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SURJECTION-LIKE CLASSES OF MORPHISMS

PIERRE-ALAIN JACQMIN

ABSTRACT. We characterize ‘good’ classes of epimorphisms in a finitely complete cat-
egory, i.e., those which ‘interact with finite limits as surjections do in the category Set
of sets and functions’. More precisely, we prove that given a class E of morphisms in a
small finitely complete category C, there exists a faithful conservative (respectively fully
faithful) embedding C — Set” into a presheaf category which preserves and reflects
finite limits and which sends morphisms in F, and only those, to componentwise surjec-
tions if and only if E contains the identities, is closed under composition, has the strong
right cancellation property, is stable under pullbacks and does not contain any proper
monomorphisms (respectively any morphism in it is a regular epimorphism). The classes
of split epimorphisms and descent morphisms are such examples and the corresponding
full embedding theorems are given by Yoneda and Barr’s embeddings. As new exam-
ples, we get a conservative embedding theorem for the class of pullback-stable strong
epimorphisms and a full embedding theorem for the class of effective descent morphisms.
The proof presented here is not based on transfinite inductions and is therefore rather
explicit, in contrast with similar embedding theorems.

Introduction

The most natural examples of categories one may think of are given by mathematical
structures of some kind together with the appropriate functions between them as mor-
phisms. Among many others, we can cite the categories Set of sets and functions, Gp of
groups and group homomorphisms, Mon of monoids and monoid homomorphisms, Top of
topological spaces and continuous functions or Pos of partially ordered sets and order pre-
serving maps. In all these examples, as in most of the classical examples, monomorphisms
are characterized as exactly the injective morphisms. For this reason, monomorphisms
are commonly thought of as the ‘right’ categorical generalization of injective morphisms.

The analogous question of generalizing surjective morphisms is much more subtle and
no definite answer has been given so far, each author often using his/her own preferred
classes of morphisms. A first class of morphisms one can think of to generalize surjective
morphisms is the class of epimorphisms. However, it is commonly accepted not to be a
good solution. Although epimorphisms in Set are exactly surjective functions, it is far
from being the case in many classical categories. For instance, in Mon, the embedding
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N < Z of natural numbers into integers is an epimorphism. This is therefore an example
of a morphism which is both a monomorphism and an epimorphism but which is not
an isomorphism. As this phenomenon cannot occur in our leading example of surjective
functions in Set, this brings us to our first axiom for a ‘good class E of surjections’ in a
category C:

(NoPMono) Every monomorphism in F is an isomorphism.

Another candidate to generalize surjective morphisms to an arbitrary category is the
class of regular epimorphisms, i.e., coequalizers. This class satisfies our first axiom (NoP-
Mono). In addition, in every algebraic category (i.e. variety of universal algebras), regular
epimorphisms coincide with surjective homomorphisms. However, in general, they fail to
be closed under composition. Since this is an important property shared by surjective
morphisms in classical categories, we will also impose this as an axiom on E:

(ClComp) F is closed under composition.

Let us now make our question more precise. As finite limits are overwhelming in many
subfields of category theory, we will look for classes E' of morphisms in a finitely complete
category C which ‘interact with finite limits in the same way surjections interact with
finite limits in Set’. Setting aside concerns about size, we can be even more precise: we
are looking for classes E of morphisms for which there exists an ‘embedding’ ¢: C —
Set” into a presheaf category which preserves and reflects finite limits and such that, for
each morphism e € C, one has e € F if and only if ¢(e) is a componentwise surjective
natural transformation. The word ‘embedding’ will have two different meanings: in the
‘conservative case’, it will be a faithful conservative functor; while in the ‘full case’, we
mean a fully faithful functor. As we have seen so far, in both cases, the axioms (NoPMono)
and (ClComp) have to be satisfied, which makes the classes of epimorphisms and of
regular epimorphisms counter-examples in general. However, Barr’s embedding theorem
for regular categories [3| exactly means that the class of regular epimorphisms in a regular
category [4] satisfies the full embedding theorem.

Going back to the general case of a finitely complete category C, we can consider the
class of strong epimorphisms, or equivalently the class of extremal epimorphisms, i.e.,
epimorphisms which do not factorize through any proper subobject of their codomain.
This class satisfies both axioms (NoPMono) and (ClComp) and coincide with surjective
homomorphisms in any algebraic category. However, in general, it fails to be stable
under pullbacks. Since surjections in Set are pullback-stable, this means that strong
epimorphisms do not interact with finite limits in a general finitely complete category in
the same way surjections do in Set. We therefore need to add an additional axiom for our
‘good classes of surjections’, namely:

(StPb) E is stable under pullbacks.

To avoid the degenerate empty class of morphisms and that of isomorphisms (which
in general do not satisfy any of the two embedding theorems mentioned above), we need
to add the following two axioms:
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(Id) E contains the identities;
(SRightCancP) F has the strong right cancellation property, i.e., gf € E = g € E.

We have therefore the five axioms (NoPMono), (ClComp), (StPb), (Id) and (SRight-
CancP) which we prove to be together equivalent to the conservative embedding theorem
(Theorem 2.1). For this reason, we call a class of morphisms satisfying these five axioms
a surjection-like class of morphisms, as referenced in the title. In any finitely complete
category, the largest such class of morphisms is given by the class Eppstrongepi Of pullback-
stable strong epimorphisms, i.e., morphisms whose pullback along any morphism is a
strong epimorphism. We also show that in general, this class fails to satisfy the full em-
bedding theorem mentioned above. The reason is that morphisms in Fypstrongepi are in
general not regular epimorphisms, which is a necessary condition for the full embedding
theorem. We thus add a last axiom:

(Reg) Morphisms in E are regular epimorphisms.

A surjection-like class of morphisms satisfying (Reg) is said to be regular and we show
(Theorem 2.2) that this is exactly what is needed to have a full embedding theorem. The
biggest such class of morphisms is the class Fyescent 0f descent morphisms, also described
as pullback-stable regular epimorphisms. The fact that this class satisfies the axioms to
be a regular surjection-like class of morphisms has been shown in [9]. The full embedding
theorem obtained from this class Egescent has been obtained in [2] from the embedding
theorem for regular categories [3].

The smallest example of a (regular) surjection-like class of morphisms is the class
Epiitepi of split epimorphisms (i.e., epimorphisms admitting a section). In that case, the
full embedding can be taken to be just the classical Yoneda embedding. Between these two
examples, one also has the class Fef gescent Of effective descent morphisms, which, in view
of the results from [9, 11, 12|, is a regular surjection-like class of morphisms (assuming the
axiom of universes [1] to avoid some size issues). The full embedding theorem coming from
Eetf descent, as well as the conservative embedding theorem coming from Eppstrongepi; are to
our knowledge new from this paper. It is also worth mentioning that from the results
in [5, 9], we know that in the category Cat of small categories and functors, the four
classes Egplitepi & Eeffdescent & Lidescent & Epbstrongepi are distinct and there exist infinitely
many other regular surjection-like classes of morphisms in Cat.

Let us also mention that, given a surjection-like class of morphisms FE in a finitely
complete category C, one cannot expect in general to have an (£, M )-factorization system
where M is the class of monomorphisms in C. Indeed, all morphisms f in C factorize as
f = me with m a monomorphism and e € F if and only if C is a regular category and F
is the class of regular epimorphisms in it.

Our Embedding Theorems 2.1 and 2.2 have two main applications. On the practical
side, one can prove many statements about finite limits and morphisms in a surjection-like
class of morphisms FE in any finitely complete category C just by producing a proof for the
particular case C = Set and F = {surjections}. Therefore, for these statements, a proof
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using elements will be enough to prove the result in full generality. To avoid size issues, one
has to assume here the axiom of universes. For such proof reductions, the Conservative
Embedding Theorem 2.1 (and so surjection-like classes of morphisms) is almost as useful
as the Full Embedding Theorem 2.2 (and so regular surjection-like classes of morphisms)
since, even in the full case, one has to take extra caution when dealing with the existence
of some morphism. This technique is well-known and have been briefly discussed e.g.
in [2] and more precisely described in [7]. We will give as such an application here a
generalization of the so-called Barr-Kock theorem where one requires that a morphism is
(only) a pullback-stable strong epimorphism (see Corollary 2.3).

More importantly, on the theoretical side, these embedding theorems give potential
criteria to decide which classes of morphisms form ‘good’ categorical generalizations of
surjections.

The major part of the paper is devoted to the proof of our Embedding Theorems 2.1
and 2.2, so let us say a word on it now. A possible way to tackle this problem is to
consider the Grothendieck topology T on C induced by E and the composite functor

C — Set” — Sh(C, Tg) —— Set?

where Y is the classical Yoneda embedding, a is the sheafification functor for the topol-
ogy Tg and B is Barr’s full embedding [3] for the regular category Sh(C, Tg) of sheaves
on the site (C,7g). If E is a surjection-like class of morphisms, it can be proved that
aY is conservative and faithful and it sends a morphism e to a (regular) epimorphism in
Sh(C,7Tg) if and only if e € E. Moreover, if E is a regular surjection-like class of mor-
phisms, 7r is a subcanonical topology and aY is a fully faithful embedding. Although
this proof might be short and elegant, it is has several drawbacks. Firstly, even if the
category C is assumed to be small, the sheaf category Sh(C,7Tg) is in general not small.
Therefore, Barr’s embedding theorem cannot be applied as such to this regular category
Sh(C,Tg). One thus needs to change universe even in the case where C is small which
is very unpleasant. In particular, in the codomain of this embedding, the category D
need not be small and the category Set is not any more the usual category of (small) sets
and functions. Secondly, in the construction of B from [3]|, some transfinite inductions
are used, based on the axiom of choice to well-order the sets on which these transfinite
inductions run. As a result, the way the category D and the embedding B are constructed
is quite obscure and this has raised a certain scepticism in the community. Finally, this
proof technique seems not to be easily generalizable and this will probably prevent us to
prove similar results in the future (see the section on future work below).

