12
p
R

Then iy,i5: R— + F X is an equivalence relation in A.

Observe that this theorem is the announced generalization of proposition
1.1.9; in fact the full inclusion of a projective cover P in a regular category
A is obviously a left covering functor (cf. the proof of proposition 1.1.6). In
particular, the embedding I': C——Cex described in 1.3.1 is a left covering
functor (cf. corollary 1.3.4).

Proof: Let us write the previous diagram in the following form

Fri F
FR (FroFra) | by Fx

R

The reflexivity and the symmetry of (i1,i3) are easy to be shown; in fact,
they are equational conditions, so that they are preserved by each functor. If
rr: X — R is the reflexivity of r1,70: R—+ X, then Frg: FX —— FR is the
reflexivity of F'ry, Fry: FR—_TFX and so Frg -p: FX —— R is the reflexivity
of il,ig:E::FX. If sg: R— R is the symmetry of rl,rng:X, then
Fsg: FR—— F R makes commutative the following diagram

p <i17i2>

FR - R X x FX
Fsp T
- R .-
FR ) R liv,i2) FX xFX

where 7 is the twisting isomorphism. So, by the naturality of the regular epi-
mono factorization, there exists an arrow R—— R making commutative the
right-hand part of the previous diagram.

For the transitivity, consider a weak pullback
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P—+R
l2l l"“Q
RT>X

and the transitivity morphism tp: P—— R (that istg-r1 =13 - and tgp -9 =
12 . 7‘2).

Consider now the following diagram in A, in which both squares are pullbacks
and p is a regular epi; by associativity of pullbacks, v is a regular epi.

s J1 - FR
P
v

Y

2 Q —4 . g
ds 19

Y Y
FR P R — X

11

Using now the fact that the functor F': C——A is left covering, we have that
the factorization q: FP—— S such that ¢-j; = Fl; and ¢-jo = Fls is a regular
epi.

A diagram chasing show now that the following diagram is commutative

) dy iy, dy i
rp —47 Q (i indaie) | oy opx
Ftr lrpxxrx
R -
FR P n <i1,i2> FX x FX

But ¢ - v is a regular epi and (i1,i2) is a mono, so that there exists an arrow
@ — R making commutative the right-hand part of the previous diagram.
This shows that i1,79: R—» F'X is transitive. [ |

The next step is crucial to make handly the notion of left covering functor.

Proposition 1.4.10 Consider a functor F: C——A with C weakly lex and A
regular; if F' is left covering with respect to binary products, equalizers of pairs
of parallel arrows and terminal object, then it is left covering.

We need a lemma
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Lemma 1.4.11 Let A be a regular category;

1) in the following commutative diagram, if fi and f, are regular epis, then
the unique factorization fi X fo Is a regular epi

A ‘WLI‘M XAQ& A,
fi Ji X fa f2

By

Bl><BQ

B,

’/TB1 71'B2

2) in the following commutative diagram, where the two horizontal lines are
equalizers, if f1 is a regular epi and fy a mono, then the unique factoriza-
tion f is a regular epi

h
E € A T A,

—_——

g
f f1 fo

m
B . B

L ] -

3) if the following diagram is commutative, fi and fo are regular epis and f
is a mono, then the unique factorization from the pullback of a1 and as
to the pullback of by and by is a regular epi

Al ay . A < a9 Ag

fi f fa

B b - B = b By

Proof: 1) f1 X fo can be decomposed in the following way

J1 X 1a, 1p, X f2

A1XA2 Bl><A2 Bl><BQ

but (in every category) the following diagram is a pullback

A1 X 142&> Al

fix1a, fi

Bl X A2 Bl

71'31
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so that f1 x 14, is a regular epi if f; is a regular epi; in the same way 1p, X fo
is a regular epi and so also f1 X f3 is a regular epi

2) if f5 is a mono and [ is the equalizer of m and n, then (in every category)
the pullback of [ along f; is the equalizer of h and g; this means that f is the
pullback of f; along I and then f is a regular epi

3) using the usual construction of pullbacks via products and equalizers, this
point follows from the two previous ones. [ |

We leave to the reader the straightforward generalization of the previous
lemma from the case of binary products, equalizers and pullbacks to the n-ary
case.

We come back now to proposition 1.4.10; we divide its proof into three steps.

Step 1: consider a functor F:C——A as in proposition 1.4.10; it is left
covering with respect to n-ary products and n-ary equalizers.

Proof: We limit ourselves to the case n = 3;
products: consider three objects A, B and C' in C; (Ax B) x C' is a weak product
of A, B and C so that the unique factorization F((AxB)xC)——FAxFBxFC
can be decomposed as follows

p-(¢x1pc): F((AXxB)xC)—F(Ax B) x FC—(FA X FB) x FC

where p and ¢ are the obvious factorizations. By assumption, p and ¢ are regular
epis, so that (cf. Lemma 1.4.11) also ¢ X 1pc and p- (¢ X 1p¢) are regular epis.
equalizers: consider three parallel arrows in C

a:A——B,b:A—>B, c:A—B

and two weak equalizers

b e-a
[ e -

so that €' - e: B/ —— E is a weak equalizer of a,b and c.
Consider the equalizer in A

; Fb
L—~FA__,FB
Fc

by assumption the unique arrow p: F'E—— L such that p-l = Fe is a regular epi;
considering the following diagram (where the two horizontal lines are equalizers)

F(e-a)

S FE FB
F(e-b)

q D 1rB
l-Fa

L L FB
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by lemma 1.4.11, the unique factorization q: S——L’ is a regular epi; once
again by assumption the unique arrow ¢: FE'— S such that t - s = Fe is a
regular epi. But I’ -l: L' —— F A is the equalizer of Fa, F'b and Fc; the required
factorization FE'—— L' is given by t-¢q (in fact t-q-I'-l =t-s-p-l = Fe'-Fe =
F(e' -e) ) and so it is a regular epi.

Step 2: consider a functor F:C——A as in proposition 1.4.10; it is left
covering with respect to n-ary pullbacks.

Proof: once again, we limit ourselves to the case n = 3. Given three conver-
gent arrows in C

a:A—D b:B——D, c:C——D,

consider a weak product

Ax BxC

TA B c

A B C

and a weak equalizer e: E——AX BXxC of m4-a,7g-b, mc-c. A weak pullback

of a,b and c is then
A
e/ \
E-<T.p b . p
C

Consider now the following diagram in A where s: S——F (A x B x C) is the
equalizer of F(wa - a), F(ng-b), F(ng -¢) and I: L——FA x F'B x FC is the
equalizer of wgpa - Fa, mpg - Fb, mpc - ¢

S 5 vF(AxBxC)

L FAx FBx FC

l
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By step 1 p is a regular epi, so that by Lemma 1.4.11 ¢ is a regular epi; again
by step 1 the unique arrow t: FE——S such that ¢ - s = Fe is a regular epi.
But the bottom equalizer is the pullback in A of Fa, F'b and Fc; so the desired
factorization FFE—— L is given by the regular epi t- ¢ (in fact t - ¢ -1 - 7wpa =
t-s-p-mpa=Fe-Fry=F(e-m4)).

Step 3: consider a functor F:C——A as in proposition 1.4.10; it is left
covering.

Proof: Consider a functor £: D——C defined on a finite category D. Let us
recall the construction of a weak limit of £ proposed in proposition 1.1.2.
Consider a weak product

Tp: HD€D0£D4>ED

Then, for each arrow d: D— D’ in D, consider a weak equalizer

e ™D Ld
_Gd, /
Ey HDE’DUED %/’/:D

Consider finally a weak pullback (e,;: E—— Eq)aep, of the finite family (eq: Eq— [pep,£D)den,
of convergent arrows. Then

wlimL = (e/d ~eq-mp: E——LD)pep,.

Performing at each step the corresponding strong limit in A, one can con-
struct in the same way

WmL - F = (Il 7p: L—F(LD)) pep,

Observe that for each d € Dy, l4 and l:1 are monomorphisms.
We have to prove that the unique arrow 7: FE—— L such that, for all
DeDy, 7-1;-lg-7p=Fle; eq-mp) is a regular epi.
Let us call [, - Iy = I: L——[Ipep,F(LD) and observe that this mono is,
by construction, the limit on the diagram
7p - F(Ld)
[pen, F(LD) s D)
ﬁ-D/

(think of a pair of parallel arrows for each d € Dy).
Consider now the following pullback

!
P —L e F(Ipep,£D)

L

1 HDGDOF(‘CD)
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where p is the unique arrow such that p-7p = F(7p) for each D € Dj.
An easy diagram chasing shows that I": P——F([[ pcp, £D) is the limit on
the diagram
F(rp) - F(Ld)
F(Ilpen,£D) . F(LD)
F(?TD/)

(think of a pair of parallel arrows for each d € D;). But this limit can be
performed also in two steps, that is first taking, for each d € Dy, the equalizer
5 F(rp) - F(Ld)
Sa 4~ F(I1pep, £D) F(LD)
F(?TD/)

and then taking the pullback (s&:P—»S’d)depl of the family of convergent
arrows (sq: Sa—F([[pep,LD))dep, (in particular, one has sy 5a = 1)
Observe that, by assumption, the unique arrow qq: FE4—S; such that g4 -
sq = Feq is a regular epi; if one consider now the pullback (j4: Q — FEy)4ep,
of the family of convergent arrows

(Fea: FE;—F([[ . £D))aen,

DEeDy

by lemma 1.4.11 it follows that the unique arrow ¢: Q — P such that ¢ - 5:1 =
jd - qq for each d € Dy is a regular epi. Moreover, the unique arrow t: FE—Q
such that ¢ - j; = Fe:i for each d € Dy is, by step 2, a regular epi.

Now we can consider the composition

/
F ELQ—(]» pP,r
where each factor is a regular epi (p’ is a regular epi because it is the pullback

of p which is a regular epi by step 1). To finish, it remains to prove that the
regular epi t - ¢ - p’ is the required factorization; in fact

toq-p ly-la-7p = t-q-p-l-7p
= t-q-U' F(np),
On the other side
Fley-eq-mp) = Fey-Feq-Frp

t-jd-F6d~F7TD

t-ja-qqa-sa-Frp
t-q-8q 84 - Fmp
= t.q-U' - Frp.
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Let us make a last remark about the notion of left covering functor. Consider
a left exact functor F: C——A and a finite diagram £:D——C in C. The
strong epimorphism p: F(lim£) —1lim/L - F' (which, of course, in this case is
an isomorphism) can be seen as the quotient in A of an equivalence relation on
F(lim£) which is the image by F' of an equivalence relation on lim£ (take, for
example, the diagonal on lim/().

This idea can be recovered also for left covering functors (at least when the
canonical factorization F(limL)—1limL - F is a regular epi).

For this, consider a pair of arrows z1, zoX — » wlimZ weakly universal with
respect to the conditions z1-mp = xo-7mp for each D (the wp’s are the projections
of wlimZ).

Such a pair is a pseudo equivalence-relation (this will be proved in section
3.2).

Now consider the family of arrows (F(mp: F(wlim£l)—F(LD))pep, and
its factorization (F(7wp)): F(wlimL)—7p, F(LD).

Its kernel pair k1, kot K — > F (wlim.) is universal with respect to the condi-
tions k1 - F(mp) = ko F(np) for each D € Dy. By assumption on F, there exists
aregular epi q: F(X)— K such that ¢-k; = F(x1) and g-ka = F(x2). Consider
now the canonical factorization p: F'(wlim£) ——limL- F, so that p-7p = F(np)
for each D € Dy (the p’s are the projections of imLF). Since (k1, k2) is the
kernel pair of (F(wp)) and the 7p’s are a monomorphic family, (k1, k2) is also
the kernel pair of p. Since p is, by assumption, a regular epimorphism, it is
the coequalizer of k1 and ko and then of (F(z1) and F(x3) because ¢ is an
epimorphism

p

F(X) F(wlim£) Hml - F

4 k1| | ko F(rp) |#p

K F(LD)

1.5 The universality of the exact completion

We devote this section to show that the embedding I': C—— Cex of a weakly
lex category in its exact completion is universal. A more economical, but not
self-contained, proof is given in chapter 4 (section 7).

Definition 1.5.1 A functor between two regular categories is exact when it is

left exact and preserves regular epis.

Theorem 1.5.2 Let C be a weakly lex category and A an exact one; consider
the exact category Cex and the functor I': C——Cex described in 1.2.2 and
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1.3.1. Composing with I' induces an equivalence
FGX: EX((C@)Q A) HLCO(C, A)

between the category of exact functors from Cex to A and the category of left
covering functors from C to A.

From the fact that the embedding I': C—— Cex is itself a left covering func-
tor (and using the stability stated in 1.4.8), one has immediately the following
corollary

Corollary 1.5.3 Let C be a weakly lex category; the exact completionI': C——Cex
is uniquely determined (up to equivalences) by the previous universal property.
|

Proof: Proof of 1.5.2: for the sake of brevity, we write N(f) for the kernel
pair of a morphism f.

The more difficult part consists in proving that, given a left covering functor
F:C——A, there exists a unique (up to natural isomorphisms) exact functor
F: Cex — A making commutative the following diagram

C

L . Cex
A

Let us start with the (essential) uniqueness of F' under the hypothesis that
it is exact and makes the previous diagram commutative.

By proposition 1.3.2, we can see an object r1,79: R—_» X of Cex as the
object part of a coequalizer

FTl q 1
'R rx (R X)
I'ry 72
11| |22
p
N(q)

where the triangle is the regular epi-jointly monic factorization of the pair I'ry,
F’I“Q.

As p is an epimorphism, ¢ is also the coequalizer of i1, io; but I' is a left
covering functor, so that, by 1.4.9, (i1,42) is an equivalence relation in the exact
category Cex and then it is the kernel pair of its coequalizer g.

Now F sends regular epis into regular epis, so that F q must be a coequalizer;
in particular, Fq is the coequalizer of its kernel pair which is, by left exactness
of F, (le, FZQ) Once again, p is regular epi and so is F'p; but then Fg, which
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is the coequalizer of (sz, Fig), is also the coequalizer of (Fp -Aﬁihﬁp . Fig),
that is of (F(ry), F(I'ry)). Now, taking into account that I'- F' ~ F, one has
that the following is a coequalizer in A

Frl 13’ i
T2

This proves that Fis completely determined on the object of Cex; the unique-
ness on the arrows follows in the same way using again proposition 1.3.2.
Consider now an arrow in Cex

f

R S

1 T9 S1 S

[ V)

X

7 Y

The previous discussion says that F must be defined by the following diagram
in A

Frq P . 1
FR FX F(R X)
Frq T2
Ff Ff F(f]
Fsq . S1
FS FY Vo F(S Y)
FSQ 52

where the two horizontal lines are coequalizers and the last vertical arrow is the
unique extension to the quotients.

Once again, it is theorem 1.4.9 which makes possible this definition; in fact
it shows that the jointly monic part of the factorizations of (Frqy, Fry) and
(F's1, F'sq) are equivalence relations in A exact, so that the coequalizers involved
in the previous diagram exist.

It is obvious to verify the functoriality of F and the commutativity I'-F' ~ F.
It remains to show that F' is exact. [ preserves regular epis: with no loss of
generality (see step 2 in the proof of theorem 1.2.3) we can consider a regular
epi of the form

1x
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Its image by F' makes commutative the following square
p A
FX—FR=X)

lpx

FX —5~F(1=X)

and so it is a regular epi.

We divide the proof of the left exactness of F into three steps.

Step 1: F is left covering with respect to the terminal object.

Recall that, if T" is a weak terminal object in C, the terminal object of Cex is
T, T xT—2T (cf. step 1 of 1.2.3). Its image by F is then the coequalizer
of Fry, Fro: F(T x T) L FT; F is left covering (with respect to the terminal
object), so that the unique arrow from F'T to the terminal object of A is a
regular epi and so also the unique arrow from

~ Trl,
F(TxT_1T)
2

to the terminal object of A must be a regular epi.

Step 2: Fis left covering with respect to binary products.

Consider two objects 71,72t R—_» X and t1,t2: T Z in Cex and their
product with the corresponding projections

R ~ E - T

ri| |T2 t1] |12

X ~——— P —5— Z

To construct this product one could follow the construction given in step 1 of
1.2.3 (replacing, as usual, 1, so: S TY by the terminal object of Cex); but
it suffices to perform the first weak limit to realize that the resulting diagram
X<~ P—*+7is a weak product in C. We can apply the functor F' and we
obtain the following regular epis in A

q:FX—F(R = X)
¢ FZ—F(T = Z)

@3:FP—F((R= X) x (T = 2))

Consider now the following commutative diagram, where \ and p are the canon-
ical factorizations
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FP A FX x F7
q3 q1 X q2

F(R=X)x (T = 2))

i F(R=X) x F(T = 2))

By lemma 1.4.11, ¢; X g2 is a regular epi; A is a regular epi because F' is left
covering (with respect to binary products). Then also p is a regular epi, as
required.

Step 3: F' is left covering with respect to equalizers.

Consider a pair of parallel arrows in Cex and their equalizer as in step 1 of
1.2.3

_ 7
R —¢ R S
g
€1| | €2 T1| | T2 S1| | S2
f
E —— X Y
g
Applying F we obtain
Ff
FR FR FS
Fyg
F’I‘l F’I"Q F81 F52 p1
F Ff ni
FE € FX FY 3 N(gs)
Fg n2
q1 q2 q3
) Pl . PIf
F(R=E) F(R=X) F(S=Y)
Flg]
t h
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where the triangle on the right is the regular epi-jointly monic factorization of
(Fs1, Fsy) and the triangle at the bottom is the equalizer in A of F[f] and F[g]
with the corresponding factorization t: F(R—~ E)— L; we need to prove
that t is a regular epi.

Consider the following pullback

A ks N(gs)

i (n1,ng9)

FX (Ff,Fg) FY x FY
As, in Cex, [€] equalizes [f] and [g], there exists a homotopy X: E——S
such that ¥-s; =e- f and X - sy = e g; this implies that F¥-p; -ny = Fe- F f
and F'Y -py -no = Fe- Fg, so that there exists an arrow o: FE— A such that
o-i=Feand o -k=FX-p;. Let us assume that o is a regular epi (it will be
proved later).
Consider again the following diagram

FE—2— A

a1 {

Y Y
F(R= E) FX
t G2

Y Y

L TF(R = X)

It is commutative, so there exists 7: A—— L making commutative the two re-
sulting triangles.

We want now to show that 7 is a regular epi (this immediately implies that
also t is a regular epi, as required). To this end, let us show that the following
diagram is a pullback.
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Suppose there exist two arrows L<%— M —¥Y+ FX such that « - h =y - gp; this
implies y - Ff gz =y-Fg-qs3 (infact y - Ff g3 =y qo - F[f]=a-h-F[f] =
x-h-Flgl=y-q2-Flg] =y-Fg-q3). Now we use for the first time that A is
exact (and not only regular): this means that (ni,ns) is the kernel pair of g3, so
that the previous equation implies that there exists ¢: M —— N(g3) such that
pny =y-Ffand g-ng = y-Fg. Now we have two arrows F X <— M —2+ N(q3)
and the last two equations imply that there exists z: M — A such that z-k = ¢
and s-7 = y. To prove that z is the required factorization, it remains to observe
that z-7-h=2z-1-9gs =y -q2 = x - h and then z - 7 = x because h is a mono.
The factorization z is obviously unique because i is mono.

It remains to prove that o: FEE—— A is a regular epi. First of all, consider
the following pullback

A k

FS

(Fs1, Fsa)

|,

FX ——>FY XFY
(Ff, Fg)
so that the unique arrow m: A—— A such that m-i=iand m-k=%k-p; is a
regular epi.
Now observe that the previous pullback is the limit as in the following dia-
gram

A
FX FS
Fg Fs;
Ff Fsy
FY FY

(the verification of this fact is an easy argument of diagram chasing which holds
in every left exact category). Coming back to the construction of equalizers in
Cex, we get a factorization a: FFE— A such that a-i = Fe and -k = F.
Since F' is left covering, this factorization is a regular epimorphism.

It remains to prove that the regular epimorphism

FE-9+ AT, 4
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coincides with o. Since 7 is a monomorphism, it suffices to show that i = a-m-i.
This is the case because o0 -i =Feand a-m-i=q«-i= Fe.

The proof of step 3 is now complete; putting together the three steps, we
can deduce by proposition 1.4.10 that the functor F:Cox — A is left covering.
Since Cex is, in particular, left exact, proposition 1.4.3 allows us to conclude
that F' is left exact.

To end the proof of the theorem, we need to show that natural transforma-
tions between two left covering functors F' and G are in bijection with natural
transformations between F' and G. But this is a corollary of the next proposi-
tion. |

Proposition 1.5.4 Let I': C——Cex be as in 1.3.1 and consider aAleft covering
functor F: C—— A with A exact; then the unique exact extension F: Cex— A
described in theorem 1.5.2 is the left Kan-extension of F' along I.

Proof: We show that the set of natural transformations Nat(F, I - H) is in
bijection with Nat(F ,H), where H is an arbitrary functor Cex — A. Consider
a natural transformation §: F——1I"- H and an object rq,72: RS X in Cex;
by definition of F, we have that in the following diagram the upper horizontal
line is a coequalizer

Fry n
FR FX M»F(R = X)
F?“Q
Br Bx
H(FTl)

(where p: X — (R = X) is as in proposition 1.3.2).

By naturality of g: F——1"- H, the left-hand square is two-time commuta-
tive, so that there exists exactly one arrow F(R = X)— H(R = X) making
commutative the right-hand part.

We take this arrow as component at the point 71, rs: R__Y X of a natural
transformation F'— H. The rest of the proof is straightforward. [ |

Corollary 1.5.5 Let I':C——Cex be as in 1.3.1; for each exact category A,
composition with I’ gives us an equivalence between the category of exact func-
tors Ex(Cex, A) and the category of left covering functors Lco(C, A).

Proof: The functor induced by T is essentially surjective on the objects by
theorem 1.5.2; as far as natural trasformations are concerned, we need to prove
that, given two left covering functors F',G from C to A, there is a bijection
Nat(F, G) ~ Nat(F,G). For this, put H = G (the unique exact extension of G)
in the previous proposition. [ |
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1.6 Characterization of free exact categories

In this section we complete our plan, giving a characterization of free exact
categories over weakly lex ones.