Another strategy could be to generalize Barr’s proof of his embedding theorem for reg-
ular categories by replacing small regular categories by small finitely complete categories
and the class of regular epimorphisms by a (regular) surjection-like class of morphisms.
This would have the advantage of avoiding the size issue raised by the above proof tech-
nique, but this would still be based on some not explicit transfinite inductions. Moreover,
it is not clear how one could achieve such a generalization directly. Indeed, the first step
in Barr’s proof is to show that, if C is a small regular category, the opposite category
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C = Lex(C, Set)°P of the category of finite limit preserving functors C — Set is also regular
and the fully faithful embedding C — C preserves and reflects finite limits and regular
epimorphisms. Barr then uses this bigger category C to construct (using transfinite in-
ductions) a C-projective covering of any object of C (and even of C ); this argument being
based on an argument by Grothendieck. The problem in our generalized setting is that, if
we replace regular epimorphisms in C by morphisms in £, by what should we replace regu-
lar epimorphisms in C? Although we could close the class E in C under certain properties,
it is not clear to us how to adapt the proof in that context.

Our idea will be instead to ‘deconstruct’” Barr’s proof in order to make it explicit in
terms of C (and not working in C). The hardest step in that process was to make explicit
how to construct pullbacks and cofiltered limits in C. That way, we achieved to turn
the C-projective covering of a finite limit preserving functor F': C — Set constructed by
Barr into an explicit (transfinite induction free) construction of a componentwise injective
natural transformation ¢p: F ~— F where F: C — Set preserves finite limits and sends
elements of F to surjections. As a result, we get a much more explicit construction of
the small category D and the embedding ¢: C — Set” in our Embedding Theorems 2.1
and 2.2. In particular, in the conservative case, the objects of the category D can be
chosen to be the objects of C, and given objects C, D, the set ¢(C')(D) can be defined as
some quotient of the set of diagrams of the form

C+———
4

k k
ey x-xel

e

: :
_
e x-xen,

.

R

_
1 1

D——

where the k quadrilaterals are pullbacks of finite products of specified elements of F.
Except from this Introduction, the paper contains only two sections. In the first
one, the definitions of (regular) surjection-like classes of morphisms are given, their basic
properties are studied and some examples are discussed. The second section is devoted
to our embedding theorems. They are proved simultaneously in a common proof which is
divided into 42 steps, but the proof in the conservative case only requires the first 30 steps.

FUTURE WORK. If possible, we would like to study the case of jointly epimorphic cospans
in a future work. Actually, we want to generalize our work in order to answer the question:
which classes of cospans (or which Grothendieck topologies) interact with finite limits in
the same way as jointly surjective cospans interact with finite limits in Set?
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We are also interested in the analogous question where finite limits are not considered,
i.e., which classes of morphisms behave like surjections do in Set? More precisely, we
would like to characterize those classes E of morphisms in a small category C for which
there exists a (fully) faithful conservative functor p: C — Set® to a presheaf category
such that a morphism e € C is in E if and only if ¢(e) is a componentwise surjection. Of
course, the axioms (Id), (ClComp) and (SRightCancP) still have to hold for E, but the
axioms (StPb) and (NoPMono) do not seem to be needed any more. Indeed, these two
axioms are ‘finite limit statements’ (for (NoPMono), we recall that the property of being
a monomorphism is equivalent to the condition that the two projections of the kernel pair
are equal). In view of that, the class of epimorphisms might be an example of such a class
and therefore be considered as a ‘good class of surjections’, although we did not consider
it to be so since the very beginning of this introduction as it has ‘poor interactions with
finite limits’.

ACKNOWLEDGMENTS. The author would like to thank Michael Hoefnagel and Zurab
Janelidze for interesting discussions on the subject. He also thanks the anonymous referee
for his/her helpful remarks on the paper. He is also grateful to the FNRS for its generous
support.

1. Axioms and examples

Let us fix in this whole section a finitely complete category C (i.e., a category admitting
finite limits).

AXIOMS FOR A CONSERVATIVE EMBEDDING. Let us consider a class of morphisms F in C.
We say that F is a surjection-like class of morphisms (in C) if it satisfies the following
five axioms:

(Id) E contains identities, i.e., for each object A € C, one has 14 € F.
(ClComp) FE is closed under composition, i.e., given any pair of composable morphisms
AL.p2.¢
in C, if f and ¢ are in E, then so is the composite g f.

(SRightCancP) E has the strong right cancellation property, i.e., given any pair of composable
morphisms AL.B 2.0 C,ifgf € E, then g € E.

(StPb) E is stable under pullbacks, i.e., given any pullback square

f

v
Sy

:J; Q|

| 7l
[,

Qe
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inC,if fe E, then f € E.

(NoPMono) E does not contain any proper monomorphisms, i.e., each monomorphism in F is
an isomorphism.

In that case, since E satisfies (Id) and (StPb), we know it contains isomorphisms.
This can be seen via the following pullback square

A, B

ul - l

A—— A
1a

for any isomorphism ¢. In addition, since E satisfies (ClComp) and (StPb), it is well-known
that E is closed under binary products, i.e., if e,/ € E, thenex e € E. If e: A — B and
e': A" — B’ are two morphisms, then e x ¢’: A x A’ — B x B’ is canonically induced by e
and €’ between the product of A and A" and that of B and B’. The following commutative
diagram

Ax A exe’ B x B’
v

/ B,B’
Pf’A e 25
€><1A/ 1p xe'
A B x A B’
€ / / /
A B,A e
\ % N /
B

B,A" B,A’

where the squares are pullbacks and where the morphisms pf’Al, py" L py and pf B are
product projections indicates how to prove this property. Therefore, each surjection-like
class of morphisms E is closed under finite products, i.e., given any finite family (e; € E);e;
of elements of E, their product [],.; e; also belongs to E.

Let us now denote by Egpitepi the class of split epimorphisms in C, i.e., the class of
morphisms e: A — B such that there exists s: B — A with es = 1. It is well-known
and routine to prove that Egyitepi is a surjection-like class of morphisms. Moreover, in
view of (Id) and (SRightCancP), it is the smallest one, i.e., the inclusion

Esplit epi CFkE

A/

holds for any surjection-like class of morphisms £ in C.
We recall that a strong epimorphism in C is a morphism e: A — B such that for any
commutative square of plain morphisms

A—

! L h J/g

C —D

m

e
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where m is a monomorphism, there exists a (necessarily unique) dotted morphism A mak-
ing the two triangles commutative. Since C is finitely complete, this property implies that
e is an epimorphism, and it is equivalent to the property of being an extremal epimorphism,
i.e., an (epi)morphism such that given any commutative triangle

e

AT>B

where m is a monomorphism, then m is an isomorphism. The class of strong epimorphisms
is in general not stable under pullbacks. We thus need the notion of pullback-stable strong
epimorphism, which is a morphism e: A — B such that, for any pullback square

P—=C

|
! f

AT>B7

the morphism € is a strong epimorphism. In particular, this implies that e is itself a strong
epimorphism. We denote by Eppstrongepi the class of pullback-stable strong epimorphisms
in C. Again, it is well-known and routine to prove that Eppstrongepi 1S @ surjection-like
class of morphisms. Moreover, it is the largest one. Indeed, given a surjection-like class of
morphisms F, by (SRightCancP) and (NoPMono), each element of E is an extremal epi-
morphism. Hence, by (StPb), each element of E is a pullback-stable strong epimorphism.
Therefore, for each surjection-like class of morphisms F in C, the inclusions

Esplitepi g E g prstrongepi

hold.

AXIOMS FOR A FULL EMBEDDING. We recall that a regular epimorphism in C is a mor-
phism e which is the coequalizer of two parallel morphisms. Since C is finitely complete,
this is equivalent to require that e is the coequalizer of its kernel pair.

A surjection-like class of morphisms F in the finitely complete category C is said to
be reqular when it satisfies the additional axiom:

(Reg) Every morphism in E is a regular epimorphism.

Since (Reg) is stronger than (NoPMono), a regular surjection-like class of morphisms
in C is a class of morphisms satisfying the axioms (Id), (ClComp), (SRightCancP), (StPb)
and (Reg).

It is classical that each split epimorphism is a regular epimorphism. Therefore, the
class Egyitepi 1s a regular surjection-like class of morphisms and it is the smallest such.
Besides, not all pullback-stable strong epimorphisms are regular epimorphisms (e.g. in
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the category Cat of small categories, see below). Therefore, the surjection-like class of
morphisms Eppstrongepi 15 i general not regular.

Since C is finitely complete, a descent morphism can be characterized [10] as a pullback-
stable reqular epimorphism, i.e., a morphism e: A — B such that, for any pullback square

P—*°.,C
_

lf

A——B

e )

f

the morphism € is a regular epimorphism. We denote by FEgescent the class of descent
morphisms in C. It has been proved in [9] that Eyescent is a regular surjection-like class of
morphisms. Moreover, in view of (StPb) and (Reg), it is the largest one. Therefore, for
each regular surjection-like class of morphisms F in C, the inclusions

Esplitepi g E g Edescent

hold.

The finitely complete category C is said to be regular in the sense of [4] if it has co-
equalizers of kernel pairs and if regular epimorphisms are stable under pullbacks. In that
case, the classes Eppstrongepi ald Fgescent POth coincide with the class of regular epimor-
phisms, which is thus a regular surjection-like class of morphisms. Given a surjection-like
class of morphisms F in a general finitely complete category C, the following conditions
are equivalent:

e the class E has the additional property that each morphism f in C factorizes as
f = me where m is a monomorphism and e € F;

e C is a regular category and FE is the class of regular epimorphisms in it.

Indeed, the factorization property is well-known in regular categories, while the other
direction can be proved as follows. Given a strong epimorphism f, we can factorize it
as f = me with e € E and m a monomorphism. Since f is a strong epimorphism, m
is an isomorphism and f € E. This proves that F is the class of strong epimorphisms.
Using Proposition 2.2.2 in [6], this proves that C is regular and F is the class of regular
epimorphisms.

EXAMPLES. We have already seen the examples Egpjitepi and Elgescent 0f regular surjection-
like classes of morphisms and Eppstrongepi Of (in general not regular) surjection-like class
of morphisms.

The class Feffdescent Of effective descent morphisms in C is easily seen to satisfy (Id)
and (Reg). Moreover, it is proved in [12] that Fef gescent Satisfies (StPb) and in [11] that it
satisfies (ClComp). Finally, it is shown in 9], under some smallness assumption on C, that
FEetf descent satisfies (SRightCancP). This smallness assumption can be removed assuming
for instance the aziom of universes [1|. The class Eef descent 1S thus a regular surjection-like
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class of morphisms, which sits, in general, strictly between Eqitepi and Fescent (se€ €.g.
the case C = Cat below).

In the category Set of sets, assuming the axiom of choice, the four classes Eppstrong epi,
Ejescent, Leff descent ad Eigpiitepi all coincide with the class of surjective functions. However,
this situation is very specific to Set.

Given an object X in the finitely complete category C, we denote by Ex the class of
morphisms e: A — B such that, for each morphism f: X — B, there exists a morphism
g: X — A such that eg = f.

Clearly, Ex satisfies the axioms (Id), (ClComp), (SRightCancP) and (StPb), but in gen-
eral it does not satisfies (NoPMono). Let us consider the particular case where C = Cat
is the category of small categories. For a non-negative integer n, let 7, be the totally
ordered set on n+ 1 elements seen as a category, i.e., the category generated by the graph

0 1 e n—1——n.
We have the strict inclusions
Ejo gEjl QEJQ 2E73 gEJ4 2

and m@o E; 2 Egpiitepi- The class E g, is the class of functors which are surjective on
objects. It does not satisfies (NoPMono). It is shown in [5] that E7 = Eppstrongepi and
E7, = Egescent; and it is shown in [9] that E 7, = FEeffdescent- In view of the above strict
inclusions, we therefore have that E; is a surjection-like class of morphisms which is
not regular; and for n > 2, the class £, is a regular surjection-like class of morphisms.
Hence, (1,5, E7, is also a regular surjection-like class of morphisms. We therefore have
infinitely many such classes in Cat.

Let us conclude this section by proving that none of the axioms (Id), (ClComp),
(SRightCancP), (StPb) and (NoPMono) (respectively (Id), (ClComp), (SRightCancP),
(StPb) and (Reg)) can be removed from the definition of surjection-like classes of mor-
phisms (respectively of regular surjection-like classes of morphisms). If the finitely com-
plete category C is not a preorder, the empty class £ = & satisfies all axioms except (Id);
the class of isomorphisms in C satisfies all axioms except (SRightCancP) and the class
of all morphisms in C satisfies all axioms except (NoPMono) and (Reg). Let now E and
E' be two distinct regular surjection-like classes of morphisms in C (which exist, e.g., if
C = Cat). The class (E x E') U (E' x E) in the product category C x C satisfies all
axioms except (ClComp). Finally, if C is the category of preordered sets, the class of
regular epimorphisms, which coincides with the class of strong epimorphisms, has been
described in [8]. It satisfies (Id), (ClComp), (SRightCancP), (NoPMono) and (Reg), but
not (StPb).
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2. The embedding theorems

We are now ready to state and prove our embedding theorems. We recall that a functor
is said to be conservative if it reflects isomorphisms. For a small category D, we denote
by Set” the category of functors D — Set and their natural transformations. In this
category Set?, the classes Eobstrong epis Pdescent aNd Fefr descent all coincide with the class of
componentwise surjections, i.e., the class of natural transformations o: F' = G: D — Set
such that, for each object D € D, ap is a surjective function.

For set-theoretical reasons, the theorems below are stated under the assumption that
the category C is small. However, using the aziom of universes [1], this condition can
easily be overcome.

2.1. THEOREM. Let C be a small finitely complete category. The following conditions on
a class E of morphisms in C are equivalent:

o There exists a small category D and a faithful conservative functor p: C — Set”
which preserves and reflects finite limits and such that, for each morphism e in C,
©(e) is a componentwise surjection if and only if e € E.

o I is a surjection-like class of morphisms, i.e., it satisfies the axioms

(Id) E contains all identities;
(ClComp) E is closed under composition;
(SRightCancP) E has the strong right cancellation property;
(StPb) E is stable under pullbacks;
(NoPMono) every monomorphism in E is an isomorphism.

2.2. THEOREM. Let C be a small finitely complete category. The following conditions on
a class E of morphisms in C are equivalent:

o There exists a small category D and a fully faithful functor p: C — Set® which
preserves and reflects finite limits and such that, for each morphism e in C, p(e) is
a componentwise surjection if and only if e € E.

o F is a reqular surjection-like class of morphisms, i.e., it satisfies the axioms

(Id) E contains all identities;
(ClComp) E is closed under composition;
(SRightCancP) E has the strong right cancellation property;
(StPb) E is stable under pullbacks;

(Reg) every morphism in E is a regular epimorphism.



960 PIERRE-ALAIN JACQMIN

Before proving these theorems, let us make a few comments about them. Considering
C to be a small regular category and £ the class of regular epimorphisms in it, one
recovers from Theorem 2.2 Barr’s full embedding theorem |[3] for regular categories. More
generally, if in Theorem 2.2 one chooses E to be the class Fgyescent Of descent morphisms
in a small finitely complete category C, one recovers the embedding theorem established
in [2].

The particular instance of Theorem 2.2 for £/ = Epjitepi is also known. Indeed, in that
case, it is sufficient to consider the Yoneda embedding Y: C — Set®” since a morphism e
is a split epimorphism if and only if Y(e) is a componentwise surjection.

To our knowledge, the conservative embedding theorem obtained from Theorem 2.1
for ' = Eppstrongepi and the full embedding theorem obtained from Theorem 2.2 for
E = FEeff descent are new.

In our opinion, the main theoretical application of Theorems 2.1 and 2.2 is to justify
why, and in which sense, (regular) surjection-like classes of morphisms are exactly the
ones interacting with finite limits in the same way as surjections do in Set.

On the practical side, as it is explained in |2, 7|, these embedding theorems (and the
axiom of universes) enable one to reduce the proof of some results about the interaction
between finite limits and a surjection-like class of morphisms £ in a finitely complete
category C to the case where C = Set and E is the class of surjective functions. Arguments
using elements can therefore be applied in those contexts. As an example of this technique,
we prove a generalization of the so-called Barr—Kock theorem where the morphism e below
is only required to be a pullback-stable strong epimorphism (in this particular case, taking
E = Egpstrongepi gives the most general version of the result).

2.3. COROLLARY. (Barr-Kock) Given a finitely complete category C, we consider the

following diagram
B
"‘ (1)
Y
I

where (r¢,15) is the kernel pair of e, (r{,ry) is the kernel pair of f, the right hand square
1s commutative and the morphism k is the induced morphism making the upper left hand
and down left hand squares commute. If e is a pullback-stable strong epimorphism and
the upper left hand square is a pullback, then the right hand square is also a pullback.

Re] T:ziA%
kl gk
r

T

PROOF. Let E = Eppstrongepi S0 that e is supposed to be in £. By the axiom of universes,
we can suppose without loss of generality that C is a small category. We can thus consider
the embedding ¢: C — Set? given by Theorem 2.1. Since ¢ preserves finite limits and



SURJECTION-LIKE CLASSES OF MORPHISMS 961

commutative diagrams, the diagram in Set”

e(rf) A p(e)

w(R[e])?@W( ) ©(B)
so(k)l @(g)l l@(h) (2)
PRI = p(X) — = p(Y)

o(ry)

satisfies similar assumptions as (1), with e € E being replaced with ¢(e) is a componen-
twise surjection. Since finite limits are computed componentwise in Set”, for any object
D € D, we know that the diagram in Set

PRIEN(D) =5 (4 (D) 222 o(B)(D)
w(k)Dl ‘P(Q)D‘ “P(h)D (3)
AARI(D) £ o(X) (D)~ 0V )(D)

satisfies similar assumptions as (1), with ¢(e)p a surjective function. Since Barr-Kock
theorem can easily be proved in Set using elements (see e.g. [7]), we deduce that for each
object D € D, the right hand square of diagram (3) is a pullback. Since finite limits are
computed componentwise in Set”, this means that the right hand square in diagram (2)
is a pullback. Since ¢ reflects finite limits, this finally implies that the right hand square
of diagram (1) is also a pullback as desired. n

PROOF OF THEOREMS 2.1 AND 2.2. We are now going to prove both Theorem 2.1 and
Theorem 2.2 simultaneously.

PROOF. The proof is divided in 42 steps, but the proof of Theorem 2.1 already ends after
30 steps.

STEP 1. THE EASY DIRECTION. Let us first suppose that such a category D and such
a functor ¢: C — Set? exist. Since the axioms (Id), (C1Comp), (SRightCancP), (StPb)
and (NoPMono) are (or can be) stated in terms of finite limits and the class F, and in
view of the properties of ¢, they hold for E in C just because they hold for the class of
componentwise surjections in Set”. If o is full, let us prove that E satisfies (Reg). Let
e: A — B be a morphism in £ and let r,75: R[e] = A be its kernel pair. We must
show that e is the coequalizer of r; and ro. Let z: A — X be a morphism such that
xry = xre. Using the properties of ¢, we know that ¢(e) is a componentwise surjection
and ¢(r1),(ra): p(Rle]) = ¢(A) is its kernel pair. Therefore, since componentwise
surjections in Set” are regular epimorphisms, ¢(e) is the coequalizer of (r;) and @(ry).
Since @(x)p(r1) = p(x)p(r2), there exists a unique natural transformation a: ¢(B) —
©(X) such that ap(e) = ¢(x). One then concludes that there is a unique morphism
y: B — X in C such that ye = = using the fact that ¢ is full and faithful.
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STEP 2. DESIRED PROPERTIES OF THE CATEGORY D. Conversely, let us suppose that
E is a surjection-like class of morphisms (respectively a regular surjection-like class of
morphisms). For each morphism f: ¢ — C’ in C, we denote by C(f,—): C(C',—) —
C(C,—) the corresponding natural transformation between the representable functors.
Let us suppose we have constructed a small full subcategory D of the functor category
Set® satisfying the following properties:

(i) Each functor F': C — Set in D preserves finite limits.
(ii) For each e € E and each F' € D, the function F'(e) is surjective.