We know from section 1.3 that the exact completion Cex has enough pro-
jectives; conversely, if an exact category has enough projectives, it is the exact
completion of the full subcategory of projective objects.

More exactly, we have the following theorem

Theorem 1.6.1 Let A be an exact category and P a projective cover of A; the
unique exact extension F':Pex— A of the inclusion F:IP—— A is an equiva-
lence.

Proof: Observe that the statement makes sense because by 1.1.6 P is weakly
lex and, obviously, the inclusion P——A is left covering.
Let us recall that, given an arrow in Pex

R

1| [T2 S1| | S2

X

7 Y

its image by Fis given by the unique extension in the following diagram (where
the two horizontal lines are coequalizers which exist by 1.1.9)

1
R - X a A

T2
7 f ©

S1
S Y

S9 b

B

First, we show that F' is essentially surjective on the objects: let A be an
object of A; we can find an object X € IP and a regular epi a: X — A; consider
now its kernel pair in A

N —2 . x
aq a
X A
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and take again an object R € P and a regular epi m: R——N; call r-a; = r;
and r - ag = ro. Obviously

!

T2

is a coequalizer diagram in A (because a is a regular epi, so that it is the
coequalizer of its kernel pair) and we omit the straightforward verification that
r1,72: R— X is a pseudo equivalence-relation in P (not in A).

Second, F is faithful: consider an arrow

[f, fl: (ri,re: R = X) —(51,50: 8 =2 Y)

in Pex and its image by F as at the beginning of the proof; consider also a
second arrow in Pex and its image by F

— ™

R S R x —¢ A
r2

ri| |ro S1| |S2 g g (0
S1

X —3 Y S T’ Y ; B

If o =1, then a-¢p = a-¢ and so f-b = g-b; if we consider the regular epi-jointly
monic factorization

51
S Y
59
b1| | bo
S
M

we know that by, bo: M —TYisan equivalence relation in A exact, so that it
is the kernel pair of its coequalizer b. The last equation implies then that there
exists o: X —— M such that o-b; = f and o - by = g; but X is projective and s
is a regular epi, so that there exists 3: X —— 5 such that X - s = ¢; this implies
that ¥-s; = f and X - s = g, that is ¥ is a homotopy establishing the equality
of [f] and [g] in Pex.

Third, Fis full: suppose there exists an arrow n: A— B in A; X is projec-
tive and b is a regular epi, so that there exists f: X ——Y such that a-n = f-¥b;
this implies that r1 - f -b =75 - f - b and then there exists f: R— M such that
r-f = f by and ry - f = f - by; but also R is projective, so that there exists
f: R— S such that f-s = f. It remains to obverse that f-s; =7 - f and
f sy =ry- f and we conclude that
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R S
ri| T2 S1| |52
X Y
f
is an arrow in Pex whose image by F is the given arrow 7. [ ]

As a left covering functor defined on a left exact category is exactly a left ex-
act functor (proposition 1.4.3), we have the following particular case of theorem
1.5.2:

Given a left exact category C, there exists an exact category Cex and a left
exact functor I': C——Cex such that, for each exact category A, composing
with I' induces an equivalence of categories

Ex(Cex, A) —=>Lex(C, A).

This is the main theorem contained in [15]; as it is shown there, this universal
property becomes part of the left biadjoint to the obvious forgetful functor

Ex — Lex

where Ex is the 2-category of exact categories and exact functors and Lex is the
2-category of left exact categories and left exact functors.

The question naturally arising is then whether, with a good choice of mor-
phisms between weakly lex categories, the universal property stated in theorem
1.5.2 becomes part of the analogous adjunction between exact categories and
weakly lex ones.

The answer is negative. Suppose that we have organized the weakly lex
categories in a 2-category, say WLex, and that the exact completion of a weakly
lex category I': C——Cex is the unit of a biadjunction

Ex_— . WLex

Then, if A € Ex and C € WLex, the morphisms of WLex(C, A) must correspond,
via the composition with I': C——Cex, to the exact functors from Cex to A,
that is they are exactly the left covering functors from C to A.

Of course, the unit I': C——Cex is in WLex(C, Cex); but now, if we perform
again the exact completion, we get a functor

C—L Cex —L (Cex)ex

which must be in WLex(C, (Cex)ex) (because it is the composition of two mor-
phisms). Since (Cex)ex is exact, this implies that the functor C L Cox —E> (Cex)ex
must be a left covering functor. But, in general, this is not the case, as the fol-
lowing example shows.
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Example 1.6.2

Using theorem 1.6.1, as composition C——» Cex —— (Cex )ex we can choose
P—s A1+ (A)ex, where A is an exact category, IP a projective cover of A and
1: P—— A the full inclusion.

Now cover the terminal object 7 of A with an object T of P and a regular
epi t: T—7, so that T is a weak terminal in P. T': A—— Aex is left exact, so
that the terminal object of Aex is exactly I'7.

If the composition i - I': P— Aex is left covering, then the unique arrow
from T'(iT) to I'r, that is T't: TT——T'7, is a regular epi. But I'r is projective
in Aex so that the regular epi I't has a section, say s:I't——1I'T', in Aex. Since
I': A—— Aex is full and faithful, this implies that ¢: T'——7 has a section in A.

To show that, in general, this is not true, choose A as the category of rings
with unit and P as the full subcategory of projective rings; as ¢t: T —7, one
can choose the unique morphism Z—— (0 = 1) which, obviously, has no section
in A. The inclusion of the projective rings into the category of rings gives us
also an example of functor I': C—— Cex which does not preserve the finite weak
limits, as announced in the first section.

1.7 More on the exact completion

In this last section of the first chapter, we list some elementary facts on the
exact completion which will be useful for applications.

Proposition 1.7.1 (Functoriality of the (—)ex construction)

Let F:C——D be a weakly lex functor; there exists a unique (up to natural
isomorphisms) exact functor Fex: Cex——Dex such that the following diagram
is commutative

r

C Cex
F Fex
D T Dex
Proof: By 1.4.7 and 1.5.2, putting Fex = F-T. [ |

In the following proposition, Ccc is the splitting of idempotents of a category
C (cc stands for “Cauchy-completion”) and P(A) is the full subcategory of
projective objects of A.

Proposition 1.7.2 Let C and D be two weakly lex categories and let A and B
be two exact categories with enough projectives;

1) P((Cex) ~ (Ccc
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2) the corestriction of I': C—Cex to P(Cex) induces an equivalence Cex ~
(P(Cex))ex

3) Cex ~ Dex if and only if Cee =~ Dee

4) A ~ B if and only if P(A) ~ P(B) if and only if there exist a projective
cover Py of A, a projective cover Py of B and an equivalence Py ~ Py

Proof: Taking into account that C is (equivalent to) a projective cover of
Cex, the first point follows from proposition 1.1.5; the other points easily follow
from theorem 1.6.1 and proposition 1.7.1. In particular: if Py ~ Pp, then
(Pa)ex =~ (Pg)ex (by 1.7.1); moreover, by 1.6.1, (Ps)ex ~ A and (Pg)ex ~ B so
that A ~ B. [ |

It is the last point of the previous proposition which will be crucial to char-
acterize our major examples of free exact categories (see sections 2.1 and 2.2).

From theorem 1.6.1, we are able to recognize free exact categories; the anal-
ogous result for functors is now quite obvious.

Proposition 1.7.3 Let A and B be two exact categories with enough projec-
tives; an exact functor H: A——B is the exact extension (in the sense of 1.7.1)
of a weakly lex functor F': P(A)——P(B) if and only if H sends projectives into
projectives.

Proof: the (only if) is obvious; for the (if), observe that if H is exact and
sends projectives into projectives, then its restriction H':P(A)—P(B) pre-
serves weak finite limits, so that H is (H')ex (cf. 1.7.1). |

Corollary 1.7.4 The exact completion induces a biequivalence between the
2-category of weakly lex categories in which idempotents split and weakly lex
functors and the 2-category of exact categories with enough projectives and
exact functors which preserve projective objects. [ |
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Chapter 2

Examples and applications

2.1 Monadic categories over SE7T

In this section we show that the characterization of monadic categories over
SET (due, I think, to Duskin, cf. chapter 9 of [3]) easily follows from the
characterization of free exact categories established in section 1.6. Moreover,
we use the theory developed in the first chapter to characterize reflections,
epireflections and localizations of monadic categories over SE7. All results can
be easily generalized to monads over powers of SE7.

Let us recall the theorem (cf. [8] and [42]).

Theorem 2.1.1 Let A be a category; the following conditions are equivalent:

1) A is equivalent to the category of algebras EM(T) for a monad T over
SET (EM stands for Eilenberg-Moore)

2) A is a locally small, exact category and there exists an object G € A such
that

i) G is projective
ii)) VI e SET I 1eG (the I-indexed copower of G)
iii) VA€ A 3 1eG—A regular epi.

The implication 1) = 2) follows from a more general discussion on the ex-
actness of monadic categories which can be found in section 2.5.

Let us concentrate on the implication 2) = 1).

As the coproduct of projective objects is still a projective, a category A sat-
isfying condition 2) is an exact category with enough projectives. We know,
from theorem 1.6.1, that such a category is completely determined by a projec-
tive cover. Recall now that the category KL(T) of free algebras (KL stands for
Kleisli) is a projective cover of EM(T). This means that what really need to
characterize EM(T) is to characterize KL(T).

But this is an easy problem.

53
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Proposition 2.1.2 Let C be a category; the following conditions are equiva-
lent:

1) C is equivalent to the category KL(T) for a monad T over SET
2) C is locally small and there exists an object G € C such that

DVIeSET 3TI1eG
i) VXeC 3ITe€S8SET suchthat X ~TeG

Proof: 1) = 2) : take as G the free T-algebra over the singleton.
2) = 1) : consider the pair of functors

C(G, _)
SET 2, C
“e(l
The first condition says that —eG: SET ——C exists, and so it is automatically
the left adjoint to C(G, —). Call now T the monad induced by —e G -+ C(G, —).
The second condition says that the comparison functor KL(T)—C is essen-

tially surjective on the objects, so that it is an equivalence (recall that it is
always full and faithful). |

Proof: Proof of theorem 2.1.1: 2) = 1) : let C be the full subcategory of
A spanned by I ¢ G for I € Set. By proposition 2.1.2, C is equivalent to
KL(T) for a monad T over SE7. But KL(T) is a projective cover of EM(T)
and, by assumption, C is a projective cover of A. So, by proposition 1.7.2, A is
equivalent to EM(T). |
Now we can study localizations of EM(T). We use the fact that EM(T) is

the exact completion of KL(T), so that we can work with its formal description
as a free exact category.

Proposition 2.1.3 Consider a category B; the following conditions are equiv-
alent:

1) B is equivalent to a localization of EM(T) for a monad T over SET (that
is a reflective subcategory such that the reflector is lex)

2) B is locally small and exact and has a regular generator which admits all
copowers.

Proof: the implication 1=-2 is quite obvious, so let us look at the implication
2=1. Let G be a regular generator as in condition 2 and let us fix some nota-
tions: if S is a set, S @ G is the S-indexed copower of G and is;: G——S ¢ G is
the s’th canonical injection (s € S); if a: S——T isin SET, o/: SeG——TeG
is the arrow in B defined by i - o' = ig(y)

Se( - TeG
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Given an object A in B, the canonical cover of A by G is the unique arrow
a:B(G, A) e G— A such that for each f: G—— A the following diagram com-
mutes

B(G,A) e G a A

N

G

The fact that G is a regular generator means exactly that, for each object A of
B, such cover is a regular epimorphism. Now consider the full subcategory C of
B spanned by copowers of G.

First step: the full inclusion F: C——B is a left covering functor.
For the sake of brevity, we prove that F' is left covering with respect to binary
products, but the argument can be easily adapted to any finite limit. Consider
two objects in C together with their product in B

[eG<"TeGxJeG-T2JeG
We obtain a weak product in C precomposing with the canonical cover by G
vB(G,IeGxJoeG)eG—IeGx JeG

which, by assumption, is a regular epimorphism. In fact, given an object and
two arrows in C

TeG<d _Sec-9v e

a possible factorization is given by
a':SeG—B(G,IeGxJeG)e

where

a:S——B(G,TeG x Je@G)

sends s € S into

(is- fris -9 G—1eGxJ-G
with iy: G——S o G. In fact, for each s € S,

bs 'y T = pg) Y T = (lsc frisg) T =i f

so that o’ - v-m = f; analogously o - v - w3 = ¢g. In the rest of the proof, we
omit the verification of equations, which can always be done precomposing with
canonical injections in some copowers. The fact that v is a regular epimorphism
means exactly that F' is left covering (with respect to binary products). By
the universal property of the exact completion I': C—— Cex, this implies that
there exists an exact functor £ Cex—B such that F" and I" - F are naturally
isomorphic. Let us recall that, if
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Re(@G Se(
T1| | T2 S1| | S2
Xe(@G Y oG

f
is an arrow in Cex, F[f, f] is the unique extension to the quotient as in the
following diagram

1
ReG—"XeG—L + 4
T2
f f F[f, f)
S1
Se( Ye@G 2 B
52

Second step: embedding of B in Cex.
Given an object A in B, consider its canonical cover by G

a:B(G,A) e G— A,

the kernel pair of a
a1,a2: N(a) —~B(G,A) e G

and again the canonical cover by G
n:B(G,N(a)) e G—= N(a)
The pair of arrows
n-ay,n-a:B(G,N(a) e G__LB(G,A)eG

is an object of Cex. Let us verify its transitivity (reflexivity and symmetry can
be verified in an analogous way). Consider the following diagram

P b ~B(G, N(a)) e G
P2 N(a) * N(a)—I+ N(a)
dQ ag

B(G, N(a)) ¢ G

N(a)

B(G,A) e G

ai
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where both squares are pullbacks, so that there exists a unique factorization
d: P——N(a) * N(a). We obtain a weak pullback of n - a; and n - as in C
precomposing with the cover

v:B(G,P)e G——P
Consider again the transitivity of
a1,a2: N(a) —>B(G,A) e G

that is the unique arrow t: N(a) x N(a) — N(a) such that ¢-a; = d; - a1 and
t-as = ds - az. The transitivity of

n-ap,n-ax:B(G,N(a)eG—B(G,A) e G
is given by
o :B(G,P) e G—B(G,N(a)) e G

where
a:B(G, P)—B(G, N(a))

sends h: G—P into h-d-t: G——P——N(a) » N(a)— N(a).
Consider now an arrow ¢: A——B in B; we can build up the following
diagram, commutative in each part

B(G,N(a)) e G—2— N(a) - B(G,A) e G—Y A
o t o ©
by
B(G,N(b)) e G—" v N(b) B(G,B)eG—Y + B
bo

The construction of the horizontal lines has just been explained; as far as the
columns are concerned, o’ is induced by

a:B(G, A)—B(G, B)
which sends h: G—— A into h - p: G—— A—— B; the existence of a unique ¢
such that ¢ -b; = a1 - o’ and t- by = as - o follows from a - ¢ = o' - b and the
universal property of N(b); @ is induced by
@ B(G, N(a)) —B(G, N (1))

which sends h: G—— N (a) into h - t: G— N(a)— N(b).
In particular
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B(G, N(a)) e G

B(G,N(b)) e G

n-ay| |n-as m-by| |m - by

B(G,A) e G

o B(G,B)e G

gives us an arrow in Cex which we take as value of a functor
r:B——Cex

The functoriality of r is quite obvious. As far as its faithfulness is concerned,
consider a second arrow ¢: A— B in B and build up an arrow [3/7 B3] in Cex in
the same way as [@', @’] has been built up from ¢: A— B; if [BI, B =[a, ],
there exists £:B(G, A) e G——B(G, N(b)) ¢ G such that ¥ -m - b = o and
Y -m-by = (. Now we have

a-p=a b= -m-by-b=X-m-by-b=p-b=a-1

and then ¢ = 1 because a is a (regular) epimorphism.
It remains to show that r is full. For this, consider an arrow in Cex as in
the following diagram

B(G,N(a) s G — L B(G,N(b)) o G

n-ay| |n-as m-by| |m- by

B(G, A) e G B(G,B) e G

f
Since
a:B(G,A)e G— A

is a regular epimorphism, it is the coequalizer of a; and as and then of n - a;
and n - ap because also n is a (regular) epimorphism. The condition on [f, f] to
be an arrow in Cex implies then that there exists a unique arrow p: A— B
such that a - ¢ = f-b. Now we can build up an arrow r(p) = [@, '] in Cex as
explained before and we need to show that [f, f] = [@,a/], that is we need an
arrow

Y:B(G,A) e G——B(G,N(b)) e G

such that ¥ -m-b; = fand ¥-m by =a’. Sincea-p=f-banda-¢p=a’-b,
there exists a unique arrow

7:B(G,A) e G—= N (b)
such that 7-b; = f and 7-by = /. Now we can take as ¥ the arrow induced by

o:B(G,A)—B(G, N (b))



2.1. MONADIC CATEGORIES OVER SET 99

which sends f:G—A into iy - 7: G—B(G, A) ¢ G——N(b).

Third step: adjunction Fr.
Let r1,79: Re G = X @ G be an object in Cex, consider its coequalizer ¢: X o
G——Ain B (that is A = F(r1, 7)) and build up

r(A)=(n-a1,n-a:B(G,N(a)) e G = B(G,A) e G

The unit of the adjunction F 4 r must be an arrow in Cex of the following kind

=/

ReG—1+B(G,N(a))eG

ri| |re n-ay| |n-as

X e G——F—B(G,A) oG
n

As ' we take the arrow induced by n: X —B(G, A) which sends z € X into
iz - @:G—X ¢ G—— A. Now observe that with this definition 1’ - a = ¢
and then r1 -1’ - a = ro - ' - a. This implies that there exists a unique arrow
7:ReG—N(a) such that 7-a; = r; -7 and 7-ay = ro - 1/. Now as 7'
we can take the arrow induced by 7: R——B(G, N(a)) which sends r € R into
ir T:G—>ReG—=N(a).

Consider now an object B of B and the following arrow in Cex

Re(G b B(G,N(b)) ¢ G

T T2 m-b1 m'b2

XeoG B(G,B)e G

H
Since r1 - H - b = r9 - H - b, there exists a unique arrow ¢: A—— B such that
q ¢ = H-band we can build up r(p) = [@’,a]. We need to prove that
[7,7'] - [@,a'] = [H, H] and for this we need an arrow

Y: X eG——B(G,N(b) e G

such that X -m -by = H and X -m -by =7 -a’. Since H-b=1n'-a’ b, there
exists a unique arrow 7: X ¢ G— N (b) such that 7-b; = H and 7-by =7’ - /.
Now we can take as X the arrow induced by o: X —B(G, N (b)) which sends
x € X into iy - 7:G—+X ¢ G—— N(b).

As far as the uniqueness of the factorization is concerned, consider a second
arrow 1): A—— B and suppose that r(¢)) = [BI, B'] is such that [/, 7] - [@, '] =
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7, 7]’]~[B/, (#']. This means that there exists an arrow ¥: X ¢G——B(G, N (b))eG
such that X-m -by=n'-o’ and X -m-by =1n'- . Now

q.(p:’r]/.a/.spz’r]/.a/.b:E.m.bl.b:E.m.b2.b:n/./8/.b:’r]/.a/.z/]:q./lp

and then ¢ = 1 because ¢ is a (regular) epimorphism.

Conclusion: we have just proved that B is (equivalent to) a localization of
Cex. But, from proposition 2.1.2, we know that the full subcategory C of B is
equivalent to KL(T) for a monad T over SE7 and then its exact completion
Cex is equivalent to EM(T). The proof of proposition 2.1.3 is now complete. B

Let us look more carefully at the proof of proposition 2.1.3. If, instead of
exact, B is assumed to be only left exact but with coequalizers, we can again
define F': Cex —B as at the end of the first step. Since in the second and the
third steps we do not use the exactness of B, we have the following

Proposition 2.1.4 Consider a category B; the following conditions are equiv-
alent:

1) B is equivalent to a reflective subcategory of EM(T) for a monad T over
SET

2) B is a locally small and left exact category with coequalizers and has a
regular generator which admits all copowers. ]

A warning: in the previous proposition it does not suffice to assume the
existence of coequalizers of pseudo equivalence relations. This is because a
pseudo equivalence relation in C is not necessarily a pseudo equivalence relation
in the whole category B.

Working essentially in the same way (that is working with the formal de-
scription of Cex and forgetting that it is equivalent to EM(T)) we can also prove
the following proposition.

Proposition 2.1.5 Consider a category B; the following conditions are equiv-
alent:

1) B is equivalent to an epireflective subcategory of EM(T) for a monad T
over SET (epireflective = units are regular epimorphisms)

2) B is locally small and regular with coequalizers of equivalence relations
and has a regular projective regular generator which admits all copowers.

Proof: first of all, observe that to define F': C—B as in the first step of
proof of 2.1.3, it suffices to have coequalizers of equivalence relations. This
is because the jointly monic part of the (regular epi, mono) factorization of a
pseudo equivalence relation in C is an equivalence relation in B. It remains only
to prove that units are regular epimorphisms. For this, with the same notations
used in the third step of the proof of 2.1.3, consider a unit [, 7] and the monic
part of its (regular epi, mono) factorization. It is given by the following diagram
(cf. step 2 of theorem 1.2.3)
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B(G,L)eG — LA LB(G, N(a))eG

l'll ZZQ n-ap n-as
XeoG o B(G,A) e G
where
ll 12
XeG = L - Xe(d
' A n
B(G,A)eG ~Y  B(G Na)eG —22, B(G,A)eG

is a limit in B and I:B(G, L) « G— L is the canonical cover of L by G. To
prove that [i7', '] is a regular epimorphism, it suffices to prove that [I- A, 7'] has a
left inverse [o’,¢’] (so that it is an isomorphism). Since G is regular projective,
for each arrow f:G——A we can choose an arrow f’: G—— X e G such that
' q=f (where ¢: X « G—— A is the coequalizer of r;,73: Re G = X ¢ G in
B). The following diagram gives us the definition of ¢’

/

B(G,A) e G g XeoG

iy f!

Observe that ¢’ - ¢ = a (which is the canonical cover of A by G). This implies
that n-a; -0 -0 -a=mn-ay -0 -1 -a, so that there exists a unique arrow
t:B(G,N(a))eG— N(a) such that t-a; =n-a1-0’-n and t-aa =n-az-o’-n'.
Now we can consider the arrow

7:B(G,N(a)) e G—>B(G,N(a)) e G
induced b
oo 7:B(G, N(a))—B(G, N(a))

which sends g: G—— N (a) into iy - t: G—B(G, N(a)) ¢ G— N(a). Observe
now that n-ay-0’-n' =7 -n-a; and n-as-0’-n' = 7’ -n-as, so that there exists
a unique arrow z:B(G,N(a)) e G——L such that z- A=7", -y =n-ay - o’
and z-lo =n-as-o’. We take as

7:B(G,N(a)) e G—B(G,L) ¢ G

the arrow induced by
7:B(G,N(a))—B(G, L)
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which sends g: G— N(a) into iy - x: G—B(G, N(a)) ® G— L. It remains
to verify that [, ¢’] is a left inverse for [I - A,n']. For this we need an arrow

Y:B(G,A) e G—B(G,N(a)) e G

such that ¥ n-a; =0’ -1 and ¥’ -n-ag = 1. Since ¢’ - 1) - a = a, there exists
a unique arrow s:B(G, A) ¢ G— N(a) such that s-a; =0’ -7’ and s-ay = 1.
We can take as ¥’ the arrow induced by

Y:B(G,A)—B(G, N(a))
which sends f:G——A into iy - s: G—B(G, A) ¢ G— N(a). ]

Remarks: i) In the characterization of EM(T) as well as in proposition
2.1.5, the regularity of the category is a little bit redundant; in fact the stability
of regular epimorphisms under pullbacks follows from the other assumptions (cf.
lesson 2 in [31]). This is not true in proposition 2.1.3, because there the regular
generator in general is not regular projective.

ii) Observe that, in the case of epireflections, B contains not only C, but
also Creg (the regular completion of C). In fact, F: C——B is full and faithful
and factors through the regular projective objects of B, so that its extension
Creg — B is full and faithful (cf. proposition 3.4.1). This agrees with the fact
that Creg is the epireflective hull of C in Cex (cf. section 4.3).

iii) Proposition 2.1.5 is well-known (see [36], where this kind of characteri-
zations are used to study Malcev conditions in varietal and quasi-varietal cat-
egories, [40] and [30]). T have quoted it here because I think it is remarkable
that the theory of the exact completion gives us a general framework to prove
(in a quite straightforward way) all characterization theorems contained in this
section.

iv) All results can be obviously generalized to monads over a power SET X
of SET. To characterize KL(T), we need an X-indexed family of objects G, in
C such that: i) for each f:S——X in SET there exists [ [, 4G f(s); i) for each
object C'in C there exists f:S——X in SET such that C' ~ [, 4G(s). Now
the other results hold replacing the single generator with an X-indexed family
of generators which admit all sums.

2.2 Presheaf categories

Working in the same way as in the previous section, we give here an easy
proof of a well-known characterization of presheaf categories (cf. [12] and [42]).
We need some preliminary facts.
Let D be a small category; the sum-completion FamD of D is defined as
follows:
objects: functors f: I —D with I a discrete category (a set)
arrows: an arrow (f: I——D)—(g: J—D) is a pair (a,«) with a an ap-
plication I ——.J and « a natural transformation f = a - g.
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It is an easy fact to check that FamD has sums. In particular, the initial
object is the unique functor ) ——D with @) the empty set.
There exists an obvious functor

7Z:D——FamD

defined by
X ~ (X:{x}—D)

where {x} is the singleton.

The name “sum-completion” comes from the following universal property
which characterizes FamD uniquely up to equivalences:
for each functor F: D——B, with B a category with sums, there exists a unique
sum-preserving functor F’: FamD —B such that the following diagram is com-
mutative

D L » FamD
B
In fact, it suffices to define

!/ .
F'(f:1—D) =[] _ F(£()
The uniqueness of F’ on the objects follows from the fact that in FamD each
object is a sum of objects like ({#} ——D). To define F” on the arrow, it suffices
to consider an arrow as (i, ): (X: {¥} —D)—(f: I —D) with ¢ € I, that
is an arrow a: X — f(4) in D; obviously, one puts F’(i,a) = F(«).

This functor F’: FamD ——B is also the left Kan extension of F' along Z. In
fact, given a functor T: FamD——B and a natural transformation oc: F ——7T -
T, we can build up a natural transformation 8: F/ ——T. For this, consider an
object f:I——D in FamD; as F'(f: I —D) = [[,.;F(f(i)), to have an arrow
Bf: F'(f: I —D)——T(f: I —D), it suffices to have an I-indexed family of
arrows F'(f(i)) —T(f: [ —D). But we can choose a¢(;): F'(f(i)) —T(Z(f(7)))
followed by the image by T of the canonical inclusion of f(i): {#} —D in the
coproducts [[;c;(f(i) : {x}—>D) = (f: —D).

The next proposition gives an alternative description of FamD.

Proposition 2.2.1 Let D be a small category and B the full subcategory of

o
SETP P spanned by sums of representable functors; B is equivalent to FamD.

Proof: Consider the unique extension Y': FamD——B of the Yoneda em-
bedding Y: D—B; obviously, Y’ is surjective on the objects. To show that Y’
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is full and faithful, it suffices to consider the arrow-part of Y’ between hom-sets
of the following kind

FamD({+} —X>D, L+ D)

and
B(Y'({+} X+ D), v/ (1-L+ D))

But the first home set is exactly [ [, ,P(X, f(i)) and the second one is Nat(D(—, X), [ [, ;D(—, f(7))).
If a: X —— f(i) is in [[;;D(X, f(i)), then Y’(«) is the composition

_ — Qe A P _ ;
D(—. X)=4D(~, f(i)) —]],_, D~ £(i))
that is the (inverse of the) bijection of the Yoneda lemma. ]
Corollary 2.2.2 Sums in FamD are disjoint and the initial object is strict. B

From the previous proposition, one can deduce more: FamD is an extensive
category, so that sums in FamD are also universal. (Recall that a category B
is extensive when it has finite sums and, for each pair of objects By, Bs, the
canonical functor

B/By x B/By—B/B1 [ [ B2

is an equivalence (B/B is the comma category). In an extensive category sums
are disjoint and the initial object is strict. A left exact category with finite sums
is extensive if and only if sums are disjoint and universal. A category B with
finite sums and finite products is distributive if, for each triple of objects A, B
and C, the canonical arrow

(AxB)[[(AxC)—Ax (B]]O)

is an isomorphism. A left exact and extensive category is distributive. All
this can be found in [16]. In this work with “extensive” we always mean the
obvious extension from “finite sums” to “arbitrary (small) sums” of the facts
just quoted.)

o

Since FamD is equivalent to a projective cover of SETP P (proposition

2.2.1), the next step to characterize presheaf categories is to characterize cate-
gories which are the sum-completion of a small category.

Proposition 2.2.3 Consider a category B; the following conditions are equiv-
alent:

1) B is equivalent to the category FamD for a small category D

2) C is locally small with disjoint sums and strict initial object and there
exists a small subcategory D of B such that

i) VBeB 3{X;}; with X; € D such that B~ [],.,X;
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i) V f: X —]1;c; X: with X, X; € D there exists ig € I such that f
can be factored through the injection X, —]];c; X

iii) the initial object 0 is not in D

Proof: 1) = 2) : take the full subcategory of FamD constituted by objects
(X:{x}—D) with X in D.

2) = 1) : consider the unique extension F’: FamD——B of the full inclu-
sion F': D—B. The first condition on D means exactly that F” is essentially
surjective on the objects.

Consider an arrow (¢, ): (X: {x} —D)—(f: I—D) in FamD, that is
an object i € I and an arrow o: X — (i) in D; F’ sends it on the composition
X —%> f(i) —]1,c; f(i). Clearly the second condition means that F’ is full.

Now suppose that F'(i,«) = F'(j,5), with 4,5 € I and a: X — f(4),
B: X — f(j); this means exactly that the following diagram is commutative

X —%— f(i)
B

If i = j, then a = (3 because f(i)—]],c;f(i) is a mono. If i # j, then
there exists a unique arrow t: X —0 such that

t 0 X t 0
' f()

are commutative; but 0 is strict so that ¢ is an isomorphism. This implies that
0 € D, in contradiction with the last condition. ]

(j

We are ready now to give the announced characterization of presheaf cate-
gories.

Proposition 2.2.4 Consider a category A; the following conditions are equiv-
alent:

1) A is equivalent to the category of presheaves on a small category

2) A is exact with disjoint sums and strict initial object and has a set {G;};
of generators (that is regular generators) such that
i) ¥ j € J, Gj is projective

ii) V f:G——]1,c;G: with G,G; € {G;};, 3 ip € I such that f can be
factored through the injection Gy, —][,;c ;G
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3) A has a family of absolutely presentable generators.

Proof: 1) = 3) and 3) = 2) are obvious (recall that an object G € A is
absolutely presentable if A(G, —): A——SET preserves colimits). 2) = 1): two
cases.

First, if the initial object 0 € {G,};, but {G;}; \ 0 is not a family of
generators, then {G;}; = {0} and so A ~ SeTP.

Second, if 0 € {G,} s, let D be the full subcategory of generators and B the
full subcategory spanned by sums of generators; by proposition 2.2.3, B is equiv-
alent to FamD which is, by proposition 2.2.1, a projective cover of SET DOp;
but, by assumption, B is a projective cover of A. So, by proposition 1.7.2, A is

0
equivalent to SETP p. [ |

2.3 The Giraud theorem

In this section we want to revisit another celebrated characterization theo-
rem, that is Giraud theorem characterizing Grothendieck topo.

Let us start with a brief and informal discussion. Giraud theorem states
that the following three conditions are equivalent for a given category A:

1) A satifies Giraud axioms for a topos
2) A is a localization of a presheaf category
3) A is equivalent to the category of sheaves on a site.

Usually (cf. [8], [28], [32], [34]) the proof of this theorem runs as follows.

First, one proves that the associated sheaf functor exhibits a category of
sheaves as a localization of the corresponding presheaf category (that is 3) =
2)).

Second, one observes that Giraud axioms are verified by a presheaf category
and that they are stable under localizations (that is 2) = 1)).

Third, starting from the family of generators involved in Giraud axioms, one
has to construct a site and an equivalence between the given category and the
resulting category of sheaves (that is 1) = 3)); clearly, this is the most difficult
part.

In my opinion, one can look at condition 1) as the definition of a Grothendieck
topos; at condition 2) as the characterization of Grothendieck topo and at con-
dition 3) as a representation theorem.

For this reason, I think it is of some interest to have a direct proof that 1)
implies 2).

Moreover, as a presheaf category is a free exact one, it must be possible to
express the conditions making the reflector a left exact functor in terms of a left
covering functor.

For this, we look more carefully at the sum-completion FamD of a small
category D.
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We know (proposition 2.2.1) that FamD is (equivalent to) a projective cover

0
of SETP p7 so that it is a weakly lex category.
Let us describe explicitely some weak finite limits in FamD, identified with

0
the full subcategory of SETP P spanned by sums of representable functors.

Each time, one can consider the corresponding strong limit in S& TDOp and use
the canonical presentation of a presheaf as colimit (that is quotient of a sum)
of representable presheaves. We give directly the resulting formula.

A weak terminal object in FamD is the coproduct [[yxcp D(—, X) of all the
representable presheaves.

A weak product of two objects D(—, A) and D(—, B) in FamD is the coprod-
uct [[D(—, X) indexed over all the pairs of arrows A<*—X —"+ B in D with
X varying in Dy.

A weak equalizer of two parallel arrows u, v: D(—, A)::D(—, B) in FamD
is the coproduct [[ D(—, X) indexed over all the arrows x: X — A in D such
that z - v = x - v with X varying in Dy.

In each case the projections are the obvious ones; for example, the projection
from the weak product [[D(—, X)—D(—, B) is the unique arrow induced by
the family of arrows {v: X —— B} indexed by all the pairs A<*—X —>B in
D.

So, we have described binary products and equalizers of objects and arrows
of Fam®D coming from D via the (Yoneda) embedding Z: D——FamD.

Lemma 2.3.1 Let D be a small category and A a left exact and extensive
category. Consider a sum-preserving functor F: FamD—— A left covering with
respect to binary products and equalizers of objects and arrows of FamD coming
from D; F is left covering with respect to binary products and equalizers.

Proof: Taking into account that in FamD each object is a sum of repre-
sentable ones, the proof proceeds by induction.

For the sake of clarity, we consider only binary sums, but all the arguments
are valid for arbitrary sums.

Products: consider three objects X, A, B € FamD and assume, by induction,
that the canonical factorizations ¢: F(X x A)—FX x FA and ¢: F(X x
B)—— FX x FB are strong epi’s. In FamD there exists a factorization

7 (X x A J[(X x B)—X x (A]] B)

(commuting with the appropriate projections); on the other hand, the canonical
factorization in A

(FX x FA)[[(FX x FB)—FX x (FA[[ FB)

is an iso, because A is distributive.
Now we can build up a commutative diagram in A
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F(X x (A]]B)) @ FX x F(A]]B)
Fry ~
F((X x A)TI(X x B)) FX x (FA][FB)

~

12

Y Y

F(X x A)[[F(X x B) =it (FX x FA)[[(FX x FB)

but @[] is a strong epi, so that also the canonical factorization « is a strong
epi, as required.

(Observe that the coproduct of a family of strong epimorphisms is again a
strong epimorphism.)

Equalizers: first case. Consider in FamD a coproduct X —%» X [[Y «2~Y and
two arrows f,g: X [[Y —— A; consider two weak equalizers

ix f iy - f
ExZX_TA By _TA
X9 ty - g
and then apply F'
FEx FEy

Px FeX PY Fey

Fix - Ff Fiy - Ff
Lx ] X FA Ly I FYy FA

X Fix - Fg Y Fiy - Fg

(where lx and ly are the equalizers in A).
Consider again a weak equalizer

f
E-SX][[r==4
Y=
and the corresponding equalizer in A

FE

P Fe

Ff

L ——FX[[FY— " FA
l F
g
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(where we have identified for brevity F(X [[Y) with FX[[ FY); we want to
show that the canonical factorization p is a strong epi. By definition of E, Ex
and Ey, there exists a factorization ¢: Ex [[ Ey — E commuting with the
appropriate projections. On the other hand, the analogous factorization in A
Lx ][] Ly ——L is an iso (this easily follows from the universality of sums and
keeping in mind the construction of equalizers via pullbacks and products). Now
we have the following commutative diagram

FEx][FEy—Yt + pp

px [y P

Lx 1Ly = L

but by induction px and py are strong epimorphisms, so that also p is a strong
epimorphism.

Equalizers: second case. Consider in FamD two arrows f,g: X — » A][ B with
A, B € D. As usual, consider a weak equalizer e: E—— X in FamD, the strong
equalizer in A and the corresponding factorization

FFE
P Fe
Ff
L FX ——FA|[FB
! F
g

(once again we identify F(A]] B) with FA][ FB).

Taking into account the first case just discussed, we can suppose also X
in D, so that f and ¢ have to factor through one of the canonical inclusions
A4 A B+2-B.

Suppose they factor as f = f -i4, g = G- ig. Then L factors through the
pullback of F'f and Fg, which factors through the pullback of Fiy and Fip
which is the initial object (sums are disjoint); but the initial object is strict, so
that all the involved factorizations (included p: FE—— L) are isomorphisms.

Suppose now they factor as f = f -i4, g = g -ia. Taking into account that

0
ig: A—A]] B is amono (sums in FamD are performed in SETP p), we have
that e: E—— X is also a weak equalizer of f,g: X — + A. By assumption, the
factorization on the corresponding equalizer in A
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FE
P Fe
Ff
L FX FA
z Fg
is a strong epimorphism.
But [: L—— F' X is also the equalizer of
Ff-ipa
FX__TFA[[FB

Fg-ira

(because ip4 is a mono), that is of F'f, Fg: FX —» FA][ F'B. Therefore p = p
is a strong epimorphism, as required.

Corollary 2.3.2 Under the hypothesis of the previous lemma, if moreover A
is regular and F' is left covering with respect to the terminal object, then F' is
left covering.

Proof: By lemma 2.3.1 and proposition 1.4.10. ]

We are ready to see how left covering functors can be used in the proof of
Giraud theorem. To make this more evident, we have chosen a list of axioms
which is by no way minimal (for example, “cocomplete” can be replaced by “with
sums” and “dense” can be omitted) and we only sketch the classical arguments
involved in the proof.

Proposition 2.3.3 Let A be an exact, extensive and cocomplete category. If A
admits a dense family {G;}; of generators, then A is a localization of a presheaf
category.

Proof: Consider the full subcategory D of A whose objects are the generators
G; and call F:D——A the inclusion. Since the family {G;}s is dense, the

functor A(F—, —): A—»SETDOP is full and faithful and, since A is cocomplete,

it is the right adjoint of the left Kan extension F :SSTDOPHA of F along
0

the Yoneda embedding V:D——SETP p' Taking into account the results of

section 2.2, we can factor Y as

DL FamD L' (FamD)ex ~ SET

pOP

(where 7 is described at the beginning of section 2.2 and I' is described in 1.3.1).
Also F' can be built up in two steps: first, consider the left Kan extension

F': FamD——A of F along 7 (that is, the sum-preserving extension of F') and

then take the left Kan extension F' of F' along I'. By proposition 1.5.4 and

theorem 1.5.2, to prove that F s left exact, it suffices to prove that F’ is left
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covering. Keeping in mind the description of weak limits in FamD, we have to
look at the three following canonical factorizations

[H¢i—1 . J[Gi—CxD , [[Gi—+Eu.

where: C,D,u,v are objects and arrows in D; the first coproduct is indexed

by all the objects G; in D; the second coproduct is indexed by all the pairs

of arrows C'«<—G;—— D in D with G; varying in D; the third coproduct is

indexed by all the arrows w: G;—C' such that w-u = w - v with G; varying
u

in D; 1 is the terminal in A; C x D is the product in A; Eu,v—>C$D is
the equalizer in A.

But the hypothesis that the family {G,} generates 1,C' x D and E,, ,, means
exactly that these three arrows are regular epis. By corollary 2.3.2, we have that
F’ is left covering and the proof is complete. [ |

The previous proof is not, in some sense, satisfactory. In fact, we have used

only the universal property of S€ TDOp as free exact category, but not its formal
description. As a consequence, we are forced to use some non trivial facts on
dense generators and pointwise Kan extensions. We give now a different proof,
which is less elegant but completely straightforward. What is the “best” proof
of a theorem is, of course, a matter of personal taste. Nevertheless, I think it
is interesting to point out that, once some basic facts on exact categories are
achieved, the characterization of localizations of presheaf categories becomes an
easy exercise.

We work as in the proof of proposition 2.1.3. The major difference is that
C must be the sum-completion of the full subcategory D of generators, so that

0
Cex is equivalent to SETP p‘ For this, we take as arrows from a generator to
a sum of generators only the arrows which factor through a canonical injection
0
(generators are indecomposable in SETP p). Now the inclusion of C in B is

not full, but it remains left covering in virtue of the extensivity assumption on
B.

Proposition 2.3.4 Consider a category B; the following conditions are equiv-
alent:

1) B is equivalent to a localization of a presheaf category

2) B is exact, extensive and has a set of regular generators which admit all
sums.

Proof: let {G, }zex be the set of generators. Consider the following category
C: objects are sums of generators, so that a generic object of C is of the form
[,csGys) for a map f:S——X; an arrow

HSESGf(S) HHTERGQ(T)

in C is an arrow in B such that, for each s € S, there exist r, € R and
Gy(sy—Gy(r,) in B making commutative the following diagram
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[LiesGrs) — rerGotn)

s

G

Gy(s)

g(r)

We write
« Hw,B(Gm,A)G“” A

for the canonical cover of an object A of B by generators. Now observe that
C is equivalent to the sum-completion of the full subcategory of B spanned by
generators. For this, it suffices to observe that, if

HSESGf(S) HHtETGh(t) %HTERGQ(T)

are arrows in C, then the unique factorization in B

(HseSGf(s)) H(HreRGg(T))HHteTGh(t)

is again an arrow in C.
First step: the inclusion F: C——B is a left covering functor.
Consider a finite diagram £: D——C and its limit in B

limL - F = (rp: L—L(D))pep,

If we precompose each mp with the canonical cover

L Hw,B(Gz,L)GzHL

we do not know if the resulting projections [ - wp are arrows in C. What we can
do is to take a ”subcover”

/.
! 'Hw,C(Gw,L)Gx L

where C(Gy, L) = {f:Go—L| YD €Dy f-np e C} Onecan prove that

(1" 7p: Ha: . L)G}—»C(D))DGDO

is a weak limit of £ in C working as in 2.1.3. But now we have a new problem:
by assumption, the canonical cover [ is a regular epimorphism; how can we prove
that also the subcover I’ is a regular epimorphism? If, for each D € Dy, L(D)
is reduced to a single generator, the difference between B(G,, L) and C(G,, L)
vanishes, so that I’ = [ is a regular epimorphism. The general case follows from
this particular case using lemma 2.3.1.

Second and third steps: here the only difference with respect to the algebraic
case (proposition 2.1.3) is in the definition of 7: B——Cex on the objects of B.
Given an object A in B, we start with the canonical cover

@ Hm,IB(Gw7A)GI4>A
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and we take its kernel pair in B
a1, as: N(a)HHZ B A)Gg,j

But now, to construct a pseudo equivalence relation in C, we take the subcover

/. .
n .HLC(G“N(Q))GI N(a)

where C(G,N(a)) = {f:Go—N(a) | f-a1,f -ax € C}. It remains
only to prove that n’ is a (regular) epimorphism, which is essential to show
that 7: B——Cex is full (we can not use here lemm 2.3.1 as in the first step,
because A is not necessarily in C). Since the rest of the proof runs exactly as
in the algebraic case, we can conclude our proof showing that n’ is a regular
epimorphism in a separated lemma.

Lemma: Consider a pullback in B

k'
P ——ILesGres)

h’l lh

k
HreRGg(T)% A

and the subcover
/. .
P11, 6,0 P

where C(Gy, P) = {f:Go—P | f -}, f -k € C}; the arrow p’ is a regular

epimorphism.