(iii) For each object C' € C, there exists a natural transformation tc: C(C,—) — F¢
with Fo € D such that:
(a) tc is a monomorphism in Set®;

(b) for each morphism e: C" — C' in C, if there exists a natural transformation
a: C(C',—) — F¢ making the triangle

c(c,—) e, -
Lcl /
Fo

commute, then e € E;

and moreover, in the case the proof of the full embedding of Theorem 2.2 is con-
cerned,

(c) there exists two parallel morphisms p', p?: Fo = G¢ in D of which (¢ is an
equalizer of in Set®;

(d) for each natural transformation a: C(C,—) — H with H € D, there exists a
natural transformation 3: Fo — H making the triangle

C(C7 _)L—C>FC

| A

H

commute.

STEP 3. THE FUNCTOR ¢. In the case where such a category D exists, we are able to
construct the desired functor ¢: C — Set® as follows. Given an object C' € C, the functor
©(C): D — Set is defined on an object F' € D by ¢(C)(F) = F(C) and on a natural
transformation a: ' — F" in D by ¢(C)(a) = ac: F(C) — F'(C). Given a morphism
f: C — " in C, the natural transformation ¢(f): o(C) — ¢(C”) is defined on an object
FofDas o(f)r = F(f): F(C) — F(C'). It is routine to show that this indeed gives a
functor : C — Set®.
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STEP 4. ¢ PRESERVES FINITE LIMITS. Since finite limits are computed in Set” compo-
nentwise and since each functor F' € D preserves finite limits (i), we can immediately see
that ¢ also preserves finite limits.

STEP 5. ¢ IS FAITHFUL. To see that ¢ is faithful, let f,g: C = C’ be two morphisms in

C such that o(f) = ¢(g). In particular, we know that Fo(f) = ¢(f)r. = ¢(9)r. = Fc(9)
for the functor F¢ given by (iii). We can thus compute:

LC,C/(f):LCC'( (C, =) (f)(1e))
= Fo(f)(tec(le))
= Fo(g9)(teco(le))
= e,/ (C(C, =) (9)(10))

= lo,cr (9 )

Since t¢ is a monomorphism in Set® (iii)(a), its C’-component ¢ is an injection and so
f = g which proves that ¢ is faithful.

STEP 6. e € E IF AND ONLY IF ¢(e) IS A COMPONENTWISE SURJECTION. Given a
morphism e: C' — (' in C, if e € F, then ¢(e) is a componentwise surjection in view
of (ii). Conversely, if p(e) is a componentwise surjection, in particular, Fer(e): Fer(C) —
Fo(C") is a surjection. There exists thus an element a € Fer(C') such that Feoi(e)(a) =
ter or(1ler). By the Yoneda Lemma, this element a corresponds to a natural transformation
a: C(C,—) — Fer such that aoC(e, —) = tcr. Using (iii)(b), we deduce that e € E.

STEP 7. ¢ IS CONSERVATIVE. It is now easy to prove that ¢ is conservative. Let f be a
morphism in C for which ¢(f) is an isomorphism in Set”. Since ¢(f) is in particular a
componentwise surjection, f € E by Step 6. But since ¢(f) is a monomorphism and ¢ is
faithful, f is also a monomorphism. Since f is a monomorphism in £, using (NoPMono),
we know that f is an isomorphism.

STEP 8. ¢ REFLECTS FINITE LIMITS. Since ¢ is a conservative functor which preserves
finite limits from a finitely complete category, we know that ¢ reflects finite limits.

STEP 9. IN THE REGULAR CASE, ¢ IS FULL. In the case the proof of the full embedding
of Theorem 2.2 is concerned, let us also show that ¢ is full. Let C,C" be two objects of C
and v: p(C) — ¢(C’) a natural transformation. We thus have a function vp.: Fo(C) —
Fo(C"). Let us consider the natural transformation a: C(C’,—) — F¢ corresponding
via the Yoneda Lemma to yp.(tcc(1c)) € Fo(C'). Considering also the two natural
transformations p', p?: Fo = G¢ given by (iii)(c), we can compute

per(ac (1)) = per(Yrs (o0 (10)))
P(C) (") (vEe (toc(10)))
= Y60 (#(C)(pH) (oo (10)))

= ec(pe(too(10)))
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= a0 (P (teo(10)))

= Y60 (9(C)(p*) (10 (10)))
= o(C)(p*) (vre (te.0(10)))
= ptr(vre (toc(1c)))

= per(ao(lor))

which, by the Yoneda Lemma, proves that pla = p?a. Since (¢ is the equalizer of
p' and p? in Set® (iii)(c), we know that there exists a unique natural transformation
g:C(C',—) — C(C,—) such that «¢f = «. Using the Yoneda Lemma again, there
exists a unique morphism f: C' — C’ in C such that § = C(f,—). We shall prove that
v=o(f). Given F' € D and d € F(C), it suffices to prove that vp(d) = F(f)(d). By the
Yoneda Lemma, this element d corresponds to a natural transformation §: C(C, —) — F.
Using (iii)(d), there exists a natural transformation e: Fo — F such that e.c = J. It thus
suffices to compute:

vr(d) = vr(dc(1c))
= vr(ec(toc(leo)))

STEP 10. THE SET ﬁ(C) It remains now to construct a full subcategory D of Set®
satisfying the properties described in Step 2. In order to do so, for a finite limit preserving
functor F': C — Set, let us construct a finite limit preserving functor F': C — Set as
follows. Given an object C' € C, we consider the set of 7-tuples (n, (e;)s, (f;)i, f, €, g,a)
where

e n € N=1{0,1,2,...} is non-negative integer;

e;)i is a family (e;: B; — D;)1<i<n of n morphisms in F;

(
(fi)i is a family (f;: A — D;)1<i<n of m morphisms in C;

e f and € are the projections of a pullback square

—>31 - X By

JI
A ..

- x D,
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where e; X --+ X e, is the product of ey,...,e, and (fi,..., f,) is the morphism

induced by fi,..., fa;
e g: P — (C is a morphism in C;
e a € [(A) is an element.

Notice that since F is closed under finite products (since E satisfies (Id), (ClComp)
and (StPb)), the morphism e; X - - - X e, isin E. Since E is stable under pullbacks (StPb),

this implies that € € E. We define F/(C)

/

—=
[

_ -

n

Hei / Zre

i=1

P
F\(C) = (n c N, (@i S E)u (fi)ia?aéagaa S F(A)) | ! €

\ Ve

to be the quotient of this set of such 7-tuples by the equivalence relation = defined
/

as follows. For two such 7-tuples (n, (e;)s, (fi)s, f, €, g,a) and (n/, (€})u, ( i’,)i/,?/, e.q,d),
represented by

P——— By x---X B, Pl——— B x---x B!,
g _ g |
\/el lelx xen  and /e’l lelx xel,
C AﬁDlx XDn C AIWDIIX XD;{,
1yeeey n 10 n/

we have

—/

<n7 <€i>i? (f1>1777 €9, CL) gF,C (n/7 (6;’)2"7 (fi,’>i’7 f 76/7 9/7 CL/)

if and only if there exists a span

A//
N
A A
in C together with an element a” € F(A”) such that

e F(h)(a") =a;
o F()(a")=d
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e considering the pullback diagram

(kl,...,kn,k/l,“.,k;/)

P By x---x B, x B} x---x B!,

a
e’ J/e1><~~~><en><e’1><-~~><e;, ,
A" Dy x---xD,xDyx---xD!,

(frhoeeosfrhs f11 s f1 1)
the sets

X={(i,i") eN?|1<i<n, 1<i<n,e=¢and F(fi)(a) = F(f))(a)},

)

Y ={(ir,i2) e N’ |1 <iy <1, 1 <dp <y €y = ey and F(f)(a) = F(fi,)(a)}

and

AT, 2 y / .y Y / N / /
y_{<2177'2)€N |1<21<n71<22<n76"_6i’2 andF(lel)(a)—F(f,)(a)},

51

and the equalizer

(ki) inyean(Rin) iy i) e (K )(ig,i’g)ey')

M = P B; x B, x B
11 II B.x ]I

((k;/)(i,i’)eX’(k’iQ)(il,ig)eyv(k; )( / ’)ey’) (’LZ )GX (7«1712)6.)) (11712 E)i/

the diagram

M m P// P
n )
PI/ Pl C

(h’é",(k;/)lsi’gn’> 4

commutes where (he”, (k;)1<i<n) is the unique morphism P” — P such that
e (he", (ki)i<i<n) = he"
and
F(he", (ki<icn) = (B, .- )
and where (h'e", (kl,)1<i<n) is the unique morphism P” — P’ such that

z (hléll’ (k;/)lgi’gn/) — Be’

and _,
F (e (ko hrew) = (k- k)
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Remark: Before proceeding with the rest of the proof, let us give a little intuition of
this construction. The dream would be that F(A) C F(A) for every object A (see Step 22)
and that for every : P — A € E, the function F (€) would be surjective. Although we
will not reach this dream directly (see Step 25), we want to add, for any a € F(A), an
element p € F(P) such that F(e)(p) = a. Moreover, for every g: P — C, we need to add
an clement F(g)(p) € F(C). When we tried to define F(C) as a quotient of the mere
set of triples (€, g,a), we were not able to prove the required properties of F. Instead,
for each a € F(A), we needed to consider many liftings to elements of F (P). A careful
analysis of the required properties resulted in the above definition.

STEP 11. AN EQUIVALENT DEFINITION OF = . Before proving that =p - is indeed an
equivalence relation, let us prove that, in the above definition of =5, we can equivalently
require the additional following conditions (together with those from Step 10):

o fih = f,h for all (i,7) € X;
o fi,h = fi,h for all (iy,iz) € V;
o fl,’,lh’ = fz'lgh/ for all (i},1,) € V.

In order to do so, let us consider the following equalizer diagram.