Proof: such as the one of lemma 2.3.1, the proof is by induction. If R =
S = {x}, the difference between C(G,, P) and B(G,, P) vanishes, so that p’ = p
which is a regular epimorphism by assumption on generators. If R = {x} but S
is arbitrary, consider the pullback

ks
P, —G(s)

P K HsESGf(S)
By associativity of pullbacks, we can apply the induction, so that the subcover

/.
P HI,C(GI,PS)GI Py

is a regular epimorphism, where C(G,, Py) = {f: Go— P | f-js-I, f-ks € C}.
Let us write A, for [, C(G PS)Gﬂf; we are in the following situation
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Js
so that there exists a unique arrow o: HsesAsHP such that as - o = pl, - j,
for each s in S. By universality of sums, (js: Ps——P) = [[,.gPs. Since, for

each s, pl is a regular epimorphism, by commutativity of colimits also o is a
regular epimorphism. Consider now

/. .
o5 As Hm,C(Gm,P)GI

induced by
o [ C(Ga P)—]] _ C(G:. P)

which sends f:G,——P; into f - js: G,— Ps—P. We obtain a unique

arrow
: I | AS—>| I Gy
seS z,C(Gy,P)

such that as - o = o, for each s. We have built up the diagram

HSESAS = P

/

a p

Hz,(C(GI,P) Ga

and its commutativity shows that p’ is a regular epimorphism. In the same way
the case R and S arbitrary follows inductively from the case R = {x} and S
arbitrary. m

Remarks: i) Recall that, in the previous proposition, the assumption of
regularity on generators is redundant. In fact, in an exact and extensive category
each monomorphism is regular and then each epimorphism is regular.

ii) One can be tempted to adapt also propositions 2.1.4 and 2.1.5 to presheaf
categories. Unfortunately, if the reflector is not lex, the disjointness of sums is
not preserved, so that C is no more equivalent to the sum-completion of the
full subcategory of generators. Moreover, if one tries to transpose the argument
used to prove the regularity of units from the algebraic case to the presheaves
case, one realizes immediately that, in the second case, it runs if and only if
generators are indecomposable in B. This is true in some particular cases (for
example when the right adjoint preserves regular projective objects), but not
for any epireflection.
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2.4 Geometric morphisms

We want to develop here some facts arising from the two previous sections.
More exactly, we want to revisit the study of geometric morphisms from an (ele-

o
mentary) topos & to a topos of presheaves SE TP . We follow the terminology
of [32].
Definition 2.4.1 Consider a small category D, the covariant Yoneda embed-
16}
ding Y:D——SETP P and a cocomplete left exact category A; a functor
- o
F:D——A is flat if its left Kan extension F:SETP pHA along Y is left
exact.
Observe that in the previous definition one can equivalently require that F
is exact; in fact F' is computed pointwise, so that it has always right adjoint
)
given by A(F—, —):A——>SeTPP.
Proposition 2.4.2 With the notations of the previous definition and supposing

A exact, we have that F is flat if and only if its sum-preserving extension
F': FamD—A is left covering.

Proof: Consider the following diagram

D FamD

F’ r
F
A T seT

F
where Z - T' = Yoneda embedding, 7 is as in section 2.2 and T is (up to the
equivalence of proposition 2.2.1) as in proposition 1.3.1.
(if): if F" is left covering, then (by 1.5.4 and 1.5.2) its left Kan extension F
along I is exact. But F’ is the left Kan extension of F along Z, so that F'is the
left Kan extension of F' along Y and then F' coincides with F.
(only if): if F' is flat, then by definition F' is exact and then (by 1.4.8) T'- F is
left covering. But I' - F' coincides with F” because Z-T' - F = F and ' - F is
sum-preserving. [ |

pOP

Definition 2.4.3 Let D be a small category and A a left exact category. A
functor F: D—— A is filtering if the following three coditions hold:

1) the family of all maps F(X)—1 (with X varying in Dy) is epimorphic
2) for each pair of objects A, B in D, the family of all maps
(F(u), F(v)): FX—FA x FB

(with A<*—X —"+ B in D with X varying in Dy) is epimorphic
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3) for each pair of arrows u, v: A—» B in D, the family of all maps F(X)—E,, ,
Fu
(induced via the equalizer EU,UHFAFHFB by maps w: X — A in
D such that w - uw = w - v with X varying in Do) is epimorphic.

(Recall that if A = SET, this definition means exactly that the category of
elements of F is filtering (cf. [32]) or, equivalently, that F is a filtered colimit
of representable functors (cf. [8])).

Proposition 2.4.4 Consider a functor F:D——A with D small and A an
exact and extensive category. Let F': FamD—— A be the sum-preserving ex-
tension of I'; F is filtering if and only if F' is left covering.

Proof: Recall that in such a category A every epimorphism is regular (cf.
[17]). Keeping in mind the description of weak limits in FamD given at the
beginning of section 2.3, the three conditions of the previous definition are
equivalent respectively to the fact that F’ is left covering with respect to the
terminal object, products of objects coming from D and equalizers of arrows
coming from D. One immediately concludes by lemma 2.3.1 and corollary 2.3.2.

|

Putting together propositions 2.4.2 and 2.4.4, we obtain an easy proof of the

characterization of geometric morphisms A—»SSTDOP in terms of filtering
functors D—— A; our proof holds if A is a cocomplete pretopos.

Moreover, proposition 2.4.4 explains in some sense the (a little bit mysteri-
ous) definition of filtering functor.

2.5 Sup-lattices as free exact categories

In section 2.1, we have characterized the category of algebras for a monad
over SET as an exact category with enough projectives such that the full sub-
category of projectives is equivalent to the category of free algebras. The fact
that free algebras are projective depends on the axiom of choice in SE7 .

In this section we give an example of a monadic category which is exact and
whose free algebras are projective without using the axiom of choice. For this,
we need some elementary facts about the regularity and exactness of monadic
categories.

In the following, T = (T, u:T? —T,e:1—T) is a monad over a cate-
gory A, EM(T) and KL(T) are respectively the Eilenberg-Moore and the Kleisli
category of T.

Proposition 2.5.1 Let A be regular;

1) T preserves regular epis if and only if the forgetful functor
U: EM(T)——A

preserves regular epis
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2) if T preserves regular epis, then EM(T) is regular and U preserves and
reflects the regular epi-mono factorization

Proof: 1) (if): obvious, because T = F' - U with F' the left adjoint of U.

(only if): it follows from the construction of the regular epi-mono factorization
in EM(T) contained in the proof of part 2).
2): EM(T) is left exact because A is left exact and U creates limits; let us
consider now a morphism f:(C,c)—(D,d) in EM(T) that is, C is an object
of A and ¢:TC——C is the structural map, f:C'——D is a morphism in A
such that the following diagram commutes

T
TC ! TD
c d
C D
f

Since A is regular, we can factor f: C—— D as a regular epi followed by a mono

C / - D
1
We have to prove that this is also the regular epi-mono factorization in EM(T).

By assumption, T'e is a regular epi, so that there exists i: TI——1 making
commutative the following diagram in each part

Te - TI Tm - TM

TC

C ——— 1 —5— D

Since m: I — D is a mono in A, (I,4) is a T-algebra (cf. section 3.2 of [3]) and
clearly e: (C,¢)—(1I,i) and m: (I,i)— (D, d) are morphisms of T-algebras.
m is a mono in EM(T) because it is a mono in T and U: EM(T)—— A reflects
monomorphisms.

Consider the kernel pair ey, ea: (N, n) —— (C, ¢) of e: (C, ¢) — (I, i) in EM(T),
so that ey, es: N__5C is the kernel pair of e: C'——1 in A; but e is a regular
epi, so that it is the coequalizer of e; and e in A. It is the coequalizer of e; and
ez also in EM(T): in fact, if h: (C,¢)— (A4, a) is a T-algebra morphism such
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that ey - h = es - h, then there exists a unique g: I —— A in A such that e-g = h.
But g is in EM(T); in fact Te-Tg-a =T(e-g)-a =Th-a=ch=c-e-g=Te-i-g
and then T'g-a = i- g because Te is an epimorphism.

From the above discussion, it follows that U: EM(T)—— A preserves and
reflects regular epis (and then the regular epi-mono factorization) so that regular
epis are pullback stable in EM(T) because they are pullback stable in T. [ ]

Proposition 2.5.2 Let A be regular;

1) T sends regular epis into split epis (that is, epis with a section) if and only
if U sends regular epis into split epis

2) if T sends regular epis into split epis, then the free algebras are projective.

Proof: 1) (if): obvious. (only if): let f:(X,z)—(Y,y) be a regular epi
in EM(T); by proposition 2.5.1, f: X——Y is a regular epi in A and then
Tf:TX——TY has a section s:TY ——TX. A section of f in A is given by
the following composition ¥ —¥»TY —»TX —%» X in fact,

EY'S'I‘fZEY'S'Tf'yZEY'y:1Y~

2): by 2.5.1, EM(T) is regular, so that to prove that a free algebra is projective
it suffices to show that in EM(T) a regular epi f:(D,d)—(T'C, uc) splits.
Once again T'f: TD——T(TC) has a section s: T(T'C)—TD in A. Consider
now g: C——D in A given by the following composition

C-C7C G (1C) S TD %0 D,

TC L% TD—%+ D is a morphism (T'C, ) — (D, d) in EM(T) and the ver-
ification that it gives the required section of f: (D,d)—(T'C, uc) is straight-
forward. [ |

Lemma 2.5.3 Let A be an exact category; consider an equivalence relation
e1,e2: (E,e)— (X, z) in EM(T) and its coequalizer ¢: X —@Q in A; if

T€1 T
TE_T7Xx=%7Q
T62

is a coequalizer diagram in A, then ey, es: (E,e) —» (X, x) is effective.
Proof: Since U is left exact, ej,es: F—» X is an equivalence relation in A
and then we can complete it in an exact sequence
€1

€2

By assumption, there exists a unique arrow A: T'QQ— @ making commutative
the right-hand square in the following diagram
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T€1 T
TE X —L - TQ
T€2
c T A
€1
E X Q
() q

Using the fact that ¢ and T'q are epimorphisms, one can easily show that (Q, A)
is a T-algebra. Moreover (e, e3) is the kernel pair of ¢ in A and then it is the
kernel pair of ¢ also in EM(T) because U reflects limits. [ |

Proposition 2.5.4 Let A be exact; if

e T preserves regular epis and

e T preserves the coequalizers in A of the equivalence relation in EM(T)
then EM(T) is exact.

Proof: By proposition 2.5.1, the first assumption implies that EM(T) is

regular; by lemma 2.5.3, the second assumption implies that in EM(T) each
equivalence relation is effective. ]

Corollary 2.5.5 Let A be exact,
1) if T is left exact and preserves regular epis, then EM(T) is exact;

2) if the coequalizer in A of an equivalence relation in EM(T) is a split epi
in A, then EM(T) is exact and the free algebras are projective;

3) the axiom of choice holds in A if and only if, for every monad T over A,
EM(T) is exact and the free algebras are projective.

Proof: With the notation of lemma 2.5.3, 1) Tq is a regular epi, so that
TQ = coeq(ker(Tq)) = coeq(T (kerq)) = coeq(Te1, Tes)

and we can apply proposition 2.5.4;
2)
€1
E_ x4,

€2
is a split exact sequence, then it is an absolute coequalizer and by lemma
2.5.3 in EM(T) equivalence relations are effective. Let us prove now that U
sends regular epis into split epis (so that by proposition 2.5.1 EM(T) is regular
and by proposition 2.5.2 free algebras are projective). Consider a regular epi
f1(X,2)—(Y,y) in EM(T) and the corresponding exact sequence

FA
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Since U is left exact, we can complete f1, fo: N —+ X in an exact sequence

f1
N_x-1.q
f2
in A; by assumption, this is a splitting exact sequence and then an absolute co-
equalizer. Now working as in lemma 2.5.3, one can give to ) a T-algebra struc-
ture making g: X — @ a morphism of T-algebras. Moreover, using the fact
that T'q: T X —T(Q is an epimorphism, one has immediately that ¢: X —Q
is the coequalizer of fi, fo: (N,n) — (X,z) in EM(T), so that it is isomorphic
to f:(X,z)—(Y,y) and then f splits in A;
3) here the axiom of choice means that each regular epi splits; using the
previous point, one has one implication. For the opposite implication, just
consider the identity functor of A. [ |

As each algebra is a quotient of a free algebra, if free algebras are projective,
then EM(T) has enough projectives; if, moreover, EM(T) is exact, one has that
EM(T) is the free exact category over its full subcategory KL(T) of free algebras.

In section 2.1 we have discussed the case A = SE7 using the axiom of
choice; it can be easily generalized to a power of SE7. Now we can give a
topos-theoretic example of a free exact category.

Proposition 2.5.6 Let £ be an elementary topos; the category of sup-lattices
in £ is the free exact category over the category of relations in .

Proof: Let us consider the covariant monad “power-set” P:&——E&. It is
well-known that EM(P) ~ SL(£), the category of suplattices in €. Moreover,
KL(P) ~ Rel(£), the category of relations in &: in fact, sup-preserving arrows
PX ——PY are in bijection with arrows X ——PY which are in bijection with
relations R — X x Y. Let us prove now that the second point of the previous
corollary holds. We sketch the proof using the internal language of £.

Consider an equivalence relation ey, es: F T Xin SL(€) and its coequalizer
q: X —Q in &; we obtain a section s: Q — X of ¢ defining

VyeQ s(y)=Sup{rec X | q(x) =y}

Let us show that ¢-s-¢ = ¢ (then s- ¢ = 1g because ¢ is an epimorphism).
Consider T € X, then ¢(s(¢(T))) = q(«) where o = Sup{z € X | ¢(z) = q(%)},
but ¢(z) = ¢q(Z) if and only if 2 ET, so that a = Sup{x € X | zEZ}. Since E is
a congruence, this implies that « ET and then ¢(«) = ¢(%) as required. ]

To complete our analysis, let us observe that the conditions stated in 2.5.2
and in 2.5.5.2 are also necessary. More precisely, we have the following lemma.

Lemma 2.5.7 Let T be a monad over a category A;

1) if EM(T) is regular and free algebras are projective, then U sends regular
epis into split epis
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2) if U sends regular epis into (split) regular epis, then the coequalizer in A
of an exact sequence in EM(T) is a (split) regular epi in A.

Proof: 1) Let us consider the following situation in EM(T)

(TA, pa)—"*~(4,a)
f

(TB,,uB)—b>(B7 b)
a is a regular epi in EM(T) and b has a section eg: B——TB in A; if (T'B, up) is
projective and f is a regular epi in EM(T), then there exists y: (T'B, ug)— (T A, pta)
such that y-a- f = b; clearly e - y - a is a section of f in A.
2) consider an exact sequence in EM(T)

(B,) o (X,2) L= (Q. ).

Obviously
€1

€2
is a kernel pair in A; but, by assumption, ¢ is a regular epi in A, so that it is an
exact sequence also in A. [ ]

Now we can summarize the previous discussion as follows:

Proposition 2.5.8 Let A be an exact category and T a monad over A; the
following conditions are equivalent:

1) EM(T) is exact and the free algebras are projective

2) the coequalizer in A of an equivalence relation in EM(T) is a split epi in
A. ]

Example 2.5.9

Let us recall that a further example of an exact category with enough pro-
jective objects is given by the dual £°P of a topos £. One can prove this fact
using our previous proposition. For this, consider the contravariant “power-set”
functor P: EOP ——E. The proof that it is monadic runs as follows (cf. [8] or
[32]): consider a reflexive pair in £°P, that is a pair of arrows f,g: X — LY in
& with a common retraction r: Y —X (thatis f-r=1x =g 7).

Consider now the equalizer in €

f

E-S+X_Y

and apply the functor P: P —~&.
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Using Beck condition, one can easily prove that

Pf
Px_Lpy-LPapE
Pg

is a split coequalizer.
If the given pair of arrows in £°P is, in particular, an equivalence relation,
the previous argument shows that condition 2) of proposition 2.5.8 is satisfied.



Chapter 3

The regular completion

3.1 A glance at the left exact case

In this chapter, we want to build up the regular completion of a weakly lex
category and to establish its universal property. In the first chapter, we have
seen that the exact completion of a weakly lex category is defined formally in
the same way as the exact completion of a left exact category. On the contrary,
the regular completion of a weakly lex category needs some modifications with
respect to the left exact case. For this reason, we prefer to start by briefly
recalling the construction of the regular completion of a left exact category,
which has been introduced in [19] (see also [14]).

Definition 3.1.1 Let C be a left exact category; we define a new category Creg
as follows:

e objects: an object of Creg is an arrow f: X — X' in C

e arrows: an arrow between two objects f: X — X' and ¢g:Y —Y' of
Creg Is an equivalence class of arrows a: X —Y of C such that fo-a-g =

fira-g
N(f)
fol lfl
X4y
fl lg
X' Y’

(where fo, f1: N(f) —— X is the kernel pair of f); two arrows of this kind
a: X —Y and : X —Y are said to be equivalent if « - g = (3 - g.

83
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e composition and identities are the obvious ones.

Once again, the previous definition needs some comments: think of C as a
left exact category with coequalizer of kernel pairs and in which each object is
projective; an arrow [a]: (f: X —= X')——(9: Y ——Y") as in definition 3.1.1
is then exactly an arrow between the image of f (that is, the coequalizer of
fo, f1: N(f)::X)and the image of ¢ making commutative the following dia-
gram

X a

Imf—Img

Now let us make an obvious remark which will be helpful in next sections.
Consider two arrows in C f1: X — X7 and fo: X — X5; since C is left exact,
this is equivalent to giving a unique arrow x: X — X7 X X5, that is an object
of Creg. Consider its kernel pair g, 21: N(z)—X; it is universal with the
property that xo - fi =21 - f1 and xg - fo = z1 - fo.

We are ready now to discuss the regular completion of a weakly lex category
following the same steps as in the first chapter.

3.2 The regular completion
In this section we construct a regular category from a weakly lex one.

Definition 3.2.1 Let C be a weakly lex category; we define a new category
Creg as follows:

e objects: an object of Creg is a finite (possibly empty) family of arrows
(fi: X—X;); inC (all the arrows f; of the family have the same domain)

e arrows: an arrow between two objects
(fi: X—Xi)1 and (g;:Y —Yj),

of Creg is an equivalence class of arrows a: X ——Y of C such thatV j € J,
xo.a.gjzl'l.a.gj
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X

o Iy

X; Y;

(where xg,v1: X — X is a pair which is weak universal with respect
to the property that ¥ i € I, xo - fi = x1 - f;). Two arrows of this
kind a: X —Y and (: X —Y are said to be equivalent if Vj € J,
a-g;=0"9;

e compositions and identities are the obvious ones.

When it will not be ambiguous, we will use the notation [a]: (f;) —>(g;)
for the equivalence class of

a (fi X —Xi)1—(9;: Y —Yj) .

Observe that a pair of arrows xg, z1: X — + X with the required weak uni-
versal property certainly exists in C. In fact this property means exactly that
(X;x0,21) is a weak limit in the following diagram

X
N
X fi i X
f{>< g

X Xj

(think of two distinct copies of f; for each 4 in I). If the family (f;) is indexed
over the empty set, then the pair z, z1: X — + X in the previous description is
nothing but the two projections from a weak product X x X X

Observe also that the conditions on a: X —Y for being an arrow do not
depend on the choice of X TXx (which is, by no way, uniquely determined).
In fact, if to, t1: T — X is another pair with the same weak universal property,
then there exists m: T — X such that m - o = to and m - £; = t; and there
exists n: X —T such that n-ty = 2o and n-t; = x;; now To -G =T1 0 G
if and only if g - - g; =t1 - - gj.
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Now observe that if a: X —Y issuch that Vj € J, zo-a-g; = 21 - - g5,
then there exists a: X ——Y such that @ -y9 = 29-a and @ -y, = 21 -
moreover, if o’: X —Y is such that V j € J, a- g; = &’ - g, then there exists
¥: X —Y such that ¥ - yg = @ and ¥ - y; = ; the situation is illustrated in
the following two diagrams

X Y X Y
Zo 1 Yo Y1 Zo Z1 Yo Y1
«
X —f— Y X Y
o
fz gj fl gj
X; Y; X; Y;

From these two last observations, one can immediately deduce that the rela-
tion between arrows is really an equivalence relation stable under composition
and the composite of two arrows in Creg is again an arrow. We can conclude
that the previous definition is well posed.

Now an easy observation; it will be crucial in section 3.5 to compare the

regular and the exact completion (cf. also the last remark at the end of section
1.4).

Proposition 3.2.2 Let (fi: X — X;); be a finite family of arrows in a weakly
lex category C and consider a pair g, x1: X X weakly universal with respect
to the condition xg - f; = x1 - f; for each i in I. Such a pair xg,z1 is a pseudo
equivalence-relation.

Proof: (Think of the pair xg,71: X — + X as the kernel pair of the arrow
(fi): X —11,X;.) Transitivity: consider a weak pullback

Asly-xzo-fi=lo-x1-fi=1011-x9-fi =11 - fi for each i, there exists
i X %X — X such that t~xo = lo- o anc and tX ZL’1 = [y-x1. This means exactly
that tw is the transitivity of zg,z1: X X Analogously for the reflexivity
and symmetry. [ |
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Theorem 3.2.3 Let C be a weakly lex category and let Creg be as in definition
3.2.1; Creg is a regular category.

Step 1: Creg is a left exact category. Consider two objects (f;) and (g;) in
Creg; their product is given in the following diagram

X - X X xY oY - Y
fi 7TX‘/f‘/ ng 9j
Xi X Y; Y;

where X <X~ X x Y -™%Y is a weak product in C.
If T is a weak terminal object in C, then the empty family (T'—)g of
arrows with domain 7" is the terminal object of Creg. o
Consider now two parallel arrows in Creg [a], []: (fi) — (
izer is given in the following diagram

g;); their equal-

e 6]
E X Y
B
e fi fi 9j
X, X, Y;

where e: E—— X is a weak limit over the diagram

@
XLy,
B g;
(think of a pair of parallel arrows for each j in J).

Let us verify that [e]: (e - f;) —(f;) is the equalizer of [a] and [f] in Creg.
Observe that [e] is a mono: given two arrows [a] and [b], the equations [a] - [¢] =
[0] - [e] and [a] = [b] both means a-e- f; =b- e f; for each .

Now if [v]: (hkx: Z—Zk )k — (fi: X—X;)s is such that [y] - [a] =
[7] - [8], one has v -« - g; = - (- g; for eachj and then there exists 7: Z —E
such that 7 -e = ~.