((fih)u,i/)e«vv(fn RICRAISEC h')(ig,z'g)eyf)

A g IT o< I pax I] D

((fil/hl)(i,i’)ex‘v(fig h)(il,z‘2)ey:(fi//2 h/)(iﬁ’ié)ey’) (,0)ex (11,i2)€Y (i4,i5)€y’

Since F' preserves finite limits and in view of the definitions of X', ) and ), there exists
a unique a” € F(A") such that F'(h")(a") = a”. Let us show that the span

A/l/
}V w‘//
A A

together with the element o € F(A") is also a witness of

(na (ei)’ia (fz)’w?a E? g, CL) gF,C (n,7 (e;’)i’a (fz’lf)i/77/>é/7 gla a,)'

One obviously has F(hh")(a") = F(h)(a") = a and F(h'h")(a") = F(W)(a") = da/. As
far as the last condition is concerned, we consider the diagram

(K yeeeslon K] K )

R———P" By X+ X B, x By x---x B,
J J

el 2 lelxmxenxe’lx--xe;,

A" A" Dy x---xD,xDjx---xDl,

W (F1hoeees b f11) oo 2 1)
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where both rectangles are pullbacks and the equalizer diagram

((kiT)(i,i/)eX’( )(11 i)EY> (k T)(z Jih)eY! )

R "R IT Bx ] Bax ][ B

((kglr)(i,i’)ex’(kizr)(il,iz)eyv(k;ér)(i/l,ilz)ey’) (i)ex (i1,i2)€y (i,i5) €Y’

Using the universal property of the equalizer m, there exists a unique morphism r”: R’ —
M such that mr” = rr’. The last condition then follows from

g (""", (kir)i<i<a) 7' = g (he”, (k; )
= g (he", (ki)1<i<n) mr
/ (h,E”7 ( <

/ 1. 1= /
=g (W'h"e", (Kjm)i<ircn

~

~—
<

~

In addition, from the definition of h”, we immediately have f;hh" = f,h'h" for all (i,i") €
X, fuhl = fuhh for all (ir,2) € Y and fi WK = fi, W for all (i}, ) € V.

STEP 12. =g IS SYMMETRIC. Let us now prove that this relation =g is indeed an

equivalence relation. The symmetry of this relation is easily obtained by exchanging the
roles of h and h'.

STEP 13. =p¢ IS REFLEXIVE. In order to prove the reflexivity of =g ¢, let us consider a
7_tup1e (TL, (ei)i) (fz)w f7€7 9, CL) and the set

X ={(,7)eN?|1<i<n, 1<7<n, e =eyand F(f)(a) = F(fr)(a)}.

The relation

(n7 (ei)iv (fl)lv?a €, g, a) gF,C' (n’ (ei)ia (.fl)1777 €, g, a)

is attested by the span
A
N
A A

together with the element a. Indeed, while the first two conditions are obviously satisfied,
the equality

g (@, (ki)i<icn) m = g (€", (k))1<i<n) M

can be deduced in this case from the fact that k;m = Eklm for each 1 < i < n since
(i,1) € X.
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STEP 14. =p ¢ IS TRANSITIVE. As far as the transitivity of =5 ¢ is concerned, we consider

three 7-tuples, denoted ' o
(nj7 (eg)ia (fg)lv fjaéja gj7 aj)
and represented by

Pj—J>B{ X -+ X BJ
J

93 - J J
€ e X Xen;

J J

—> .« o
C A, , — Dy X x D7
(ffseesfin) I
vvvv nj

for each j € {1,2,3}. We suppose
(nh (6721)7:7 (fil)i7717éla g1, (11) gF,C' (n27 (612)i7 (fiZ)iv?Q?EQa g2, a2)

and
<n27 (6?)i7 (fz'2)i7727€27 g2, a?) gF,C’ (’I’L3, (G?)ia (fz?))ia??né?n g3, a3)

and we shall prove that
(n17 (ei)i, (fil)ia ?héla 91, a’l) gF,C (n3a (ef)h (fzg)za ?3a 637 g3, a3)-
We consider the sets

Xig = {(i1,15) € N*|1 < iy <y, 1 < dp < o, 6;;11 = 6122 and F( ill)(al) = F(fzi)(QQ)}7

X3 = {(i1,i3) € N*|1 < iy <y, 1 < iz < g, 631 = 65)3 and F'( ill)(al) = F(fii)(ai’))}v
Xog = {(ia,i3) € N |1 <ip <o, 1 iy < g, €, =€), and F(f2)(a2) = F(f})(as)},
Vi={(i1,1) e N’ |1 <y <mq, 1 <df <mg, ef, = ¢y and F(f})(ar) = F(f)(a1)},

1
Vo = {(ig,15) € N*|1 <ig < mg, 1 <y <y, €, = ey and F(f})(az) = F(f)(as)}

and
Vs = {(is, ) € N* |1 iy <ma, 1 < iy <ma, €, = e and F(f2)(as) = F(f])(as)}.

By assumption, we know there exist two spans

A A
V Y and y Xi
Ay Ay Ay As
together with elements a € F'(A) and o’ € F(A’) satisfying
o F(h)(a) = a1, F(ho)(a) = az = F(hy)(a’) and F(h3)(a’) = as;
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[ ]
91 (hae, (k) 1<ivens ) m = g2 (hat, (K}, )1<iy<ny) M (4)
and
g2 (h,Qé/’ (kg)l@é@m) m' = gs (h/3€/7 (k£2)1<i3<n3) m/ (5>
where
(Kool k2, K2 )
P_I - : Bl x-++x Bl x B} x -+ x B
BJ/ le%XmXe}LlXe%XmXe%Q
A DIx---x D! xD?x---x D?
(Fiheoft by f2hof2,hs) ™ ! n2
and

(K22, 3 K2

2 2 3 3
By x -+ x By X By XX By

_
=/ 2 2 3 3
e lelxmxew><el><-~~><en3

/ N 2 2 3 3
Di x---xD; XDy X XDy,

(f2Rheres f2, 1, 3RS enns 3, RS

are pullback diagrams and

1 1 2
((kil )iy ig)exyg (ki )<ilvi'1)€y1 ’(ki2)<i21i/2)€y2>

M s p IT B> I B.x ][ B

((kfg)(imz)e?flz’(kil'l)(il,ipeyl 7(k7l2/2)(i2,i/2)€y2> (i1,i2)€X12 (i1,1) €N (i2i5)€Y2

2 2 3
((kgg )(ig.i3)€Xo3 7(]“;2 )(i2 1ih)EVo 7(k§3 ) (i3,i’3)€y3)

M pr I B.x I B.x ][ B

((kg)(i2,i3)€2\.’23 7(%2)@2,,'/2)63;2 7(%2)(1'3,1'3)6313) (i2,i3)€Xa3 (i2,i5)EV2 (i3,i5)€Vs

are equalizer diagrams.
Moreover, using Step 11, we can assume without loss of generality that
o flhy = f2hy for all (i1,is) € Xio;
o flhy = fihg for all (ig,i5) € Va3

o f2hy = fhf for all (iy,i3) € Aos.
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We consider the pullback

A U A

[

A—>A2
ha

and since F'(hy)(a) = ay = F(h})(a') and F preserves finite limits, we know that there
exists a unique element a” € F(A”) such that F(I)(a”) = a and F(I')(a") = a’. We are

going to show that the span
A//
Ay A

together with the element a” € F(A”) is a witness of

(ny, (e} )i, (fil)u?laéla g1,01) Zpo (ns, (€, (f?)ia?gaé& g3, as).

We immediately notice that F'(hil)(a”) = F(h1)(a) = ay and F(h4l')(a”) = F(hy)(a') =
az. In order to check the last condition, we consider the pullback

(B kg K2 ki)

nyo

P Bi x---x B x B} x---x B}
4

e”J/ le%xnxe}llxei’mee% (7)
" 1 1 3 3

A Dy x - x Dy X Dy X+ x Dy

(fEhalyeo £ Ml FRRG . f3 RA1)

and the equalizer

1 1 3
<(k§/1 )(i17i3>€X13’(k§/1 )(i1,i3)€y1’(k% )(isyig)ey:s)

M" " pr IT1 B.x I B.x ][] B}

((k;/;),3)(i1v753>695137(k;;11)(i1,i’1)€y17(k£é3)(i3,ig)ey3) (i17’i3)EX13 (’i1,’i/1)€y1 (iS’i/S)eyS

and we must show that
(251 (hlléﬂ, (k”/illl)léilénl) m” = g3 (hglléﬂa (kz{ég)léiséns) m”.

We now consider the set ) as an equivalence relation on the set {1,...,ny} and denote
by N the quotient of {1,...,ny} by Vs. We denote by [is] € N> the element represented
by is € {1,...,n2}. From the definition of }, and using our assumptions, we know that
if (iz,15) € Vb, then €f, = e}, and f2hole"m” = fj hole"m. This shows that the pullback
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square

N (n[z‘z])[i2]€/\/2 H Bi

- [i2]EN2
‘ I < (8)
[ig]ENQ
M" D;
(£2 hatem”) H ”
li2leN2  [ig]eN>

is well-defined. Since E is closed under finite products (by (Id), (ClComp) and (StPb))
and since F is stable under pullbacks (StPb), we know that e € E. Since morphisms in
E are (strong) epimorphisms (by (SRightCancP) and (NoPMono)), we only need to show
that the identity

g1 (hllé”, (k’,;lll)lgilgnl) m’e = g3 (hgl'é”, (k§;3)1<,-3<n3) m’e

holds. In order to do so, for each iy € {1,...,ny}, we define a morphism wu;,: N — B? as
follows:

k'me  for some iy € {1,...,n} such that (i1,i2) € Ao if it exists,

ui, = § kPm"e  for some iz € {1,...,n3} such that (iy,13) € Xog if it exists,

T[] if no such i; or i3 exists.
Let us check that this definition makes sense. If i1,4] € {1,...,n;} are such that (iy,is)
and (i}, ) are in Xy, then (i1,4,) € Yy and k'm” = ki'm" by definition of m”. The
other cases are treated similarly.