It remains only to prove that [J]: (hx)—(e- fi) is an arrow in Creg. By
assumption zo-7y- f; = z;j-v- fi, sothat zo-y-e- f; = z0-v-fis = zi-v- fi = z;-¥-e- fi.

As far as the terminal object and products are concerned, the verifications
run in a similar way and we omit the details.

Step 2: Creg has regular epi-mono factorization and regular epis are stable
under pullbacks.

Consider an arrow [a]: (f;) —(g;) in Creg; its factorization is given in the
following diagram
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X @ - Y
fi R / 99
X, X Y,

O['gj

Y

J

Obviously the second part is a monomorphism in Creg. Let us show that in
Creg an arrow like

Mx]: (fir X —Xi) 1 —(g;: X —>Y)),

is always the coequalizer of its kernel pair: the kernel pair is given in the fol-
lowing diagram

1
E X —— X
€ T
e - f; e -2 fi fi 9j
Xz Xz Xz Y}
T 91
where X < X x X "2+ X and E—%+ X x X 4.Y are weak limits computed

in C to obtain a pullback in Creg via the descr1pt1on of products and equalizers
given in step 1.

Obviously the arrow [1x]: (f;) —>(g;) coequalizes the previous diagram in
Creg. Suppose now that [a]: (f;) —(hs) is a second arrow in Creg such that
e-m -« is equivalent to e- w3 - . We can take [a]: (g;) — (hx) as factorization;
the only problem is to show that it is really an arrow in Creg.

For this, consider a pair of arrows yg, y1:7::X such that vV j € J, yo-g; =
Y1 - g;; those relations imply the existence of an arrow 7:Y —— E such that
y-e-m =1ypand y-e-my = y1; but now yo-a-hy =y-e-m -a-hp =
y-e-mg-a-hy =y1-a-hy Vk € K because a coequalizes e - m; and e - mo
in Creg. The factorization is unique because [1x]: (f;)—(g;) is obviously an
epimorphism in Creg.

The previous argument shows that in Creg a regular epi is always, up to
isomorphisms, of the form

(Ix]: (fi: X —Xi) 1 —>(9: X —Yj) .
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Using this fact, the verification of the stability conditions becomes easy. For
this, consider the pullback of [1x]: (f;: X —X;);—(g;: X —Y;), along
an arrow [B]: (hg: Z—Zy)k — (9;: X —Y}) ;.

It is given by

E €Ty A
eﬂ—Xf €'7TZ'hK hK
X ZK VA%

X 9j

where X <%~ X x Z "%+ 7 and E—%+ X X Z::YJ are weak limits computed
in C to obtain a pullback in Creg following tﬁé'%gécriptions given in step 1.

Now we can consider the regular epi-mono factorization of [e-7z]. It is given
by the following diagram

1 ST,
E—E .+ 2T, g
e-7x - fi e-m, hg e -7z hg hx
X; i T Zre

We look for an inverse to the monic part. Consider b: Z—— X X Z such that
b-?TX :ﬁand b"/TZ :12.

Since b-mx -g;j =0B-g; =b-mz - B -g; for each j, there exists a: Z —F
such that a-e =b.

Now observe that zg-a-e-mz-hx = 20-hxg =z1-hxk =21 a-e-7wz-hg, so
that [a]: (hg) —(e -7z - hy) is an arrow in Creg. Since a-e-mz =1z, [e- 7]
is a split epi in Creg and then it is an isomorphism. [ ]

The rest of this section is devoted to point out two properties of Creg which
will be the characterizing properties for free regular categories over weakly lex
ones. More precisely, we will show that Creg has enough projectives and that
each object of Creg can be embedded in a product of projective objects.

Proposition 3.2.4 Let C be a weakly lex category and Creg its regular com-
pletion as in definition 3.2.1; there exists a functor

I CHCreg
defined by
[ X—Y ~ [fli(lx:X—X)—>(1ly: Y —>Y)

which is full and faithful and preserves monomorphic families. ]
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Proposition 3.2.5 Let
I (CH(Creg

be as in the previous proposition and consider an object Y € C; T'Y is a pro-
jective object in Creg.
Proof: Let [a]: (fi: X —X;); —(1y: Y —=Y) be an arrow in Creg and

its factorization

1x o

X - X - Y
fi « 1y
X; Y Y

Suppose that the monic part is an iso; there exists : Y —— X such that g-a =
1y; the arrow [3]: (1y ) —(f;) gives us the required section. ]

Proposition 3.2.6 Let
I CHCreg

be as in proposition 3.2.4 and consider an arrow in Creg

[ad: (fi) —(95);

we have the following commutative diagram in Creg

I'(X5)
r'f; T
rx regepi . (fz) mono 'HIF(Xi)
la o]
ry TP, (g) Mmoo [T r(y))
Iy, T
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Before starting with the proof, let us read some consequences from the above
diagram; keep in mind proposition 3.2.5.

Corollary 3.2.7

1) each object of Creg is a quotient of a projective object coming from C and
can be embedded in a product of projective objects coming from C

2) each arrow of Creg is the unique extension to the images of an arrow
coming from C

3) Creg has enough projectives and I'(C) is a projective cover of Creg-

Proof: Proof of 3.2.6: from the diagram in step 2 of theorem 3.2.3, we know
that

1
X X . X
1x fi
X X,

is a regular epi in Creg; let us show that the family of arrows
X fi X,
fi 1Xi

X, X,

is monomorphic: given [a], [b]: (hy) —(fi), a-fi = b-fi Vi & Iin Creg if and
only if a- f; = b- f; in C which means exactly a = b in Creg. The commutativity
of

rx (fi)
Ta [a]
ry (95)

is obvious. [ |
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3.3 The universality of the regular completion
In this section we show that the embedding I': C——Creg is universal.

Theorem 3.3.1 let C be a weakly lex category and A a regular one; consider
the regular completion I': C—— Creg described in 3.2.3 and in 3.2.4; composing
with I' induces an equivalence

Fregi EX((Creg7 A) HLCO((C, A)
between the category of exact functors from Creg to A and the category of left

covering functors from C to A.

Corollary 3.3.2 With the notation of 3.3.1, the left covering functor I': C——Creg
is uniquely determined (up to equivalences) by the previous universal property
|

Proof: Proof of 3.3.1:The more difficult part consists in proving that, given
a left covering functor F:C——A, there exists a unique (up to natural iso-
morphisms) exact functor F : Creg— A making commutative the following
diagram

C 4F>Creg

N

Keeping in mind the diagram in proposition 3.2.6 (and using the same nota-
tions), if I': Creg — A preserves regular epis, mono’s and finite products and
if - F'~ F, then F(f;) must be the image in A of

(Ffi): FX —]] F(X3)

and F[a] must be the unique extension to the images as in the following diagram
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F(X;)

Ff; T

Fo Fla]
FY — L fr(g))—~T1,F(Y))
FgJ Tr]
F(Yj)

This gives us the uniqueness of F.

The existence of F* on the objects depends only on the regularity of A; if the
extension F[a]: F(fi)— F(g;) exists, then the functoriality of F" and the fact
that T - F' ~ F are obvious.

Step 1: existence of F on the arrows. Consider an arrow in Creg

[a]: (fi) —(g;)

By definition of an arrow in Creg, we have t@»&so g =x1-a-g; VjeJ(cf
3.2.1). Now take the kernel pair po, p1: N(p) — FX of (F f;): FX —[],F(X;)
(that is of p).
Observe that
FXLO N L Fx

is nothing but the limit on the diagram

FX FX
Ff; Ff;
Ff; Ff;
FX, FX,

This implies that there exists a factorization 2: FX — N(p) such that z-py =
Fzxg and x - p; = Fx1. Moreover, since F' is left covering, this factorization is a
regular epimorphism.
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Analogously, Fyg, Fyi: F Y L FY can be factored through the kernel pair
90, q1: N(q) —~FY of the arrow (Fg;): FY —][,F(Y;). Recall also that
there exists a: X —Y such that @-yg = 2o -a and @ -y; = =1 - .

We are now in the following situation

- x pO p A
FX N(p) FX F(f:)
b1
Fa Fa
JE— qo A
FY —5—N(9) FY —4—F(g;)
q1
Since
Po P £

is a coequalizer diagram, to obtain the arrow F[a]: FI(f;)— F(g;) it suffices
to show that pg - Fa - ¢ = p1 - Fa - gq. It suffices to show that this is the case
when we compose with 2 on the left and with n on the right (because z is an
epimorphism and n is a mono). This is equivalent to show that

Fzy-Fa-Fgj=Fx,-Fa-Fg; VYjeJ

, but this comes from the condition on « to be an arrow in Creg.
(By the way, observe that also

Fﬂl‘o
FX_TFX-LL (1)
F(El
is a coequalizer diagram because z is an epimorphism.)
Step 2: a :Creg—A is exact. To show that F preserves regular epis, we
use the fact that in Creg a regular epi is, up to isomorphisms, of the form

1
X X . X
fi J;
X; Y;

Its image by Fis given in the following diagram

p

FX F(f:)
Flx
FX —5—F(g;)
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and then it is a regular epi.

To prove that ' is left exact, we show that it is left covering with respect
to binary products, equalizers and terminal objects (cf. proposition 1.4.3 and
proposition 1.4.10).

Consider two objects (f;) and (g;) in Creg and their product

b b XxY Y - Y
fi ™ ;/ Xgﬂ 9;
Xi Xi Y; Y;
By definition of F', we obtain the following commutative diagram in A
FX <mF (X x Y)M FY
p r q

F(f:) ‘mﬁ((fi) X (gj))m’ F(g;)

Consider again the canonical factorization s: F(X x Y)——FX x FY which

is a regular epi (because F' is left covering). Now the canonical factorization
t:F((fi) x (gj)) —F(fi) x F(g;) makes commutative the following diagram

F(X xY)——F((f)  (g))

FXXFY"quF(fZ) XF(gj)

and then it is a regular epi because s,p and ¢ are regular epis.
Consider now two parallel arrows [a], [3]: (f;) ——(g;) in Creg and take its
equalizer

E e X Y

e fi fi 9j
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(with the notations of theorem 3.2.3, step 1). By definition of F', we obtain the
following commutative diagram in A

r
rp —fe | px “— y
Fp
r p q
A R F[a] )
Fle- fi)——= F(f:) F(g5)

Flel g

Consider the following limit in A

,  Fla-g)
H—FX__FYj
F(3-g;)
(think of a pair of parallel arrows for each j in J).
Since F is left covering, the unique arrow ¢: FE—— H such that t-h = Fe is
a regular epimorphism. Observe that ¢ - h is the regular epi-mono factorization
of Fe.
Since

FY <& N(g)-Ls FY

is the limit over the diagram

FY FY
ng/ ng
Fg; Fgj
FY; FY;

there exists u: H— N(q) such that u-qo =h-Fa and u-q = h- Fpj.
Moreover, we can factor F'[e] through the equalizer of F[a] and F[3] as

Fle-f) —— o pp
L

So we have the following commutative diagram
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FE T

~FX

F(e‘fi) v~ L I ‘F(fz)

and then there exists 7: H—— L such that the two resulting squares are com-
mutative.

Recall that we want to prove that v: F'(e - f;)— L is a regular epi; clearly
for this it suffices to show that 7: H——L is a regular epi. But this is true
because the following diagram is a pullback

h

H FX
T p

L = F(f)

This easily follows from the fact that

H h . px

u (Fa, F3)
FY x FY
(q07 Q1)

is a pullback, which can be proved with a straightforward argument of diagram
chasing.
In fact, it is commutative by construction of u. Now if N(q) «%—A—~»FX are
such that z - (Fa, FB) =y - (qo,q1),onehas - Fa-q=y-q-q=y-q1 -q=
x - Ff-q and then, for each j, z-Fa-q-q-u-mj = x-F@3-q-u-mj;, that
isz-Fa-Fg; =« F3-Fg—J. This implies that there exists a: A——H
such that a - h = x. This is the required factorization; in fact a - u - (go,q1) =
a-h-(Foa,Fp)=z-(Fa,FB) =y (qo,q1) and then a - u =y because (qo, q1)
is a mono.

The factorization is unique because h is a monomorphism.

Finally we can prove that 7 is the pullback of p along I. Suppose L<*-B-—<+FX
are such that b-1 = c-p. Since ¢-Fa-q=c-p-Flo]=b-1-Fla] =b-1- F[8] =
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c-p-F[f] =c-FB-q, there exists d: B— N(q) such that d - gy = ¢- For and
d-qu=c-Fp.

This implies that there exists a: B——H such that a-u=d and a-h = c.
It remains to prove that a -7 = b. Since [ is a monomorphism, it suffices to
observe that a-7-1l =a-h-p =c-p = b-1. Once again, this factorization
a: B—— H is unique because h is a monomorphism.

It remains to prove that Fis left covering with respect to the terminal object
(T'—)p of Creg. It is clear, because F(T—)y is the image of the unique
arrow t: F'I'—7, where 7 is the terminal object of A

FT : -7
\N /
F(T =)y

But, by assumption on F', t is a regular epi and so also m is a regular epi.

To end the proof, we need to show that the natural transformations between
two left covering functors F' and G are in bijection with the natural transfor-
mations between E and G. But this is a corollary of the next proposition.

|

Proposition 3.3.3 Let I': C——Creg be as in 3.2.4 and consider a left covering

functor F: C——A with A regular; the unique exact extension F: Creg—A
described in theorem 3.3.1 is the left Kan-extension of F' along I.

Proof: given a functor H: Creg— A and a natural transformation 3: F'——T"
H, consider the following diagram

F$0 P ~
FX FX F(f:)
F.%‘l
Bx Bx
Oy Y

(where t: T X —(f;: X — X)) is given by 1x: X — X as in 3.2.6, so that
Fxo -t:Fxl 'f).

In the proof of theorem 3.3.1, first step, we have shown that the upper line
is a coequalizer diagram; moreover, by naturality of 3, the left-hand square
is two-time commutative. This implies that there exists exactly one arrow
a (fi)—H(f;) making commutative the right-hand part. We take this ar-
row as a component at the point (f;) of a natural transformation F'— H.
The rest of the proof is straightforward. [ |
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Corollary 3.3.4 Let I C——Creg be as in 3.2.4; for each regular category
A, composition with I gives us an equivalence between the category of exact
functors Ex(Creg, A) and the category of left covering functors Lco(C, A).

Proof: From theorem 3.3.1 and the previous proposition. [ |

Proposition 3.3.5 (Functoriality of the (—)reg construction)

Let F:C——D be a weakly lex functor; there exists a unique (up to natu-
ral isomorphisms) exact functor F; reg: Creg—Dreg making commutative the
following diagram

r

C Creg
F Freg
D
D T reg
Proof: By 1.4.7 and 3.3.1, putting Freg = F-T. [ |

3.4 Characterization of free regular categories

As announced in section 3.2, we characterize a free regular category over a
weakly lex one in terms of the properties of Creg pointed out in corollary 3.2.7.

Let us start with a general remark on the regular completion; an analogous
one can be done for the exact completion.

Proposition 3.4.1 Consider a left covering functor F: C—— A with A regular
and its exact extension F': (Creg—>A as in theorem 3.3.1;

1) if F is faithful, then F is faithful

2) if F if full, faithful and factors in the full subcategory of projective objects
of A, then F is full.

Proof: Recall that, given an arrow [a]: (f;) —(g;) in Creg, F(a) is defined
as the unique arrow such that p - F [a] = Fa - g, where p and g are regular
epimorphisms and m and n are monomorphisms
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F(X;)
Ff; i
FX 7 F(f)) —m— 1L F(X)
Fa Fla]
FY s f(g;) ——T1,F(Y;)
Fy, m
F(Yj)

1) given [A]: (fi) —(g;) in Creg such that Fla] = F[3], we have Fa-Fg; =
Foa-g-n-mj=p-Flo]-n-nj=p-F[f]-n-nj=FB-q-n-m; =FB-Fg,
for each j. Since F' is faithful, this implies « - g; = (- g; for each j and then
[a] = [0] in Creg;

2) recall, from the proof of theorem 3.3.1, that

F$0
FX_TFX-Lsp(f)

F.Tl
is a coequalizer diagram. Consider an arrow a: F(f;)—F (gj); since FX is
projective and q is a regular epi, there exists b: F X —— F'Y such that b-q = p-a.
Since F' is full, there exists a: X —Y such that Foo = b. It remains to show
that o induces an arrow [a]: (f;) —(g;) in Creg, that is 29-a-g; = 21 -a-g; for
each j. Since F' is faithful, it suffices to show that F'zg-Fa-Fg; = Fx,-Fa-Fg;.
This is true because Fxg - Fa-Fg; = Fxg-Fa-q-n-mj=Fxg-p-a-n-m; =
Fziy-p-a-n-nj=Fx;-Fa-q-n-nj=Fx,-Fa-Fg;. [ |

Theorem 3.4.2 Let A be a regular category and P a projective cover of A. Sup-
pose that, for each object A of A, there exists a finite family (X;); of objects of P
and a monomorphism A—[[,;X;; the unique exact extension F: Preg—A
of the full inclusion F:P—— A is an equivalence.

Proof: Consider an object (f;: X — X;)r in Preg and the factorization
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X f [, X

N

E(f;) is the image of f in its regular epi-mono factorization
X—F(f)—]],%

Fis essentially surjective on the object: given an object A in A, by assump-
tion, there exist objects X, (X;); in P together with a regular epi p: X — A
and a mono m: A——][];X;. Consider the object (p-m-m;: X — X;); in Preg;
clearly its image under F' is (isomorphic to) A.

Fullness and faithfulness of F' immediately follow from the previous propo-
sition. [ ]

3.5 Comparing regular and exact completion

The aim of this section is to show that, under some additional hypotheses,
the regular completion of a weakly lex category is an epireflective subcategory of
the corresponding exact completion (epireflective means regular epireflective).

In this section, to avoid confusion, the regular completion of a weakly lex
category C will be indicated with I'reg: C——Creg and its exact completion
with Fexl C‘PCex.

Proposition 3.5.1 Given a weakly lex category C, the unique exact extension
(Creg—ﬂcex as in the following commutative diagram

C Lreg ~Creg
Cex
is full and faithful, i.e. Creg is equivalent to a full subcategory of Cex.
Proof: By 1.3.1, 1.3.3 and 3.4.1. [ ]
Let us call

Ker: Creg —_— Cex

this full and faithful functor; the reason for this name becomes evident consid-
ering an explicit description of the functor.
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Given an object (f;) in Creg, Ker(f;) is “the” weak universal pair zg, 1: X TX
involved in definition 3.2.1 (i.e., the kernel pair of the arrow (f;): X —[[,X; if
C was left exact); in this case we can speak of “the” weak universal pair because
two pairs of this kind are isomorphic in Cex. If [a]: (fi) —(g;) is an arrow in
Creg, then Ker[a] is given by

X Y
Zo| |21 Yo| | Y1

X

a Y

where a: X ——Y exists because zg - o - gi =x1-a-g; ¥V jeJ (and the class
of a in Cex does not depend on the component @).

In order to construct a left adjoint to the functor Ker, let us point out
what remains true of the universal property of the exact completion when the
codomain is only regular.

Proposition 3.5.2 Let C be a weakly lex category and I'ex: C——Cex its ex-
act completion. Consider a regular category A with coequalizers of equivalence
relations.

1) if G, H: Cex— A are two exact functors such that Tex - G ~ Tex - H,
then G ~ H

2) if F: C— A is a left covering functor, then there exists a functor F': Cox —» A
making commutative the following diagram

r
C ex

> Cex

A

F is the left Kan extension of F along I'ex and preserves regular epis; moreover,
F is left covering with respect to the terminal object and finite products.

Proof: If we look at the proofs of theorem 1.5.2 and proposition 1.5.4, we
can observe that we have used the exactness of A (and not only its regularity)
in two points.

The first point is the definition of F: for this, let us consider a pseudo
equivalence-relation r1,79: R Y in C and the regular epi-jointly monic fac-
torization
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F?"l
FR FX
FT‘Q
11| |12
p
R

By 1.4.9, iq,15: R—_TFX is an equivalence relation. Since we have assumed
that in A there exists the coequalizer of an equivalence relation, we can define
once again F'(R__y X) as the coequalizer of R— F X and then of FR__L FX.
The second point is the verification that F s left covering with respect to
equalizers. But we do not require this fact in the present statement. [ ]

Using propositions 1.4.3 and 1.4.10, one has that, under the condition of the
previous proposition, the functor F: Cex — A is left exact exactly when it is
left covering with respect to equalizers.

Proposition 3.5.3 Let C be a weakly lex category; its regular completion Creg
is an epireflective subcategory of the exact completion Cex if and only if in Creg
there exist coequalizers of equivalence relations.

Proof: the (only if) part is an obvious fact which is true for a reflective
subcategory of a left exact category with coequalizers of equivalence relations.
Now the (if) part: the previous proposition gives us a functor

Coker: (Cex — (Creg

making commutative the following diagram

~ Cex

r
C ex
1& Coker

Creg

To show that Coker is left adjoint to Ker, let us explicit the definition of
Coker.

Given an object rg,r1: R— X in Cex, we know that the monic part of the
regular epi-jointly monic factorization of I'reg (70, 71: R—TX ) is an equivalence
relation in Creg (because Ireg is left covering and by theorem 1.4.9). Then the
extra assumption on Creg tells us that there exists its coequalizer which is, up

to isomorphisms, of the following kind

To 1X

R X X

T1

1r 1x q;

R X Q;
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and one has
70

Coker(RTl,X) =(gi: X—Qi)1.
Given an arrow
R /

S

To| |71 So| |81

it induces an arrow
_So,
[f] : Freg (X) — Coker(S? Y)

such that I'reg(ro) - [f] = reg(r1) - [f] so that there exists a canonical extension
of [f] to an arrow
To 50
Coker[f]: Coker(Rﬁ»X) —»Coker(STl,Y).

Clearly the composition

Ker Coker

Creg ~ Cex > Creg

is isomorphic to the identity functor on Creg (as it must be, because the “right-
adjoint” Ker is full and faithful) simply because

_ Yo 1y
X X X
Z1
ly 1X fi
X X X;

is a coequalizer diagram in Creg.
Let us look at the unit of the adjunction: given rg,71: R— » X in Cex,

consider the coequalizer in (Creg
To

R
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and a pair qo,q1:7::X weak universal with respect to the property that
Q- q = q-q Vi€l Iflx coequalizes ro and rq in Creg, then, Vi € I,
ro - ¢ = 71 - q; and then there exists n: R—— X such that n - gy = r¢ and
n-qr=ri.

The arrow in Cex

>

To| |1 qo| |q1

X

ix X

gives us the component at the point (rg,r1: R—» X) of the unit in the adjunc-
tion Coker - Ker; since such an arrow is a regular epi in Cex, the adjunction is
in fact an epireflection. (In other words, we have a coequalizer in Creg

o, o,
Freg(RTl»X)HCOkeT(RTl»X)

and we apply the exact functor Ker

To, To,

FeX(R?X) —»Ker(Coker(RTl.X))
but in Cex the coequalizer is given by
o, o,

Pex(R— X) —= (B> X)
so that there exists a canonical factorization

To To

(RTl,X) —»Ker(Coker(RT,X))

which is a regular epi because Ker preserves regular epis.).
As far as the universal property is concerned, let (g;: Y ——Y}) s be an object
in Creg and consider an arrow

iS]

R

Y

To| |T1 Yo| | Y1

X

G Y

in Cex. As [a]: T'reg(X)——(g;) coequalizes I'reg(ro) and I'reg(r1), there exists
[a]: (¢;) —(g;) such that
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Trog (X} la (97)

(a:)

commutes in Creg. But then V j € J, a-g; = a - g; so that there exists
Y:X—Y such that ¥ -y9 = a and ¥ -3, = a. This ¥ is the homotopy
allowing the composition in Cex

R - X - Y
ro| |T1 Zo| |T1 Yo| | Y1
X Tx X a Y
to be equal to
R—2—~ 7
To| |71 Yo| | Y1
X Y

a

Since the second part of the previous composition is exactly Ker[a], we have
obtained the required factorization. Its uniqueness follows from the fact that
the first part is a regular epi and the functor Ker is faithful. [ |

Let us conclude this section translating in terms of C the condition that
Creg has coequalizers of equivalence relations.

Proposition 3.5.4 Let C be a weakly lex category; its regular completion Creg
has coequalizers of equivalence relations if and only if the following condition
holds: given a pseudo equivalence relation rg,ry: R—TX in C, there exists a
finite family (¢;: X —Q;); of arrows in C such that

1)r0~qi:m-q1 Viel

2) if f: X ——Y is such that ro - f = r1 - f, then qo - f = q1 - f (where
qo,q1: X — » X is weak universal such that qo-q¢; =¢q1-¢ Vi€l).

Proof: (only if): recall that the coequalizer of Freg(ro, ri: R+ X) exists
because I'reg: C——Creg is left covering (cf. 1.4.9); moreover, it must be of
the form
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X X
1X qi
X Q;

because in Creg all the regular epis have, up to isomorphisms, this form. Now
observe that the conditions mean exactly that

To

1
R X X . X
1
1r 1x g
R X Qi

is a coequalizer diagram in Creg with respect to the arrows of Creg coming from
C.

For the (if) part, suppose that [f]:'reg(X)—(g;) is an arrow in Creg
such that [ro] - [f] = [r1] - [f], that isV j € J, 7o - f-g; =71 - f-g;. Then for
each j in J, we can apply our hypothesis so that go - f - g; = g1 - f - g;. This
implies that [f]: (¢;) — (g;) is the unique required factorization and then the
previous diagram is a coequalizer in all Creg.

To conclude, observe that, in the previous proposition, to give the explicit
description of Coker: Cex —Creg, we only need the existence of this kind of
coequalizers. ]

3.6 Two examples

This section is devoted to two examples of the situation studied in the pre-
vious section.

Example 3.6.1

The Effective topos. There exists a large literature on this topos (originally
introduced in [27]) and on the way it can be described via some free construc-
tions. We follow here the description given in [14], which is essentially the same
given in [38].

The category S, is defined as follows: an object is a surjective map p: X ——1
with X, I € SET and I C N; an arrow is a commutative square
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I —— J

14
where ¢: I —J is induced by a partial recursive function ®: N——N (that is,
®(n) is defined and is in J for all n in I). It is not difficult to show that S}, is
a left exact category. Then, using the axiom of choice in SE7, one can prove
that (Sf)ex is a topos; in fact, it is (equivalent to) the effective topos.

Consider now the regular completion (S§)reg; to show that it is reflective

in (S})ex, we can use proposition 3.5.4. Given a pseudo equivalence-relation in
Si

To

R T X

1

£o
I —_— . J

P1

its coequalizer in (Sj)reg is given by the arrow of Sp,

x —L . @

J ——— %

where g: X —— @ is the coequalizer of ry and r; in SET .

One can also prove that the epireflector Coker: (S%)ex — (Sk)reg preserves
finite products and monomorphisms, so that it exhibits (Sj)reg as the category
of separated objects for a topology on (Sf;)ex (cf. [17]). This topology turns out
to be the topology of double negation. In other words, (S)reg is a quasi-topos

(cf. 9]).
Example 3.6.2

Stone spaces. This second example needs a quite obvious modification of
the regular completion of a weakly lex category. This generalization consists
of taking as object of Creg a family of arrows (f;: X —X;); of C where I is
a small but not necessarily finite set. It is clear that one has to start with a
category C with all small weak limits. This generalization will be discussed in
section 4.1; now the example.



3.6. TWO EXAMPLES 109

We know, from section 2.1, that a monadic category over SE7 is the free
exact category over the category of free algebras. By a theorem by Manes, this
is the case for the category CH of compact Hausdorff spaces (cf. chapter 4, vol.
1T of [8]).

The problem is: what is the regular completion for the category of free
compact Hausdorff spaces?

Equivalently, what is the regular completion of the full subcategory of pro-
jective objects in CH? (Such a full subcategory has clearly all the small weak
limits, because CH is complete).

A theorem by Gleason (see [29]) shows that projectives in CH are exactly
the extremally disconnected spaces. So they are contained in the category of
Stone spaces, which is a regular and epireflective subcategory of CH (see [29]
and [10] chapter II, 4, n.4, prop. 7).

Moreover, a standard argument shows that each Stone space can be embed-
ded in a product of projective objects (the product of as many copies of the
two-point discrete space as the points of the Stone space).

This means exactly that the category of Stone spaces is the regular comple-
tion (in the infinitary sense) of the category of extremally disconnected spaces.

Remark: in both examples, the reflector Cex —Creg preserves products
(cf. [14] and [18]).

It is not clear to me how general is this fact: for example, one can prove
that if C is left exact and Creg is cartesian closed, then the reflector preserves
products. These conditions are verified in the first example but not in the second
one.

Remark: let me point out another open problem. We already know two

examples of free exact categories which are topo, a presheaf topos Sf’]’DOp and
the Effective topos. Two other examples of this kind are studies in [41]: they
are two “...toposes generalizing notions of extensional realizability in the same
way as Hyland’s Effective topos generalizes Kleene’s realizability.” ; both of them
have enough projectives, so that they are free exact categories.

The open problem is to find conditions on a weakly lex category C such that
Cex is a topos.

When C is left exact, some partial answers to this problem are given in [14],
but much remains to be done in this direction.
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Chapter 4

Appendix

4.1 Completely regular categories

In order to put example 3.6.2 in our theory, we need a minor modification
that we discuss briefly in this section.

Definition 4.1.1 A completely regular category C is a category which is com-
plete and regular and such that the following condition holds: if (p;: X;—Y;)1
is a family of regular epis, then the unique factorization

Hlpi:HIXiHHIY;

is again a regular epi.

If the family is finite, the condition is redundant, as shown in lemma 1.4.11;
but if the family is infinite, the condition can not be deduced from the com-
pleteness and the regularity of the category. For example, one can show that
the condition does not hold in a topos of sheaves on a topological space.

Let us consider now a category C with all small weak limits; we can construct
Cfeg as in definition 3.2.1, but an object is now a small (but not necessarily
finite) family of arrows (f;: X — X;);.

Clearly, (Cf’gg is a complete and regular category. Moreover, using once again
the fact that a regular epi is, up to isomorphisms, of the form

[(Ix]: (fi: X —Xi) 1 —(g9j: X —=Y]) s,
it is quite obvious to prove that Cpggis a completely regular category. As in
proposition 3.2.6, each object of Ccrxég can be embedded in a product of projective

objects, but this product can be now infinite.
Also the universal property of the embedding

I: (CH(C?%g
needs a modification; it runs as follows:

111
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for each completely regular category A and for each functor F:C——A
which covers each small limit, there exists a unique (up to natural isomorphisms)
exact and continuous functor F: Creg — A making commutative the following
diagram

C L >~ C%g

F F
A

In this statement, we need the stability of regular epis under arbitrary prod-
ucts in A only to show that Fis left covering with respect to arbitrary products,
but not to define F.

As a consequence, the characterization of free regular categories remains
unchanged. This means that A is equivalent to Cygg if and only if A is complete,
regular, has enough projectives and each object can be embedded in a product
of projectives. In fact in the proof of proposition 3.4.1 and theorem 3.4.2, we
only use the definition of F and not its exactness.

The previous discussion allows us to say that the category of Stone spaces
is C;gg, where C is the category of extremally disconnected spaces, as stated in
section 3.6.

We want now to point out some elementary properties of the notion of com-
pletely regular category.

First of all, an example: clearly, the category SE7 is completely regular,
because in SE7T regular epi means surjective. Working at each point, also a
presheaf category is completely regular.

Now a first stability of the notion of completeley regular.

Proposition 4.1.2 Let T be a monad on a completely regular category A; if
T sends regular epis into regular epis, then EM(T) is completely regular.

Proof: Clearly EM(T) is complete because so is A; moreover, from 2.5.1.2,
we know that EM(T) is regular.
Consider a family {f;: (4;, a;)— (B, b;)}1 of regular epis in EM(T); the

limit
IL,7: 11, A a)—T,(Bi.ba)

is built up in A as [], fi:[[;Ai—11[,;Bi- By 2.5.1.1, the f;’s are regular epis
in A and then [, f; is a regular epi in A because A is completely regular; once
again by 2.5.1.2 we have that [, f; is a regular epi in EM(T). [ |

Corollary 4.1.3 Let T be a monad over SET ; EM(T) is completely regular. m

The second stability of the notion of completely regular follows from the first
point of next proposition.
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Proposition 4.1.4 Let i: A — B be a reflective subcategory, with reflector
rB——A:

1) ifB isregular and r is an epireflector, that isV B € B the unit ng: B——i(rB)
is a regular epi, then i: A——B preserves regular epis and A is regular;

2) if i: A — B preserves regular epis, then r:B—— A preserves projective
objects;

3) if r:B—— A preserves projective objects and B has enough projectives,
then A has enough projectives.

Proof: 1): consider a regular epi f: X —Y in A together with its kernel
pair fo, f1: N(f) —— X; consider now the coequalizer in B

so that X —/+Y is isomorphic to r(i(X)—%» Z). From this and using the fact
that counits are isomorphisms, one can easily show that the following diagram
is commutative

i(f) Nz

i(Y) —=—i(rZ)

so that i(f) is a regular epi. The fact that A is regular is now obvious.
2): let X be a projective object in B and consider the two following diagrams

rX X —X LX)
f i(f)
Z —5— Y i(2) W@'(Y)

where p is a regular epi in A and then, by assumption, i(p) is a regular epi in B.
Since X is projective, there exists g: X —i(Z) making commutative the right-
hand diagram. By adjunction, there exists ¢’: r(X) —— Z making commutative
the left-hand diagram (here we do not need the fullness and faithfulness of 7).
3): consider an object X in A and a projective cover in B p: P—i(X);
r(p):r(P)—r(i(X)) =~ X is a projective cover in A. [ |
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Corollary 4.1.5 Let i: A — B be an epireflective subcategory of a completely
regular category B (with enough projectives); A is completely regular (with
enough projectives). [

In particular, this proves directly that the category of Stone spaces is com-
pleteley regular with enough projectives: in fact, it is an epireflective subcate-
gory of the category of compact Hausdorff spaces, which is monadic over SE7T .

4.2 Colimits in the exact completion

In our two major examples of free exact categories, that is the category
of algebras for a monad over SE7 and the category of presheaves on a small
category, we have the following situation: the weakly lex base C has small sums
which are computed in Cex and Cex is cocomplete. This section is devoted to
the study of this situation.

Lemma 4.2.1 Let A be a category with weak kernel pairs and P a projective
cover of A; the full inclusion P—— A preserves the sums which turn out to exist
in P.

Proof: We write the proof for a binary sum, but the argument is general.
Consider a sum in P
P, 1, plS2 Py

and two arrows in A
T T
P X2 p,

with P-cover ¢: Q — X; we obtain two extensions y1: P, —Q and yo : Po——(Q
such that y1-q = x1 and y2-q = zo. Since @ is in P, there exists y: P—— @ such
that s1-y =y and so-y = yo. Then y-q: P— X is the required factorization.

As far as uniqueness is concerned, suppose that f, g: P__7 X are two arrows
such that s;- f=s1-gand sa- f =s2-g.

Consider two extensions f: P—Q and §: P—Q such that f-¢ = f and
G-q=g. Nows,-f-q=s1-f = 51-g = 51-G-¢, s0 that there exists t;: P, — N(q)
such that t; - go = s1- f and t1 - 1 = s1 - g, where qo, ¢1: N(¢) —~Q is a weak
kernel pair of ¢: @ —X. Analogously, there exists to: P—— N(gq) such that
ta-qo =382 fandty-q1 =523

Now, from the first part of the proof, we obtain t: P—— N(gq) such that
s1 -t =1t and sy -t = t3. Moreover, 81-?:t1~qo = 51 -t-qo and 82-?:
ta-qo = Sg-t-qo so that f =t - gy because Q is in P; analogously § =t - q1,
because s1-g=1t1-q1 =51 -t-qu and so-g=ta-q1 =82t q.

Finally f=f-q=t-q-q=t-q1-q=G-q=g. |

Corollary 4.2.2 Let C be a weakly lex category; the functor I': C——Cex
preserves the sums which turn out to exist in C. [ |
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Let us fix some notations for the next lemma.

If A is a category, 6(A) is the ordered reflection of A: if A and B are objects
of A, A < B if and only if A(A, B) is not empty. Clearly < is reflective and
transitive in the class of objects Ay of A. #(A) is the quotient of Ay by the
following equivalence relation: A ~ B if and only if A < B and B < A; clearly
6(A) is an ordered class.

If A is an object of A, Sub(A) is the ordered class of subobjects of A and
A/A is the usual comma category.

Lemma 4.2.3 Let A be a category with strong epi-mono factorization and P
a strong-projective cover of A; for each object A of A, Sub(A) and 6(P/A) are
isomorphic ordered classes.

Proof: First, Sub(A)—6(P/A): given a monomorphism X — A we can
consider a P-cover P—— X of X and we obtain an element of §(P/A) taking
the composit P— X —— A; the order is preserved because the objects of P
are strong projective.

Second, §(P/A)—Sub(A): given an object P—— A of P/A, we can take
the monic part of its factorization; the order is preserved because, by definition,
strong epimorphisms are orthogonal to monomorphisms.

Clearly, Sub(A)—0(P/A) and 0(P/A) —Sub(A) are one the inverse of
the other. ]

Proposition 4.2.4 Let C be a weakly lex category; if C has sums and Cex is
well-powered, then Cex is cocomplete.

Proof: First, the coequalizers: consider two arrows in Cex with their regular
epi-jointly monic factorization

A

Now we can consider the equivalence relation jo, j1: F —TA generated by the
relation 7g,2;: R::A, that is the intersection of all the equivalence relations
in A which contain ig,i1: R__» A.

This intersection exists: by the previous lemma, Sub(A) is isomorphic to
O(P/A) which is cocomplete because P has sums; so Sub(A) is also complete.

Since Cex is exact, jo,j1: F — T Ahasa coequalizer which is clearly also the
coequalizer of ig,i1: R—» A and then of a,b: B— A.

Second, the sums: once again we sketch the proof for a binary sum, but it
is general.

The sum of two objects r1,72: R—_+ X and s1,52: 5 Y of Cex is built
up in the following diagram
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F’I“1
'R X (R= X)
FT’Q
I(ry[1s1)
T(RIIS) NX]IY) Q
L(r2[1s2)
FSl
r's TY (S=Y)
FSQ

By corollary 4.2.2, the first two columns are sums. The first and the third
lines are coequalizers (cf. proposition 1.3.2). By the first part of the proof, we
know that Cex has coequalizers, so that we can complete the second line with
a coequalizer. An interchange argument shows now that also the third column
is a sum. [ |

Clearly, the previous proposition applies to the case of a presheaf category
as well as the case of the category of algebras for a monad over SE7.

Coming back to lemma 4.2.3, let us observe that, given an object A of A
and a P-cover p: P—— A, the composition with p gives a surjection from the
object of P/ P to the object of P/A. Using the axiom of choice, we can therefore
inject the object of P/A in P/P. Moreover, if two objects of P/A are identified
in 6(P/P), then they are identified also in §(P/A).

So, in virtue of lemma 4.2.3, we have proved the following lemma.

Lemma 4.2.5 Let A be a category with strong epi-mono factorization and P
a strong-projective cover of A; A is well-powered if and only if for each P in P,
0(P/P) is a small set. |

Corollary 4.2.6 Let C be a weakly lex category; Cex is well-powered if and
only if, for each X in C, §(C/X) is a small set. ]

4.3 The epireflective hull

In this section we come back to the problem, discussed in section 3.5, of the
reflectivity of Creg as subcategory of Cex. Our aim is to show that, under some
assumptions on the size of C, Creg is the epireflective hull of C in Cex.
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Let us start with a warning: we know that Creg is equivalent, via the full
and faithful functor Ker: Creg—Cex, to a full subcategory of Cex; but in
general this full subcategory is not replete. In order to use some general facts
about reflective subcategories which work when the given subcategory is replete,
in this section we suppose to add to Creg all the objects of Cex isomorphic to
some objects of Creg. We adopt the same convention when we look at C as a
full subcategory of Cex.

Lemma 4.3.1 Let C be a weakly lex category; Creg is closed in Cex with
respect to the formation of subobjects.

Proof: Let (fi: X —X;)r be an object of Creg and 20, T1: X — = X its
embedding in Cex (that is xg, z1 is a weak universal pair such that z¢- f; = 21+ f;
V i € I); consider now a monomorphism in Cex

R /

X

To| | Zo| | L1

Y

7 X
and the object (f - fi:Y — Xj)r of Creg together with its embedding in Cex
Yo, Y1° Yy (that is yo, y1 is a weak universal pair such that yo- f- fi = y1-f- f;
Viel).

Let us show that ro,r1: R— Y is isomorphic to yo,y1: Y — Y. Asro- f -
fi=f-xo-fi=f-x1-fi=r1-f- fi, we have an arrow r: R—Y such that
r-yo =10 and r - y; = 71, that is an arrow in Cex

r

R Y

To| |T1 Yo| | Y1

Y

i, Y

which is a regular epi. As yo - f-fi =1 - f - fi, we have an arrow y: Y — X
such that yo - f =y -x9 and y; - f =y - z1, that is an arrow in Cex

Y

Y X

Yo| |Y1 To| |21
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Clearly, the composition of the two arrows just constructed is the given monomor-
phism, so that also the first arrow is a monomorphism. But it is also a regular
epi, so that it is an isomorphism. [ ]

Let us recall now a general fact whose proof can be found, for example, in
section 37 of [25].

Proposition 4.3.2 Let A be a complete, well-powered and regular category
and B a full and replete subcategory of A; B can be embedded in a smallest
epireflective subcategory of A called the epireflective hull of B in A. The objects
of the hull are precisely the subobjects of products of B-objects in A. [ |

Proposition 4.3.3 Let C be a weak complete category and suppose that Cex
is well-powered; (C?‘ég is the epireflective hull of C in Cex.

Proof: Since C is weak complete, Cex is complete and moreover it is com-
pletely regular (for this, use once again the characterization of regular epis in
Cex). Cfag is then closed in Cex under the formation of products (because the
embedding Ker: C23g — Cex is continuous).

An object of Cfgg is a subobject (in Cgg and then in Cex) of a product (in
Creg and then in Cex) of objects of C and then it is contained in the epireflective
hull.

Conversely, an object of the hull is a subobject of a product of C-objects in
Cex; then it is a subobject in Cex of an object of CRy (because the objects of
C are in (ngg which is closed in Cex under products). By lemma 4.3.1, it is
then an object of Crgg. |

Corollary 4.3.4

1) let T be a monad over SET; KL(T)7eg is the epireflective hull of KL(T)
in EM(T)

2) let D be a small category; Fam(D)feg is the epireflective hull of Fam(D)
in seTP. n

4.4 Further applications

The aim of this section is to point out that the theory developed in chapters
1 and 3 can be used to simplify a little bit the proof of two well-known theorems.

Milnor’s theorem:

Let us fix some notations:

e A is the simplicial category;

e Ke is the category of Kelley spaces (also called “compactly generated
spaces”);
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o A”: A—+Ke is the “standard simplex” functor;

0
o |7|:8ETA P — Ke is the “geometric realization” functor, that is the left
0
Kan extension of A” along the covariant Yoneda embedding Y: A ——S& TA p;

e Haus is the category of Hausdorff spaces.

7%

Theorem 4.4.1 (Milnor) the geometric realization |? |: SE —Keis an

exact functor.

This theorem is discussed in detail for example in [23]. In order to apply
our results, let us recall two basic facts about the category of Kelley spaces; for
their proof we refer once again to [23].

Proposition 4.4.2 Ke is cartesian closed and coreflective in Haus; the coreflec-
tion K: Haus— Ke sends a Hausdorff space X into the space KX which has the
same underlying set and whose closed subsets are the subsets C' whose intersec-
tion with each compact subspace of X is closed in X ; the counit e x: KX — X
is the identity on the underlying sets. ]

Proposition 4.4.3 Let g: A——Y be in Ke and i: Ke— Top the full inclu-
sion; consider a functor 6: T —Ke/Y (where T is a small category and Ke/Y
the comma category) which associates to an object t of T the object d(t)—Y
of Ke/Y (so that d is a functor T — Ke). Suppose that colimd-i is a Hausdorff
space. Then the canonical morphism between Kelley spaces

colime 7 K(d(t)xy A) —K((colime7d(t)) xy A)

is a homeomorphism.

(In the previous formula: the colimit on the left is taken in Ke, the colimit
on the right is at the same time in Top and in Haus, the pullbacks are in Haus
so that their Kelleyfications are the pullbacks in Ke). ]

Now we can prove that the category of Kelley spaces is regular.