The outer part of the diagram

((kélll m'e) 1<i1<nq ,(uiQ ) 1<ig<ng )

" (k2 )1<iy<ny (K2 1<ipsny ) = -
po et [« 11
1 12
le"m'" e - i1=1 io=1
ni no
_ 1 2
e [LeixI1¢,
i1=1 in=1
ni n2
1 2
A 1 2 H Dil X H Di?
((filhl)léilgnl7(fi2h2)1<i2<n2) = i
is commutative. Indeed, for iy € {1,...,n1}, fimle"m"e = ej k''m”e follows from the
commutativity of (7); for iy € {1,...,n2}, f2hole"m”e = €2 u;, is obtained from

2 —1 1 pl —1 o 1oqml o 2 qml N
Lhele'm’e = fi hile"m”e = e; k; m"e = ej ki m’e
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if (41,49) € X2 for some 1 < 77 < ny, from

2 =1 M 2yt N pe3 st 3 g3, 2 .13, I
Jiyhale"m”e = fi hyl'e"m”e = fi hsl'e"m”e = e; k;"m"e = e; k;”m"e
if (ig,i3) € X3 for some 1 < i3 < ng and from the commutativity of (8) if w;, = ny,.
Hence, there exists a unique morphism v: N — P retaining commutativity of the diagram.
For each (iy,12) € X2, one has k} v = k''m"e = u;, = k2 v and for each (iy,7;) € Vi, one
has k} v = Ek/'m"e = k'!m"e = kj,v. Moreover, for each (is, 1) € Vs, one has
1

/
1

2. 2
ki, v = wiy = ug, = kjv

where the second equality is proved case-by-case:

e if there exists iy € {1,...,n1} such that (i1,is) € Ao, then (iy,iy) € Xy and
Ui, = ki'm"e = uy;

e if there exists i3 € {1,...,n3} such that (is,i3) € AXbs, then (i},i3) € Xz and
s, = K3me = g

e if none of the above occurs, then u;, = nj;,) = ny) = uy.

By definition of the equalizer m, it follows from the above identities that there exists a
unique morphism w: N — M such that mw = v.
Analogously, one can show that there exists a unique morphism v’': N — P’ satisfying

v =1"e"m"e and

((k;z)l@é@wv (kzl’g)1<i3<n3) v = ((ui2)1<i2<n27 (k;;3m/,6)1<i3<m)

and a unique morphism w’: N — M’ such that m'vw’ = v'.
It follows immediately from the definitions of v and v" and the commutativity of (6)
that the diagrams
N u P

m//el (h1€,(ki11)1<i1§n1) (9)
P P,

(h1lE"7(k§'11)1<i1 <ng )

N - P
U/l (h2e. (k2 )1<ig<ns ) (10)
P P

1= /2
<h2e v(ki2)1<i2<n2)
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and
N v P
mllel ‘(hée’,(kg)lgi?,gng) <11)
P/l P3

IR L= 13
(h3l € 7(ki3 )1<i3<n3)

commute. We then have the required equality as follows:

g1 (hale”, (K )1<iven,) m"e = g1 (hae, (k] )1<irn, ) © by (9)
= g1 (M, (k) )1<ien, ) Maw
= g2 (ha, (k},)1<iy<ny ) mW0 by (4)
= g2 (ho®, (K}, )1<ineny) v
= g2 (W€, (k) 1<inany) V' by (10)
= g2 (hlzéla (kg)1<12<n2) m'w’
= g3 (P4, (ki2)1<izcns) m'w’ by (5)
=43 (hgéla (kg)1<13<n3) v’
= g3 (hgl’@”, (k:;’;’ 1@»3@3) me by (11)

proving the transitivity of =pc.

STEP 15. A GOOD REPRESENTATIVE. We will denote by [(n, (e;)i, (fi)i, f, €, g,a)] the
element of F(C) represented by the 7-tuple (n, (e;)i, (fi)i, f,€, g,a). Let us show now
that each element [(n, (e, (fi)i, f,€ g,a)] of F(C) can be represented by a 7-tuple
(', ()i, ( fi’,)i/,fl,é’ ,¢',a") for which the equivalence relation
;o oy 2 ./ / ./ A Y / no__ ’ /
Vi =A{(i1,i) e NT[1 < iy <, 1 <ip < ey = € and F(fi’l)(a) = F(fi)(d)}

on {1,...,n'} is simply the diagonal

A = {0, )7 €{1,... n'}}

To fix notation, we display the morphisms forming the 7-tuple (n, (¢;);, (f;)i, f,€,g,a) in
the following diagram

P—L B x-.-xB,

g _
€ e1 X Xenp

C A—f>D1 X - x D,
and denote as before by ) the set

y = {(il,ig) € N2 | 1 < ’il < n, 1 < ’ig < n, €;; = €4, and F(f“)(a) = F(fw)(a)}
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We denote by N the quotient of the set {1,...,n} by the equivalence relation ) and
consider a bijection o: N' — {1,...,n'} where n’ is the cardinality of the finite set N.
We also consider the equalizer diagram

(f“)m in)€y
A s A II .-
(fi2)(¢1,i2)ey (i1,32)€Y

Since F' preserves finite limits and by definition of ), there exists a unique element
a’ € F(A) such that F(h)(a') = a. For each ¢ € {1,...,n'}, we choose a representative
i €{1,...,n} such that ¢/ = o([i]) and denote by €, : B}, — D), the morphisme;: B; — D;
and by f/,: A" — D), the morphism f;h: A" — D,;. Note that the definitions of €}, and f},
are independent of the chosen 7. We then form the pullback

p—L=0ed) gy
_
! 1 /
) T D} x---x D!,

and consider the diagram

A— Dy x---x D,
(fly---yfn)

whose outer part is commutative, inducing the existence of a unique morphism [ making
this diagram commute. We Idenote by ¢’: P’ — C the morphism gl. We thus have defined
a 7-tuple (n', (€})i, (fi)i, [, €, ¢ ,a"). This T-tuple satisfies the implication

(¢4 = ety A FUI@) = P () = 15 = 1

for each i},i, € {1,...,n'}. Indeed, for i{ and i) satisfying the premise in the above
implication, if i1,i5 € {1,...,n} are such that ¢; = o([i;]) and i}, = o([iz]), one has
/
611 - 6111 - 62/2 - €Z2
and
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This implies that [i1] = [is] and thus ¢} = i,. To conclude this step, it remains to show

that the span
A/
2N
A A

together with the element o’ € F(A’) is a witness of

— —

(n7 (ei)i7 (fl)l? f7 v 95 CL) gF,C (nlv (e/i’)i’a (fi/’)i’a f 7é/7 g/7 CL/).
We already know that F'(h)(a’) = a and F(14/)(a’) = a’. The equalities

ol

X = {(in, ) N1 < iy <n L<iy < e, =)y and F(fy)(a) = F(f3)(a)}
= {(ir, o((ia])) € N?| (i1, 2) € V}

follow easily from the definitions introduced above. In order to check the last condition
of the definition of =5, we need the pullback

(K peeesfon K )

P By X+ X B, x B} x---x B,
J

e’ lelx-nxenxe’lx--%e;,

A Dy x---xD,xDjx---xD.,

(Frboeeesfrhiofi o))
and, in view of the description of X and ), the equalizer
((Rin) oy i) ew(kiy )iy ig)ew )

M " P II B.x ][ B
((k;([h]))(il,ig)fc‘yv(kig)(il,iz)ey) (’i1,i2)€y (i17i2)€y

In particular, we know that for each ¢ € {1,...,n}, the identity k;m = k;(m)m holds.
Using this and the definition of [, it is straightforward to prove that the diagram

M m P
mI l(he,/,(ki)léign)
P P P
(EH7(k£/)l<z’<n/) ¢

commutes. Since ¢’ = gl, this proves that g (he”, (k;)i<i<n) m = ¢' (€”, (Kl))1<ir<ns) m as
required.
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STEP 16. THE FUNCTOR F. Given a finite limit preserving functor F': C — Set, we
have constructed, for each object C' € C, a set F(C). We now turn this construction

into a functor F C — Set. Given a morphism u: C — C' in C, we define the function
F(u) F(C) — F(C’)

ﬁ(”)(Kn’ (ei)i, (fl)M?? €, g, CL)]) = [(n7 (ei)iv (fZ)M?a e, ug, (I)]

for each element [(n, (e;)s, (fi)i, f,€ g,a)] of F(C). It is obvious that this function is
well-defined, i.e., that the implication

(na(ez‘)z‘a(fz‘)z‘j»ag7 a) Zpc (0, (), (f] )z»f é,g,a)
= (n, (es)i, (fi)ir [ (e, (f )Z,f e ug',a’)

_Ug, )—FC’ (n,

holds and that this gives rise to a functor F:C — Set.

STEP 17. F PRESERVES THE TERMINAL OBJECT. We now want to prove that, given a
finite limit preserving functor F': C — Set, the functor F': C — Set also preserves finite
limits. To do this, it is sufficient to prove that F preserves the terminal object and
pullbacks. Let us start with the terminal object. So let 1 be the terminal object of C
and let us prove that F'(1) is a singleton set. Since F' preserves finite limits, F'(1) is a
singleton set, say {*}. We can immediately notice that the 7-tuple

(O,@,@, 11a 117 117 *)7

displayed as in

represents an element of F/(1). In order to prove uniqueness, let (n, (e;), (f)i, [, &, g, a)

~

and (n', (el), (f{,)i/,fl,é’, g',a’) be two 7T-tuples representing elements of F'(1), with a €
F(A) and ' € F(A’), and let us prove that

—/

(n7 (ei)iv (f2>2777 Ea g, CL) gF,l (n,7 (6;’)i’7 (fz'/’)i’a f 76,7 9/7 CL,). (12>
We consider the product diagram

Ax A

A/ XA/ (13)
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and, since F' preserves finite limits, the unique element a” € F(A x A’) such that
F(p)(@") = a and F(p')(a”) = da/. The span (13) together with the element a” is a
witness of the relation (12). Indeed, the first two conditions hold by definition of a”
and the last condition trivially holds since it requires that two parallel morphisms with
codomain 1 are identical.