Lemma 4.4.4 Given a regular epi f: X——Y in Ke, there exists a Kelley
space K and two continuous maps «, 3: K — + X such that

o
K__ X —f>Y

B
is a coequalizer diagram in Ke but also in Top.

Proof: Let us recall that in Top each arrow can be factored as a regular epi
followed by a monomorphism, so that an arrow is a regular epi if and only if it is
an extremal epimorphism. Moreover, an extremal epimorphism in Haus is also
an extremal epimorphism in Top (this follows from the fact that if b: Z—Y is
a monomorphism in Top and Y is a Hausdorff space, then also Z is Hausdorff).




120 CHAPTER 4. APPENDIX

Now let us consider a regular epi f: X ——Y in Ke. Since Ke is coreflective
in Haus, f is a regular epi in Haus and then, by the above observation, in Top.
Now consider its kernel pair a,b: N —, X in Top, so that

a
NTX—JC»Y

is a coequalizer diagram in Top and also in Haus (because N is Hausdorfl). The
two compositions

1
KN N TXx

give us the required diagram o, 5: K — X in Ke. [ ]
Proposition 4.4.5 The category of Kelley spaces is regular.

Proof: Since Ke is complete and cocomplete (because it is coreflective in
Haus), it suffices to show that regular epis are pullback stable. Consider a regu-
lar epi f: X ——Y in Ke; by lemma 4.4.4, there exist two arrows «, 3: K_TX
between Kelley spaces such that

(0%
k—rx-Loy
g

is a coequalizer in Top. Now we can apply proposition 4.4.3: consider the
diagram §: 7 —Ke/Y given by

@]

K - X
Ié)
\/
Y

(where y =« - f = 8- f); pullback

KaXfY
B
vfl
Y

along g: A——Y to obtain

KI
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As the colimit of o, : K —» X in Top is Y which is a Hausdorff space, we
have that f’: X’ —— A is isomorphic to the colimit in Ke of o/, 8": K/ — X',
that is f’ is a regular epi in Ke.! ]

Unfortunately, Ke is not exact (cf. [13]). Any way, one can use proposition
3.5.2 to give an alternative proof of Milnor theorem. Showing that the sum-
extension A’: Fam(A)—Ke of A”: A——Ke is left covering is not too much
difficult, because the simplicial category A has terminal object and equalizers
and, moreover, Ke is an extensive category.

Clearly, a more important simplification can be apported to the proof of
the topos-theoretic analogous of Milnor theorem, which is a basic ingredient to
show that the topos of simplicial sets classifies linear orders (see [32]).

Herrlich - Strecker theorem:

We know, from a well-known theorem by Manes, that the category CH of
compact Hausdorff spaces is monadic over SE7. In [24] this theorem is, in some
sense, inverted.

Theorem 4.4.6 (Herrlich - Strecker) Let A be a not trivial epireflective sub-
category of Haus; if A is monadic over SET then A is the category CH.

The inclusion of A in CH is proved using an argument on normal spaces and
I am not able to simplify this part.

For the opposite inclusion, one can work as follows. Since A is epireflective
in Haus, it is closed under the formation of products and subobjects (cf. 37.1
in [25]). But, since A is not trivial (that is it contains a space with at least
two points), this implies that it contains all the powers of the two-point discrete
spaces and then all the free compact Hausdorff spaces. But, since A is contained
in C'H, this implies that the free CH-space on a set [ is also the free A-space on
1. By proposition 1.7.2, we have finished the proof.

4.5 Accessible categories

In this section we recall a quite different description of the exact completion
I': C——Cex. It can be found in [33] if C is left exact and in [26] for the more
general case.

Lemma 4.5.1 Consider a functor F: C——SET defined on a weakly lex cat-
egory C; the two following conditions are equivalent:

1) F is left covering
2) F is a filtered colimit of representable functors

Proof: 1) = 2): by 1.4.6, we know that, for each A € SET, the comma
category (A, F) is filtering; this means that the category of elements of the

LF. Cagliari has simplified and generalized this argument showing that if A is a coreflective
subcategory of Haus which is closed for closed-subspaces and cartesian closed, then A is regular
(cf. [13]).
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functor SET (A, F—) is filtering. If we choose as A the singleton, we have that
the category of elements of F' is filtering and then F' is a filtered colimit of
representable functors.

2) = 1): a representable functor is left covering simply because in SE7T strong
epimorphism means surjective. If F'is a filtered colimit of representable functors,
say F = colimxC(X,—), and £L:D——C is defined on a finite category D,
we have that F(wliml) = colimxC(X,wlim£) and also lim£ - F = lim(L -
colimxC(X,—)) = colimxlim(£L - C(X,—) (because in SET filtered colimits
commute with finite limits). This implies that the canonical factorization from
F(wlim£) to im/L - F' is a colimit of regular epis and then it is a regular epi by
interchange of colimits. ]

Let C be a small weakly lex category and let us write Lco(C) for the category
of left covering functors from C to SE7. The proof of the two following theorems
can be found in [26].

Theorem 4.5.2 A category is Ng-accessible with products if and only if it is
equivalent to Lco(C) for a small weakly lex category C. |

Let us write [ filt(Lco(C)) for the category of functors from Lco(C) to SET
which preserve products and filtered colimits.

Theorem 4.5.3 Let C be a small weakly lex category;
1) the evaluation functor e: C— [] filt(Lco(C)) is full and faithful

2) e(C) is a projective cover of the exact category [] filt(Lco(C)). ]

4.6 An unpleasant proof

In this section we give a detailed and direct proof of theorem 1.2.3. A shorter,
but not self-contained, proof of this theorem and of theorem 1.5.2 will be given
in the next section.

Theorem 4.6.1 Let C be a weakly lex category and let Cex be as in definition
1.2.2; then Cex is an exact category.

We divide the proof into three steps.

Step 1: Cex is a left exact category. Let T be a weak terminal object in C
and consider a weak product T<"-T x T—"2+T. Then m,m:T x T— T
is the terminal object in Cex. For this, consider an object rq,7s: R—ZX in
Cex. Since T is a weak terminal, there exists x: X ——T'; since T' x T' is a weak
product, there exists : R——T x T such that x-m; =ry-x and T - m3 =19 - 2.
This means that

[Z,2): (r1,re: R =3 X)—(m,m: T x T = T)

is an arrow in Cex. The verification that 71, mo: T'xT — T is an object in Cex
is straightforward and does not depend on the fact that T" is weak terminal. As
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far as the uniqueness is concerned, observe that if y: X ——T is another arrow
in C, then there exists ¥: X ——T x T such that ¥ -7 =z and ¥ -1 = y.
Let us consider now the following pair of arrows in Cex

R—t g9 ¢

ri| |T2 S1| | 82 t1| |2

X f‘Y‘g A

In order to build up its pullback, consider a weak limit (P; f, ¢, g) as in the
following diagram

Y~ S5 ——Y

S1 52

and a weak limit (E; p, e1,e2,7) as in the following diagram

E
P T
€1 €9
P
/ g

R P T
r2 ) 9 9 t
1 to
X X A A

The required pullback in Cex is given by

R~l—E-—T+7T

o[ oo o]

X P=g~?
Let us show that ej,es: F—+ P is an object of Cex.

Reflexivity: consider the reflexivity rg: X — R and rp: Z——T (that is rg -

r1=1x =rg-roand rp-t; = 1z = rp - t3). We obtain a cone
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P
fTr g-rr
R P P T

on the diagram defining F, so that there exists rg: P—— FE such that, in par-
ticular, rg -e; = 1p = rg - es.
Symmetry: consider the symmetries sg: R——R and sp:T——T (that is
SR*T1 =72, SR T2 =T1, ST'tl :tg and ST'tQ :tl).

We obtain a cone

E
PSR T ST
€2 €1
R P P T

on the diagram defining F, so that there exists sg: E— F such that, in par-
ticular, sg -e1 = e; and sg - eg = €.
Transitivity: consider the following weak pullbacks

ReR-e R TaT2e7  Exp-eE

RN

Since p-ry = e1-f and p- 19 = ey - f, there exists px p: Ex E——P x P
such that p*p-a; = c1-p and p*p-as = ¢ - p. Analogously there exists
T+ ExE——TxTsuchthat 7x7-by=c;-7and 7*7-by =co-T.
Consider now the transitivities tg: R+ R— R and tp: T« T ——T (that is
tR-m:al-rl,tR-rg:ag-rR, tT~t1:b1't1 andtT-t2:b2~t2).
We obtain a cone

ExFE
Ci1-€1 Co - €3
R P P T

on the diagram defining E, so that there exists tg: E' * E—— E such that, in
particular, tg-e; =c1-e; and tg - €2 = ¢y - €a.
Clearly, [f] and [g] are arrows in Cex (look at the definition of E) and

[f]-[f] =lg] - [9] (use p: P—S in the definition of P as homotopy).
Now suppose that
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R~LZ—y—2+7T

o[ o o]

are two arrows in Cex such that [z] - [f] = [2] - [g]. This means that there exists
a homotopy X: W ——5 such that ¥ -s; =2 - f and ¥ - s9 = 2z - g. But this

means that
%4
X S Z

is a cone on the diagram defining P, so that there exists p: W —— P such that,
in particular, p- f =z and p- g = 2.
These two equations say that

U
T z
R P P T

is a cone on the diagram defining F, so that there exists p: U — F such that,
in particular, p-e; =uy -p and p-es = us - p.
The last four equations mean that

v-L+E

ull luz ell leg

WT'P

is the required factorization in Cex.
It remains to show that [f] and [g] are a monomorphic pair.
Suppose that

v-—L+E v—1.p

o ol o
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are two arrows in Cex such that [p] - [f] = [q] - [f] and [p] - [g] = [¢] - [g]-

This means that there exist two homotopies o: W — R and 3: W —T such
that a-rm =p-f,a-ro=q-f,B8-t1 =p-gand B -ty = ¢-g. But this means

that
%%
R
p q
R P P T

is a cone on the diagram defining E, so that there exists %: W —— F such that,
in particular, ¥ - e; = p and X - e5 = ¢ and then [p] = [¢].

The argument about pullbacks in Cex is now complete.

We also need an explicit description for equalizers in Cex; for this, consider
two parallel arrows in Cex

f
R S
g
T |[T2 S1| | S2
f
X Y
g

In order to build up their equalizer, consider a weak limit (E;e, ) as in the

following diagram
E
/ X
X g s S
| >k

Y Y
Consider again a weak limit (R;e1,€, es) as in the following diagram

E-~2-R-2.p
el le le

Then the equalizer in Cex is given by
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@l
=

R

€1] |€2 i) T2

E - X

Here we omit details because they are similar (and easier) to those concerning
the pullback.

Step 2: Cex has regular epi-mono factorization and regular epis are stable
under pullbacks.

Given an arrow in Cex

T [T2 S1| |52

X

7 Y

consider a weak limit (I;4y,4,142) as in the following diagram

X1 52,

1ol

Y+~ S5 ——Y

S1 52

Since

7N

X S X

is a cone on the diagram defining I, there exists t: R——1I such that, in partic-
ular, t-4; =r; and t - 19 = 7o.
The required factorization is given by
t i

R—— I — S

o[ e ol

X—F—X—F>Y
1x f
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Let us prove that i1,i0: I — » X is an object of Cex.
Reflexivity: consider the reflexivity rg: Y —— S (that is rg - s1 = 1y = rg - $2).
We obtain a cone

X

1x f-rs Ix

X S X

on the diagram defining I, so that there exists r;: X —1I such that r; - i1 =
1X =Trr- i2.

Symmetry: consider the symmetry sg: S—.S (that is sg-s1 = s9 and sg-$9 =
s1). We obtain a cone

i i-sg \i1

X S X

on the diagram defining I, so that there exists s;: [ ——1 such that s;-i; = is
and Sr iQ = i1.
Transitivity: consider the following weak pullbacks

Sx 52+ g [ g
all lsl bll lil
ST2>Y IT’X

and the transitivity tg: S S——S5 (that istg-s1 = a1 -$1 and tg-s2 = as - s2).
Since i-s1 =141 - f and i - so = iy - f, there exists i xi: [ * [ — .S % S such
that ¢ x4 -ag = by - 7.
We obtain a cone

Ix1

by -1
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on the diagram defining I, so that there exists ¢;: I x | —1I such that t;-i; =
bl "il andt]'ig :bg'ig.

Coming back to the factorization of [f, f], let us show that the righy-hand
square is a monomorphism in Cex.

Suppose

T

T

[

x

Z X
Y

are two arrows in Cex such that [z] - [, f] = [y] - [i, f], so that there exists

3:Z—S such that ¥ - sy =z - f and X - so =y - f. But this means that

RN

X S X

is a cone on the diagram defining I, so that there exists X': Z ——1I such that
¥ iy =2 and X' - iy = y and then [z] = [y].

Now we have to prove that the right-hand square is a regular epi in Cex.
For this, we build up its kernel pair and we show that it is the coequalizer of its
kernel pair. Following the description of pullbacks given in the previous step,
we have that the kernel pair of

is given by

Suppose that



130 CHAPTER 4. APPENDIX

is an arrow in Cex such that [i1] - [2] = [i2] - [2].

This means that there exists X: I ——T such that X -t; =41 -z and X - t5 =
io - 4.

Then

is the required factorization, that is [t,1x] - [, 2] = [2]. The factorization is
unique because [t, 1x]is clearly an epimorphism in Cex.

Observe that to show that [t,1x] is a regular epi, we do not use the ex-
plicit description of iy,io: 1 X So, we have proved that in Cex regular
epimorphisms are, up to isomorphisms, exactly the arrows of the form

I

rll lm sll lSQ

X?X

We use this fact to simplify a little bit the verification that in Cex regular
epis are pullback stable. For this, consider an arrow

[9,9): (t1,t2: T — Z) —>(51,82: S — = X))
in Cex and construct the pullback of [f, 1x] along [g, g] following the description

given in the previous step.
Using the same notations, this pullback turn out to be

E—"»T

[l [

524/> 7
Sa

where

Sy——Z

S —X

is a weak pullback.
Now we construct the regular epi-mono factorization of [7, s5]. It is given by
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t 1

E—— 1 —T

e ol ]

Sy ——>= Sy —— 7
132 82

where

is a weak limit. We have to prove that in the previous factorization, the left-hand
square is an isomorphism. Since it is a monomorphism, it suffices to build up a
left inverse. Consider the reflexivity rp: Z——T. Since rp-G-so = rp-ta-g = g,
there exists [: Z— Sy such that - ¢ =rr-g and [ - 8/2 =1z.

This implies that
T
tl-/ PNZ

S T S

is a cone on the diagram defining I, so that there exists I:T——1 such that
l-iy=t1-land l-ig =1ty -1.
Now we have constructed an arrow in Cex

L.

J

ZT’SQ

which is left inverse to [i, s,] because [ - sy, = 1.
Step 3: in Cex an equivalence relation has a coequalizer and it is the kernel
pair of its coequalizer.

Let
hy
R S
hy
1) |72 S1| | S2
hy
X Y
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be an equivalence relation in Cex; in order to construct its coequalizer, consider
a weak limit (V;p1,v,p2) as in the following diagram

S \% S
Szl lV l82
h1 X ha

and call v1 = p; - 81, V3 = P2 - S1.
Now we need an arrow ¢: S——V making the diagram

s—L.y

[ )

Y Ty’ Y
an arrow in Cex.

For this, let us point out that the reflexivity of ([h1], [h2]) means that there
exists an arrow [p]: (s1,82: S = Y)—(r1,7: R = X) in Cex such that [p] -
[h1] = [1y] and [p] - [he] = [1y]. This implies the existence of ¥1: Y — .S such
that 31 -s1 = p-hy and Xy - s = 1y and the existence of ¥9: Y ——.5 such that
22 © 81 :p'hg and 22 SS9 = 1y.

Consider now a weak pullback

5x5-Ns g

d% lSQ

S 5 Y
and the transitivity tg: S % S——S5 of s1,59:5 —+ Y.

Since s1 - X - 9 = §1, there exists ¢: S—— S5 % S such that ¢-dy = s1 - 2o
and c-dy = 1g.

‘We obtain a cone

31'21'55 S1°P C~t5~SS
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on the diagram defining V'
(where sg: S—S is the symmetry of s1, so: S::Y), so that there exists a
factorization ¢q: S——V.

It remains to verify the double commutativity of

s—L.y

SR

YTY

q-v1=q p1-81 =81 N1 8581 =81 2152 =81
Q'UQZQ'pQ‘Sl:C'tS'SS‘Sl:C'tS'SQZC'd2'32:82~

To check that the given equivalence relation is the kernel pair of this regular
epi is more subtle, so as it is subtle to show that vy, va: V__JY is indeed an
object of Cex. Let us look at the symmetry of vy, vs: VY.

First, the symmetry of the relation (in Cex) ([h1], [h2]) means that there
exists an arrow

and two homotopies ¢1: X — S, po: X — 5 such that @1 - s1 = 0 - hy and
P1°82 = hg (that is [O'} . [hl] = [hg]) and such that Y281 = O"hz and Y2+82 = hl
(that is [o] - [ht' [h1]). .

If ri,7r9: R—+ X and s1,89: S— Y are honest equivalence relations and
if we build up V in the category SE7T, we obtain

V=A{(z,y,7€ X xY xY | (y,h(z)) €S and (y,ha(x)) € S}
But, informally, we can think
V={(y,y) €Y xY |3z € X such that (y,h,(x)) € S and (7, ha(z)) € S}

This is possible because if there exist z,2’ € X such that (y,hi(x)) € S and
(¥, ha2(x)) € Sbut also (y, hi(z')) € S and (7, ha(z')) € S, then (h1(z), h1(z")) €
S and (he(z),ha(2’)) € S (by symmetry and transitivity of S). This implies
that x = 2’ in the quotient of X by R because they are equal in the quotient of
Y by S and hi, ho are jointly monic.

The symmetry of ([h1], [h2]) means that V x € X (hi(o(x)), ha(x)) € S and
(ha(o(x)), hi(z)) € S; now by symmetry and transitivity of S we have that if
(y,7) € V by means of a certain x € X, then

(y,h1(z)) € S and (ho(o(x)), h1(x)) € S so that (y, he(o(x)) € S
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(G, ha(z)) € S and (h1(o(x)), ha(x)) € S so that (7, hi1(o(x))) € S

and so (7,y) € V by means of o(z) € X.

Now we translate the previous argument through the construction of vy, vo: V_Y:
since v-pg-S5-S1 = V-@a-Sg = V-h] = p1-sg, there exists ay: V —— 5*S such that
ay-dy = py and a;-dy = v-pg-sg. This implies that o -tg-s1 = ay-di-s1 = p1-s1
andd) -tg-so=a1-dy-So=V-@p3-Sg-Sg=V-p3-8 =V-0-hs.

Since v-pq-85-81 = V-1 -S2 =V-hg = Do So, there exists ag: V——> 5% 5
such that as - dy = p2 and ag - do = v - 1 - sg. This implies that as - tg - s1 =
Qg-dy-s1 =pa-s;and ag-tg-So = ag-dy-So =V p1-Sg-Sg =V-p1-S] =V-0-hy.

In this way, we obtain a cone

v
s - tg v-o\a1-ts
S X S

on the diagram defining V', so that there exists sy : V ——V such that sy -p; =
g - tg and sy - po = oy - tg. This arrow sy is the symmetry of vy, va: V::Y;
in fact sy -vy =Sy -p1-S1 =@g-tg 81 =pP2-81 = vy and Sy - Vg = Sy +Pa - S1 =
a1-tg 81 =p1-S1 =01 .

Now we look at the transitivity of vi,ve: VY. For this, let us observe
that the transitivity of ([h1], [h2]) means that there exists an arrow

E—T+R
eluez T1HT2
P‘T’X

in Cex and two homotopies ©;: P—— S and 19: P—— S such that ¢ - s; =
T-hi, Y182 =hy-hi,¢2-51 =7 -hg and 13- 55 = hy - hy (here e;,e9: E— P
is the pullback in Cex of [h1] and [hg], so that the following is a weak limit

h
X~——p-——2+Xx

Lk
Consider a weak pullback

VeVl y

Wl lm

VTl’Y
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We need an arrow ty: V *xV ——V such that ¢y -v; = w1 -v1 and ty -vg = ug - vs.
Once again, let us start with an informal argument.
Transitivity of ([h1], [h2]) means that there exists 7: P—— X such that ¥V (z,7) €
P (ha(7(2,@)), he(x)) € S and (hi(7(z,T)),h1(T)) € S. If we suppose
(y,y) € V (that is there exists T € X such that (y,h1(Z)) € S) and (y,7) € V
(that is there exists z € X such that (7, hi(x)) € S and (y, ha(x)) € S), by
transitivity and symmetry of S we have (hi(z), ha(Z)) € S, which means ex-
actly (z,7) € P. Using again transitivity and symmetry of S, we can deduce
now (y, h1(7(x,T))) € S and (7, ho(7(z,7))) € S, that is (y,7) € V by means of
7(z,T).
Now we translate the previous argument through the construction of vy, vy: V_IY.
Since us - p1 - S5 - S9 = U - P1 - S1 = Ug - V| = Uy - Vg = U7 - P2 - S1, there exists
a:V xV—Sx%Ssuch that a-dy =us-p1-sg and a-dy = uy - ps.
We obtain a cone

VsV

X S X

on the diagram defining P (in fact us - v -hy = uz - p1 - S2 = Uz - p1 - S5 - 81 =
a-dy-sy=a-tg-syanduy-v-hy =uj-pa-ss=a-dy- 83 =a-tg-$3), so that
there exists 3: V « V——P such that §-h; = ue - v and - hy, = u; - v. Since
Bty -ss5-51 =091 50=0 hy-hy =u;-v-hy =us- p;- sz, there exists
b:V«V—>S%xSsuch that b-dy =wuy-py and b-dy =Y - sg.

Since -2 -8s-s1 =0 1282 =0 -hy-ha =us-v-hy =us-ps- Sa, there
exists d: V « V——S5 % S such that d-d; =wus-p and d-dy = (-5 - sg.

We obtain a cone

VsV

b-tg RN

S X S

on the diagram defining V' (in fact b-tg-s2 = b-do-80 = B-11 -85 - 82 =
B-1r1-s1=0-7-hyand d-tg-so =d-da-s2 = B-12-55-82 = f-1P2-51 = B-T-ha),
so that there exists ty: V « V——V such that tyy -p; =b-tg and ty -po = b-tg
and ty - po = d - tg. Let us prove that ty is the transitivity of vy, ve: V Y

tv v =ty -pr-s1=b-tg-s1=>b-dy-s1=wu -p1-s1=ui- 0

ty vy =ty -pr-s1=d-tg-s1=d-dy -5 =Uz-Pa-S1 = Uz V2
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The reflexivity of vy, vs: V__1Y is easy to found: choose ry = rg - ¢ (where
rg: Y — .S is the reflexivity of s1, so: S::Y). One hasry -vy =rg-q-vy =
rs - s1 = ly and analogously 7y - vy = 1y.

It remains only to prove that

[hl], [hg]: (7"1, ro: RHX)H(S:[, S9: S;»Y)

is the kernel pair of [q, 1y]: (s1,82: S — Y )—(v1,v2: V_Y) (which im-
plies that [g, 1y] is the coequalizer of [h;] and [hg], because [g,1y] is a regular
epi).
First, we need a homotopy e: X —V to show that [h1]-[g, 1y] = [h2]-[g, 1v].
It can be build up in the following way:

X
hl . TS 1X h2 N T‘S
S X S

is a cone on the diagram defining V', so that there exists a factorization e: X —V
which is the required homotopy. In fact €- vy =€-py-s1 = hy -rg-s1 = hy and
6'1}2:6'})2‘81:hg‘rs'slihg.

Suppose now there exist in Cex two arrows

sl -2,

[ fl -l

Y‘TZTY

such that [z1] - [¢, 1v] = [22] - [¢, 1v].
We look for an arrow

T—2+R

{1

ZT’X

such that [z] - [h1] = [z1] and [2] - [he] = [22] (if such a factorization exists, it is
certainly unique because [h1] and [hs] are jointly monic).
By assumption, there exists x: Z——V such that x-v; = 21 and x-ve = 2.

As z we can choose z = x-v. To show that [z]-[h1] = [21] we can use x-p1: Z-S;
infact x -p1-s1 =x-vy1 =21 and x-p1-S2 = Xx-V-hy = 2z-hy. Analogously,
to show that [2] - [ha] = [22] we can use x - po: Z—S.

It remains to find that Z:T—— R such that Z-r; =t; -z and Z-r9 = t5 - 2.
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Once again, let us start with an informal argument. Let z, 2’ be in Z and
suppose (21(z),22(2)) € V and (z1(2), 22(2")) € V; this means that there exist
z,2" € X such that (z1(2),h1(x)) € S, (22(2), ha(z)) € S and (z1(2'), h1(2')) €
S, (ZQ(Z’),hQ(I’/)) e€Ss.

If moreover (z,2') € T, since z; and 2y are compatible with the relations T
and S, we have that (z1(2), 21(2')) € S and (22(2), 22(2')) € S. Now using transi-
tivity and symmetry of S, we obtain (hi(x), hi(2’)) € S and (ha(z), ha(z")) € S.
As hy and hs are jointly monic, we can deduce now that (z,2’) € R, as required.

As a last effort to make readable this proof, let me translate the previous
argument step by step by commutative diagrams.

7 ———V
le lZQ ’Ull lrUQ
Y Ty' Y
means: (z1(z),22(2)) € V
S S
X+ P1 S1 S9 X P2 S1 52
Z1 %2
z Y 4 Y
x-v-h X V- ha

means: 3 & € X such that (21(2),h1(x)) € S and (22(2), ha(z)) € S
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tl'Zl

tl'X'V'hl

to XD S1| | S2

t2~2’1

T Y

ta-x-v-h
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ti-x-py/ 1| |52

tl'ZQ

tl'X'l/'hg

to - X D3 S1| | S2

tQ-ZQ

T Y

bty X V- ho

mean respectively: (z1(z),h1(x)) € S, (22(2),ha(x)) € S, (21(2),h1(2)) € S

and (22(2), ho(2')) € S

means: (hi(z),21(2)) € S

Now, since t1 - x - p1 - Sg * S2 = Z1 - S1, there exists a:T—S * S such that
a-dy =t1-x-p1-Ss and a - dy = Z;. This implies

T

which means: (hy(z),21(2')) € S

S

Now, since a - tg - So = to - X - p1 - S1, there exists b: T—— S * S such that
b-dy=a-ts and b-dy =ty x - p1. This implies
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t1~X~I/~h1
T .Y
t2~X~I/~h1
which means: (hi(x),hi(z’)) € S.

But the previous diagram means that
[ty x - v]-[a] = [t - x -] - [ha]

in Cex, where the arrows are

li-x -V TR T
T R S
to-x-V TR
1T lT T1 ) S1 52
t1-x-V
T X h Y
ty-x v 1
and the homotopy T'—— S is given by b - tg.
Exactly in the same way, one can prove that [t1 - x - v] - [ha] = [t2 - x - V] - [h2]

in Cex. Since [hy], [he] is a jointly monic pair, the two previous equations in
Cex imply [t1 - x - V] = [t2 - x - V]

But this means that there exists a homotopy z: T'— R such that Z-r; =
ti-x-v=ti-zand Z-rog =ty - x -V =ty - 2, as required.

The proof of the theorem is now complete. [ ]

4.7 An economical proof

In this section we obtain a different and more economical proof for the
exactness of Cex and for the universal property of I': C——Cex. Nevertheless,
I have chosen to maintain also the old proofs (theorem 4.6.1 and theorem 1.5.2)
for two reasons. The first reason is affective: when I started to study the exact
completion of a weakly lex category, I was not aware of the exact completion of
a regular category, so I was forced to look for a direct proof of 1.2.3 and 1.5.2
which cost some efforts to me. The second reason is to have a self-contained
work: the proof of the universal property of the exact completion of a regular
category is largely based on the calculus of relations, a topic that I do not
introduce in this work.
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Let us start recalling some known facts. The existence of the free exact
category on a regular one has been claimed by A. Joyal in a conference at
Oberwolfach in 1972 and its description has been suggested by W. Lawvere in
[31], where it is presented as a motivation for an axiomatic study of categories
of relations.

Definition 4.7.1 Let B be a regular category; we can define a new category
Rel(B) in the following way:

e objects of Rel(B) are objects of B

e an arrow a: X — Y in Rel(B) is a relation in B

o
X Y

e composition: given a pair of arrows a: X — Y and 3:Y — Z in B, its
composite is the jointly monic part of the (regular epi, mono) factorization

of
P
By .?/ W'ﬂz
X Z

where

I

ﬁl’l lﬁl

a—»OQ Y

is a pullback
e identities are diagonal relations

Of course, to prove that the previous definition works requires some verifi-
cations, which has been accomplished in [31].

Definition 4.7.2 Let B be a regular category; we can define a new category
Bpx in the following way:

e objects: an object of By is an equivalence relation ri,ro: R = X in B
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e arrows: an arrow o: (R = X)——(S =2 Y) in By is an arrow a: X — Y
in Rel(B) such that

) R-a-S=a
i) a®-a< S
i) a-a®> R

(in the previous equations composition is that of Rel(B) and a° is the
relation Y — X defined by

«

"

Y X

e composition is that of Rel(B)
e the identity on (R = X) is R: X — X

We can define a functor v:B——Bpy which sends an object X of B on
the identity relation 1x,1x:X = X and an arrow f: X——Y on its graph
f: X — Y. This functor is full and faithful. As far as the fullness is concerned,
observe that, if R is the identity relation on X and S is the identity relation on
Y, then conditions ii) and iii) in definition 4.7.2 mean that ay is, respectively,
a mono and a regular epi, so that a: X — Y is the graph of 041_1 cag: X —Y.

A complete proof of the exactness of Bpyx and v: B——Bpx can be found
in [38] and [22]. Let us only point out some useful facts to understand the
universal property of v: B——Bprx. First, observe that, if rq,72: R = X is an
object in Bpy, the following is an exact sequence in Bpy

¥(r1)

¥(R) Y(X)—LE(R = X)

v(r2)

Moreover, if a: (R = X)—— (S = Y) is an arrow in Bgy, we can consider the
(regular epi, jointly monic) factorization of the pair (y(a1) - R,v(a2) - S) as in
the following diagram

y(x) 20y @)y

R S

(R= X) g @ —p=(S =3 Y)
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One can show that m; is an isomorphism and a = mfl -mq. In particular, this
implies that v(ay) - R-a = y(ag) - S.

If B is an exact category, the functor v:B——Bpyx is an equivalence. In
fact an object r1,79: R = X is isomorphic to v(X/R), where p: X — X/R is
the coequalizer of r; and 79 and the isomorphism is given by v(p) and v(p)°.

Proposition 4.7.3 For each exact category A and for each exact functor
F:B——A, there exists an essentially unique exact functor I': B py —— A mak-
ing commutative the following diagram

B Brx

N

Proof: let us only indicate how to define F.Ifri,re: R = X is an object in
By, we put F(R = X) = Q, where
F(r1)

F(R) FX)—L— Q

F(ra)

is a coequalizer. If a:(R = X)——(S = Y) is an arrow in Bpy, we can
consider also the coequalizer p: FY —— P of Fs1,Fsy. Consider now the (reg-
ular epi, jointly monic) factorization of the pair (F'(a1) - ¢, F(a2) - p) as in the
following diagram

F(X)*F(al) F(Oé) F(a2)rF(Y>
q p
Q - H1 * P

But (1, p2): Q = Pis an arrow in Ay between 1g,19:Q = Qand 1p,1p: P =
P, so that py is an isomorphism. It is now straightforward to define F () =
ul_l - to: @ — P. Once again, a complete proof based on the calculus of rela-
tions can be found in [38] or [22]. n

Lemma 4.7.4 With the notations of the previous proposition, F is the left
Kan extension of F' along ~y.

Proof: let \: F——~ - H be a natural trasformation with H: Bpy — A an

arbitrary functor. We can define a natural trasformation X\ F——H as in the
following diagram
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F(Tl)

F(R)

F(r2)

AR Ax A

H(y(r1))

H(v(r2))

The naturality of A follows from that of A and from the equation y(ay) - R-a =
~v(ag) - S. The rest of the proof is straightforward. |

H((R)) H /(X))

HE= )

Corollary 4.7.5 Consider the functor v: B——Bpy;

1) for each exact category A, composing with v induces an equivalence
v —Ex(Bpx, A)—Ex(B, A)

between the category of exact functors from By to A and the category
of exact functors from B to A

2) v:B——Bpy is the unit of the left biadjoint to the forgetful
Ex—— Reg

where Ex is the 2-category of exact categories and exact functors and Reg
is the 2-category of regular categories and exact functors. [ |

Putting together theorem 3.3.1 and the first point of the previous corollary,
we obtain the following theorem

Theorem 4.7.6 Let C be a weakly lex category; consider I'reg: C——Creg as
in proposition 3.2.4 and y: Creg—(Creg) gx as at the beginning of this sec-
tion. For each exact category A, composing with I'reg-~ induces an equivalence

Lreg - - —: Ex((Creg) px: A) — Ex(Creg, A) — Lco(C, A)

between the category of exact functors from (Creg) px to A and the category
of left covering functors from C to A. [ |

Now, to obtain the exactness of Cex and the universal property of I'ex: C—— Cex
as a corollary of the previous theorem, it suffices to show that Cex is equivalent
to (Creg)gx- For this, let us come back to the very beginning of the proof
of theorem 1.5.2. Observe that, given a left covering functor F: C——A, the
existence of an extension F :Cex—A of F along I'ex: C——Cex does not
depend on the exactness of Cex but only on the exactness of A. It is to this
extension that we refer in the following lemma.
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Lemma 4.7.7 With the previous notations:

1) if F is full and faithful and, for each object X of C, F(X) is regular
projective, then F' is full and faithful

2) if, moreover, for each object A in A there exist an object X in C and a
regular epimorphism F(X)—— A, then F' is an equivalence

Proof: it suffices to observe that in the proof of theorem 1.6.1 we do not use
the exactness of Cex. [ ]

It remains only to prove that the functor

I'reg - 7: C——>Creg— (Creg)gx

satisfies the hypothesis of the previous lemma. Clearly, it is full and faithful
because both I'reg and  are full and faithful. Moreover, each object of Creg can
be covered by an object of C (proposition 3.2.6) and each object of (Creg)mx
can be covered by an object of Creg. Since 7 preserves regular epimorphisms,
this implies that each object of (Creg)px can be covered by an object of C.
It remains to prove that each object of C is regular projective in (Creg)px-
We know, by proposition 3.2.5, that each object of C is regular projective in
Creg, so that it suffices to show that v preserves regular projective objects. This
follows as a particular case from the following lemma.

Lemma 4.7.8 Let G:B——A be a left exact functor;
1) if G is full and faithful, then it reflects regular epimorphism

2) if, moreover, A is regular and, for each object A in A, there exist an object
B in B and a regular epimorphism G(B)— A, then G preserves regular
projective objects.

Proof: 1): obviously a full and faithful functor reflects epimorphisms. Now
consider an arrow f: X ——Y in B such that G(f): G(X)—G(Y) is a reg-
ular epimorphism. We can prove that f is the coequalizer of its kernel pair
fi, fo: N(f) = X. In fact, if g: X ——Z is such that f; - g = f2 - g, then
Gf1-Gg = Gfy-Gg. But, by left exactness of G, the pair G f1,G fz is the kernel
pair of Gf, so that Gf is the coequalizer of Gf; and Gf;. This implies that
there exists a unique factorization of Gg along G f and then, by fullness and
faithfulness of G, a unique factorization of g along f.

2): suppose that P is regular projective in B and consider a regular epi-
morphism p: A——G(P) in A. We can cover A with an object B of B and
a regular epimorphism ¢: G(B)——A. Now we have a regular epimorphism
q-p: G(B)—G(P) so that there exists an arrow f: B—— P such that G(f) =
q - p- By the first part of the lemma, f is a regular epimorphism, so that there
exists g: P— B such that ¢g- f = 1p. This implies that G(g) - ¢ is a section of
p. Since A is regular, this proves that G(P) is regular projective. |
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Let us conclude this section observing that, as far as an explicit description
of the exact extension F: Cex— A of a left covering functor F: C—— A is con-
cerned, it is easier to use the argument concerning uniqueness at the beginning
of the proof of 1.5.2 than going through the two steps of Creg and (Creg)px- 2

4.8 To be continued ...

I would like to leave the reader with three open problems which, in my
opinion, can be of some interest.

Malcev condition:

The exact completion runs very well with respect to the additivity, as at-
tested by the following proposition (cf. also [20] and [21]).

Proposition 4.8.1 Let C be a weakly lex category; Cex is preadditive (that is
abelian) if and only if C is preadditive.

Proof: The (only if) is obvious because C is (equivalent to) a full subcategory
of Cex; for the converse, one has only to verify that the preadditive structure
in Cex given by [f] + [g] = [f + ¢] is well defined. ]

Unfortunately, the same problem is not so easy when we consider the not
commutative analogous of abelian categories: here, a Malcev category is a
weakly lex category in which every pseudo reflective-relation is also a pseudo
equivalence-relation.

Proposition 4.8.2 Let C be a weakly lex category; if Cex is Malcev, then C
is Malcev.

Proof: Let A be an exact category and P a projective cover of A. Suppose
ro,T1: R__Y X is a reflective pair in P, so it is a reflective pair in A and then,
by assumption, it is a pseudo equivalence-relation in A. Clearly, this implies
that it is symmetric in P only because P is full in A.

As far as transitivity is concerned, we know that there exists an arrow ¢: R
R——Rsuch that t-rg =1lp-rg and t-ry =1y - r1, where

!

R+*xR—>—~ R

I 1
R —m— X

is the pullback in A.
Now if p: P—— R x R is a P-cover of R * R, then

2This section has been written with the collaboration of M. Mosca. Further developements
will be contained in [35].
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-
p L0, g
-l r1
R —— X

is a weak pullback in P, so that p-t: P—— R gives the transitivity of rg,r1: R—~ X
in P. [ |

The open problem is clearly to find conditions on C such that Cex is a
Malcev category.

A possible motivation to study Malcev condition in this context lies in the
suggestion, due to M. Barr, that the right framework to study topology is given
by exact categories with enough injectives in which unions are effective (cf. [4]).
Both examples given by Barr in [4] (elementary topo and Grothendieck abelian
categories) are categories such that the dual category is exact. In other words,
they are exact categories such that the dual is a free exact and Malcev category
(recall that a regular category is Malcev if and only if it is exact and the dual
of the effective unions condition holds).

The homotopy category:

Let us recall the definition of the homotopy category HyTop:
objects: topological spaces
arrows: equivalence classes of continuous maps; two continuous maps f,g :
X 7Y are said to be equivalent if

e there exists a continuous map H:I x X —Y such that ip - H = f and
il -H = g

I xX

where I = [0, 1] euclideian and

io(z) =(0,2) , i1(z)=(1,x) VzeX

or, equivalently, if

e there exists a continuous map K: X —Y' such that K - evg = f and
K-evi=g
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where evy(a) = a(0) and evi(a) = a(l) V a € Y.
Proposition 4.8.3 H,Top is weakly lex.
Proof: It is straightforward to prove that products in Top are also (strong)
products in HyTop.

As far as equalizers are concerned, consider two parallel arrows in Top
f,9: XY and the evaluations evg,evy: Y/ Y now take the pullbacks

f! q

F y! G y!
fo evo g1 evy
X 7 Y X g Y

and then take the limit F<"*— L "%+ on the diagram

F G
/
f 91
fo q
X y!

A weak equalizer in HyTop is given by

Loy T' Y.

In fact, mp- frevo = mg- fo- fand 7wy - f'-evi =7mg-g'-evi =mg-g1-g =7 fo- g
so that 7 - fo - f is equivalent to 7y - fo - g. Now suppose that h: Z—X
is an arrow in Top such that h - f is equivalent to h - g, that is there exists
H:Z——Y' such that H -evg = h- f and H -ev; = h-g. From the first
equation, we have ¢: Z——F such that ¢ - fo = h and ¢ - f' = H. From the
second equation, we have 1: Z —G such that ¢ - g; = h and ¢ - ¢ = H. But
this implies the existence of {: Z——L such that | - 7y = ¢ and | - 7, = .
Finally I - ¢ - fo = ¢ - fo = h. [ |
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If one computes explicitly L, one finds L = {(z,a) € X x YT | a(0) =
f(z) and a(1) = g(x)}. This is what is called homotopy-equalizer in [11]. In
fact one can prove that the homotopy type of L depends only on the homotopy
type of f and g. In the same way, if one builds up weak pullbacks in HyTop
using products in Top and weak equalizers as in the previous proposition, one
obtains homotopy-pullbacks.

Two questions arise in a natural way from the previous proposition.

The first one, for the sake of unification, is

e what about weak limits in the homotopy category built up from a Quillen-
model category (cf. [37]) or from a Baues-fibred category (cf. [5])?

e what about weak limits in categories of fractions? (cf. [5] and [23])

The second question, may be more interesting in view of further develop-
ment, is

e what is the exact completion of HyTop?

Exact embedding
As a last remark, let us point out a quite surprising property of categories
which have a projective cover.

Lemma 4.8.4 Let f: X ——Y be a regular epi in a weakly lex category and
fo, f1: N(f) —= X a weak kernel pair of f;

Jo f
N(f)—X—=Y
1
is a coequalizer.
Proof: Work as in the “strong” case. [ |

Proposition 4.8.5 Let A be a small weakly lex category and P a projective
cover of A; the “Yoneda embedding”

yia——SeT?
is full, faithful, left covering and preserves regular epis.

Proof: The fact that Y is left covering is obvious. For example, if T' is a weak
terminal object in A, consider the unique natural transformation A(—,T) = 1,
where 1 is the terminal presheaf. For each object X (in A), A(X,T) is not
empty, so that the component at X A(X,T) = 1(X) = {x} is surjective.

Now consider a regular epi p: A—— B in A and the induced natural trans-
formation

— - p:A(—,A) = A(—,B): PP —~SET

Given an object P in P and an arrow f: A—— B, the fact that P is projective
and p is a regular epi means exactly that there exists g: P—— A such that
g -p = f. This means exactly that the component at P of — - p is surjective.
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Also the faithfulness of Y is easy: consider two parallel arrows a, b : A_B
in A and the natural transformations — - a, — - b: A(—, A) = A(—, B). Consider
now a P-cover p: P——A of A: if —-a = — - b in particular p-a = p-b, but p
is a regular epi, so that a = b.

It remains to prove that
o
ViA——SETPP

is full. For this consider two objects A and B in A and a natural transformation
7:A(—, A) = A(—, B). The naturality of 7 means that, for each f: P—Q in
P, the following is a commutative diagram in SET

A(P, A) f-- A(Q, A)

TP TQ

A(P,B) A(Q, B)

that is, for each z: Q— A in A, the following is a commutative diagram in A

p mp(f ) - B
\ />
Q

Now let us consider a P-cover a: A— A of A, a weak kernel pair ag, a1: N(a) — A

of a and again a P-cover q: Q— N(a). Consider again 7x(a): A—B; we
have that ¢ - aop - 75(a) = 79(q-ao-a) = 79(¢- a1 -a) = q- a1 - 75(a) and
then ag - 71(a) = a; - 75(a) because ¢ is a regular epi. By the previous lemma,
we have t: A—— B such that a -t = 75(a). Now we can prove that the two
natural transformations 7 and — - ¢ are equal: consider y: P—— A with P in
P; since P is projective and a a regular epi, there exists 7j: P— A such that
y-a=y. Finally we have y -t =7 -a-t =7 - 75(a) = 7p(y - a) = 7p(y) that is
Tp(y) =Y () p(y).
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The previous proposition gives us, as a particular case, the following corol-
lary:

Corollary 4.8.6 Let A be a small regular category and P a projective cover of
A; the Yoneda embedding

Y:A—SeT?P
is a full, faithful and exact functor. [ ]

This means that the celebrated Barr theorem (which states that, given a
small regular category A, there exists a full and exact embedding of A in a
topos of presheaves, cf. [2]) becomes obvious if we make the extra-assumption
that A has enough projectives.

Keeping in mind the proof of Barr theorem given in [7], the question natu-
rally arising is:

e can a regular category A be decomposed in a family of regular categories
with enough projectives, so as to obtain Barr theorem by a suitable “glue-
ing” of the easy case?

Enjoy yourself!
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