STEP 18. F PRESERVES JOINTLY MONOMORPHIC PAIRS OF MORPHISMS. As a prelimi-
nary step to prove that F' preserves pullbacks, let us show it preserves jointly monomorphic
pairs of morphisms. This means we must show that given two morphisms

C+—C - Cy
in C satisfying the implication
(pr1u = p1v A pout = pov) = u = v
for any pair of morphisms u,v: X = C, then the induced function

~ F(p1),F(p2)) ~ ~
Fo) L) B o« By

is injective. Let [(TL, <€i>i7 (f1>2777 €, 4, CL)] and [(TL/, (6;’)1"7 (fi/’)i'77,7 E,7 g/’ a’/)] be two ele-
ments of F'(C') such that
(na (ei)i7 (fz)z7 ?7 E? P19, a) gF,Cl (n,7 (6;/)1‘/7 (fil’)i’a7/7 E/a plg,v a/) (14)

and
(n7 (ei)ia (fz)za ?a éa P29, a) gF,Cz (n/a (e;’)i’v (fi,’)iU?Ia él,pQg/, CI,/). (15)

Using Step 15, we can assume without loss of generality that the two implications
(e, = €, N F(fiy)(a) = F(fi,)(a)) = i1 = i

and
(ch = by A F((@) = F(£)(@)) = 15 =1

hold for indices i1,i5 € {1,...,n} and i}, € {1,...,n'}. To fix notation, we say that
the morphisms involved in those elements of F(C') can be displayed as in

—/

P~ B x-..xB, P—1 B x...xB,

g - g N
/eJ/ lelx“-xen and /E/J( le’lx-nxe;,
C A— D/ x---xD, C AN Dix--xD,

(fl:"'vfn) (f{»vf,,ll/)
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and, for j € {1,2}, the relation mentioned in (14) if j = 1, respectively in (15) if j = 2,
is witnessed by the span
A’
j

D
A A

together with the element o] € F'(AY). Therefore, for each j € {1,2}, we have F'(h;)(aj) =
a, F(h})(aj) = a' and, considering the pullback diagram

(kjl,...,kjn,kgl,...,k;n,)

Py By x-++X B, x By x--x B,

J
e;’l lel><~~~><en><e’1><m><e;, , (16)
A Dy x---xD,xDjx---xDl,

J (flh]?ifnh]7f{h377f;/h3>
the set
X ={(,7)eN?|1<i<n, 1<7<n,e;=¢,and F(f)(a) = F(f))(d)}

and the equalizer
(ki) 5,60y ex

L — II 5. (17)
(kﬁ/)(z‘,i’)ex (i)eXx
the diagram
Mj m; P]{, (hjéy7(kji)1gign) p
P P : C.
J (h;?;’,(k;i,)lgi/gn/> Pig J

commutes. We consider the pullback

l2

" "
- -

A Al

1
lll l(hz,h'z) (19)

Al ———— A x A
(hlvhll)

and, since F' preserves finite limits, we know there exists a unique element a” € F(A”)
such that F(l1)(a”) = af and F(l3)(a”) = af. Let us show that the span

A//
hV Xﬁlj
A A



980 PIERRE-ALAIN JACQMIN

together with the element a” € F(A”) is a witness of the relation

(na (ei)i7 (fZ)MTa E? g, CL) gF,C (n,7 (6;/)1'/, (fi/’)i’aflvélv g/7 (I,).
We already know that F(hil;)(a”) = F(hy)(a]) = a and F(h}l)(a") = F(h}))(a]) = d'.
In order to check the last condition, we need to consider the diagram

/

M—"" M

4
T
LR O
r ( 115--RInsRyq15-00y 1n/)
P'———— P/ By X+ x B, x By x---x B, (20)

_ _
=4 =/ ! !
€ €] e1XXenXe) X xel,

/ /
Dy x---xD,xDjx---xDi,

(frha,eo fuha fi R e 1 BY )

where all rectangles are pullbacks. Using the equalizer (17) for j = 1, it is routine to show
that the diagram
(klirl)(i,i’)e)(
M s P II B

!
(Klmainex  (5i)ex

is also an equalizer diagram. We must therefore prove that the diagram

(hali@” (k1ir1)1<isn)

M U P P
o] |
P P’ - C

(Rl (k) 1) 1 carnt ) g

commutes. Using the commutativity of (20), this means we must show that the identity

g (hlgllla (kli)1<i<n) mlri =4q ( /15/1/7 ( 1i’)1<i’<7ﬂ) m17“/1

holds. Since p; and p, are jointly monomorphic, and since this identity composed with p;
holds by commutativity of (18) for j = 1, it remains to show that the identity

p2g (e}, (k1) i<icn) mar) = pag’ (MhE], (Kig)1<ir<ns) mar)

holds. In view of the pullback (16) for 7 = 2, and since

(f1h27"'7fnh2>f{ I27"'7f7,1’h/2)l2é”
= (fihts o foho, fB o fL D) L
:(61 X ~~~><en><e/1 Xoeee ><6;1/)(kn,...,kln,kil,...,kin/)rl,
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there exists a unique morphism ry: P” — PJ such that
5/2/7“2 = lgéﬂ (21)

and
(Kot, ..., ko, kép e :kén/)ﬁ = (k11,. .., kin, k/lla ceey k/ln/) T1. (22)

For each (i,4") € X, we know that
kairam = kyrim = killﬂlm e k;i,rgm.

Hence, using the equalizer (17) for j = 2, we know that there exists a unique morphism
rh: M — My such that morl = rom. To conclude this step, it remains to compute

P29 <h1€/117 (F1i)1<i<n) m17°/1 = D29 (hle 71, (k1i71) 1<i<n) M by (20)
= pag (hili@”, (kaire)1<icn) m by (20) and (22)
= pag (halo€”, (kaiT2)1<i<n) M by (19)
= pag (haey, (kai)1<icn) T2 by (21)
= pag (ho®3, (k2i)1<i<n) Moty
= pog’ (hYel, (kb )1<ircnt) MaTh by (18) for j =2
= p2g’ (haesra, (Koyr2)1<ir<n) M
= pag’ (halo€”, (kyyri)i<ircn) m by (21) and (22)
= p2g’ (i1, (kypri)icircn) m by (19)
= p2g’ (K@, (Kiy )< <cw) Tim by (20)
= pag (M€, (K1 )1<ir<) My by (20).

STEP 19. F PRESERVES PULLBACKS. Let us now show that F preserves pullbacks. Let

CL)CQ

.

Olu—l)C:),

be a pullback diagram in C. Let [(n1, (€}, )iy, (f1)i1, f1,€1, g1, a1)] be an element of ﬁ(C’l)
and [(n2, (€2)iys (f2)is, f2: €2, g2, a2)] be an element of F(C,) such that

(nb (67,11)1'17 ( z11>741 ) 717517 U191, al) gF,Cg (TLQ, (6?2)7:27 ( 122)i27727 E27 U292, a’2)- (24>
Using Step 15, we can assume without loss of generality that the two implications
(6111 =e; NE(fi)(a) = F(f;;)(%)) =i =1 (25)

and

(2 =€ AF(12)(0a) = F(f3) () =i = (26)
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hold for indices i1,4] € {1,...,n1} and iy,45 € {1,...,ne}. To fix notation, we say that
the morphisms involved in the chosen elements of F/(C}) and of F/(Cy) can be displayed
as in

f1

fa

P — L Blx... xBL P— Bk x B
g1 . g2 _
€1 le% X Xe}Ll and €s le% X oo erQ
Cv Al Dix--x Dy Cy Ay ———=Dix---x Dy
(flv'-~7fn1) (fl ERRES} n2)

and the relation mentioned in (24) is witnessed by the span

A
N
Ay Ay

together with the element a € F(A). We thus know that F'(hy)(a) = a1, F(hs)(a) = as
and, considering the pullback

(Kool k2, k2,

"L 1 1 2 2

P_, By x -+ X B, X By XX B,
e le}x---xe}il XePx-oxen, (27)

1 1 2 2

A Dy x---x D, XDix---xDs,

(fh1sesfh hy o SRRz, £ B2 )
the set

X = {(il,ig) € N2 ‘ 1 é il < ny, 1 < 7;2 < No, 611 = 6?2 and F( 111)(@1) = F( 2)(&2)}

i 12
and the equalizer

(kill)(il,iQ)eX
M »™ P I B (28)

11 )
2
(kiz)(il,iQ)eX (i1,i2)€X

the diagram

M m P 3 Pl

mI l’ulgl <29)
v C
(hga(k% )1<ip<ng ) 2 u2g2 3

commutes. Moreover, using Step 11, we can suppose without loss of generality that
flhy = f2hy for all (iy,iy) € X. Using the commutativity of (29) and the pullback (23),
we know that there is a unique morphism ¢g: M — C' such that

P19 = g1 (e, (ki )1<is<ny) M (30)
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and
P29 = g2 (hQév (ki22)1<i2<n2) m. (31)

We consider the set
{1,...,m P IO{L, .. e = {(1, 1) |1 <dp < mypU{(42,2) |1 <ip < mao}
and its quotient N by the equivalence relation Ry on it generated by the relations
(11, 1) R (io,2)

for all (i1,42) € X'. We consider a bijection o: N — {1,...,n} where n is the cardinality of
the finite set A/. For each i € {1,...,n}, we choose a representative (i;,j) € {1,...,n,} I
{1,...,na} such that o([(i;, j)]) = i and denote by e;: B; — D; the morphism e; : B} —
ij, by f;: A — D; the morphism ffj hj: A — ng and by 7; M — B; the morphism
kfjm M — Bg . Note that the morphisms e;, f; and ?2 are independent of the chosen
representative (ij, j). Let us show that the diagram

?l:(?l177?'ln>

M By x---x B,
eml ‘/ep<~-><en (32)
A= Do Da
is a pullback. The diagram commutes since, for each i € {1,...,n}, fiem = fzjj hjem =

ezj k;f]m = eJ; where (i;, j) is the representative of i. Moreover, given morphisms z: X —
A and (y1,...,yn): X — By X --- X By, such that fix = e;y; for all i € {1,...,n}, the
outer part of the diagram

(yv([(lﬂl)])""’yff([(nl,1)])’yd([(lﬂ)])""7:‘/0([(71272)]))

ki, kL k2. k2
2

nyo

1 1 2 2
By x .-+ x B, XByx---xB:,

1 1 w2 2
lelxmxen1 Xefx--xez,

1 1 2 2
Dy x---x D, X DiX--xD;,

(FLh1ssfh b 2Ry f2, ho )

commutes. Therefore, using the pullback (27), there exists a unique dotted morphism
#': X — P making the diagram commutative. In addition, given (i,i2) € X, kj 2’ =
Yo((i1,1)]) = Yo(((i2,2)]) = kix’. Using the equalizer (28), this means that there exists a
unique z”: X — M such that ma” = /. In particular, ema” = ex’ = x and, for each
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i€ {l,...,n}, f;x” = kf;mx” = kfjx’ = y; where (i;, ) is the representative of i. A

morphism satisfying these properties is unique. Indeed, if 2”: X — M is such that
— 3 —

ema” = x and, for each i € {1,...,n}, fiz"” = y;, then kl ma" = f, i, 7" = Yo

for all (i;,7) € {1,...,m} I {1,...,no}. Since (27) is a pullback, this implies that
"

ma’” = x' and so " = z”. This proves that the diagram (32) is indeed a pullback. We
thus have an element [(n, (e:);, (f:)i, f »@m, g,a)] in F(C) which can be displayed as in

7 =(Ftl
M (F1-nFn) By x---x B,
1
g
/ml ‘/ep<~~><en
C A Dix - x Dy

We can notice that the implication
(ei =ex NF(fi)(a) = F(fy)(a)) =i =1
holds for indices ,i" € {1,...,n}. Indeed, if (i;,7), (i%,5') € {1,...,m} IL{1,... ,ny} are
such that i = o([(i;,7)]) and &' = o ([(#), j')]), then
(¢1 = e NE()@) = FU@) = (€, = el AF()(as) = P Yap)
= [(i5,4)] = [(5}, 5]

where the last implication holds by definition of Ry if j # j’ and by our assumptions (25)
and (26) if j = 5.
For each j € {1,2}, we shall prove that the span

2
A A;

J

together with the element a € F'(A) is a witness of the relation

- N . . —
<n7 (ei)i7 (fl)%? f ) em7pjga CL) —F.C; (nja (623.)@']-; ( ijj)ijw f]; ej7gj7 a])

We already know that F(14)(a) = a, F(hj)(a) = a;. We then consider the pullback
diagram

AN j
B; x X B, x By X x B,

_
p J J
ejl ‘elx-nxenxelx-nxenj

I j
D x x Dy, x Dy X x Dy

(froo s hgseens s by )
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and the equalizer diagram
o <(kji)(i,ij)eXJ’.)
M 1 P! II B

J J
L
(k;ij)(i,ij)EXJ/.> (1,3)€X]

where the set &7 is defined by

= {(i,i;) e N’ |1 <i <n, 1<y <my, e = €], and F(f;)(a) = F(f])(a;)}
= {(o([(5,5)]),45) | 1 <45 <y}

M]/ m; P]/ (E}v(kji)lgzgn) Y,
m;I lmg
p; P, . C,

J _
(h]-e;,(k;ij )1<iy gnj)

commutes where (E;-,

(kji)1<i<n) is the unique morphism P} — M such that
em (€j7 (kji)lgign) = é; (33)

and
A

I3 (@, (kji)r<icn) = ki
for each ¢ € {1,...,n}. In view of (30) and (31), it is sufficient to prove
(h e, (k! Di<ij<n ) m (€}, (kji)1<i<n) M (hﬁ;» (kﬁ'ij)lgjgnj) mj.
Composing with the pullback projection €;, this amounts to
hjem (E;-, (kji)lgign) m); = hje;m);

which follows from (33); and composing with the other pullback projection Tj, this
amounts to

J =/ ’
k’z’jm (€j7 (k?ji)l@@) m;

for each i; € {1,...,n;}, where the last identity holds in view of the definition of m/

—/

= fo([(ij,j)]) (E;-, (kji)1<z<n) m;‘ = kja([(ij,j)])m;‘ = k.;ijm;

whose image under ﬁ(pl) is [(n1, (e} )i (fill)il,?l, €1, g1, a1)] and whose image under ﬁ(pg

is [(n2, (€2)iy, (f2)ia» [2: €2, g2, a2)]. In view of Step 18, it is the unique such, proving that

/
J
since (o([(ij,)]), ;) € X]. We have therefore proved the existence of an element in F(C)
)

F preserves pullbacks. In view of Step 17, this means that F preserves finite limits.
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STEP 20. THE NATURAL TRANSFORMATION Ap: F' — F. Given a finite limit preserving
functor F': C — Set, we have so far constructed a finite limit preserving functor F': C —
Set. Let us now construct a natural transformation Ap: F' — F. As before, we denote by
1 the terminal object of C. For an object C' € C, we define the function Apc: F(C) —

~

F(C) by
)\F70<C) = [(07®7®7!C71071076)]

for each element ¢ € F(C), where !¢ is the unique morphism C' — 1. The morphisms
involved here can be displayed as in

!
C———1~|| B
; 11
e/ 1 1
C CTAZI;[DZ»

and we define the C-component of \p to be Apc. As far as the naturality of A\p is
concerned, one is required to show that for a morphism u: C' — C” in C and an element
c € F(C), the relation

(0,@,@,!0,10,111,0) gF,C" (Oa®7®7!0’710’710’7F(u)(c)>

holds, which is easily seen to be attested by the span

N
C '
together with the element ¢ € F/(C).

STEP 21. THE RELATION = IN A PARTICULAR CASE. We now give an easier descrip-

tion of when, given an object C' € C, an element of F (C) (represented by a 7-tuple in the
form as in Step 15) is equal to Apc(c) for an element ¢ of F(C'). More precisely, given a
finite limit preserving functor F': C — Set, an object C' € C, an element ¢ € F(C') and an
element [(n, (), (f:)i, f, €, g,a)] € F\(C) satisfying the implication

(e; =es NF(fi)(a) = F(fi)(a)) = i=1

for indices 4,47 € {1,...,n} and whose morphisms can be displayed as in

P%le---xBn

g _
€ e1X-Xen R

C A—>(f1,...,fn) Dy x---x D,
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the equality

[(n, (e0)s, (fi)is [1 @, 9,0)] = Apelc) (34)
holds if and only if there exists a span
A
/ N (35)
A C

together with an element o’ € F(A’) such that F'(h)(a') = a, F(h')(a") = ¢ and, consider-
ing the pullback

P p
1
A T> A
the identity h'€ = gh” holds. Indeed, the identity (34) holds if and only if the relation

<n7 (ei)i7 (fl)l??? Ea g, a) gF,C (07 ®7 @’ !Ca 107 107 C)
holds, i.e., if and only if there exists a span as in (35) and an element ' € F(A’) satisfying
F(h)(d') = a, F(R')(a') = ¢ and a third condition. For this last condition, we need to

consider the pullback made of the composite of the two pullback rectangles in the diagram

below.
f

p-,p By x---x B,
1 1

e’J/ el lep«--xen
/ .« o o
A= A Dux - x Dy

In addition, using the notation of Step 10, the sets X and )’ are empty and the set ) is
just Y = {(i,7)} |7 € {1,...,n}} which shows that the equalizer m is the identity 1p/. In
view of this, the last condition turns out to be h'e¢’ = gh” as required.

STEP 22. Ap: F — F 1S A MONOMORPHISM. Let us now show that the natural transfor-
mation A\p: F' — F is a monomorphism in Set®, i.e., for each object C' € C, the function
Arc is injective. Let ¢, ¢’ be two elements of F'(C') such that Apc(c) = Ape(d). In view

of Step 21, there exists a span
A
/X
C C

together with an element a € F(A) such that F'(h)(a) = ¢, F(h')(a) = ¢ and, considering
the pullback

Ao
_
1Al 1c ,
A h

C
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the identity ' = h holds. Therefore, ¢ = F'(h)(a) = F(h')(a) = ¢ and Apc is injective.

STEP 23. IF e: C'— C' 1S IN E, THE IMAGE OF F(e) CONTAINS THE IMAGE OF ARcr.
Given a morphism e: C' — C’ in E and an element ¢’ € F(C”), we shall show that there
exists an element x € F\(C) such that ﬁ(e)(x) = Apcr(c’). This element x may be given by
[(1,(e), (1er), 1oy e, 1e, ¢')] whose morphisms can be displayed as in the following diagram.

c——C

S

N O 1 &
Cl

We thus need to show that the identity [(1, (e), (1¢), 1oy e, e, )] = Aper (/) holds. Using
Step 21, we can immediately see that this is the case as attested by the span

O/
N
C’ C’

together with the element ¢ € F(C").

STEP 24. EXTENSION PROPERTY ALONG Ap: F' — F. This step is a preparation step
for the regular case (i.e., for the proof of Theorem 2.2), but holds in the general case.
Let F,G: C = Set be two finite limit preserving functors such that, for each e € E, G(e)
is a surjective function. Then, for any natural transformation a: F' — G, there exists a
natural transformation 5: F' — G such that the triangle

AR B
— F

F :
G

commutes. For each morphism e: C' — C’ in E, using the axiom of choice, we choose
a section for G(e), i.e., a function s.: G(C") = G(C) such that G(e)s. = lgcry. Given
an object C' € C, we define the function f¢: ﬁ(C) — G(C) as follows. Given a 7-
tuple (n, ()i, (fi)i, f, €, g,a) representing an element of F (C'), whose morphisms can be
displayed as in the diagram
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we know that, since G preserves finite limits, the n-tuple

(se:(G(fi)(@a(@))))1<icn

represents an element of G(By X --- X B,). This element is sent by G(e; X -+ X €,)
to the n-tuple (G(f;)(aa(a))),;c,, in G(Dy x -++ x D,). Therefore, since G preserves
finite limits, there exists a unique element p € G(P) such that G(€)(p) = aa(a) and

G(P)(P) = (5e,(G(f)(@a(@))));icp. We define
60([(717 (6i)i7 (fl)“?> €, g, CL)]) = G(g)(p)

Let us show that this function is well-defined. If (n/, (e,)s, ( fi’,)i/,f/,é/ ,g',a’) is another
7-tuple, whose morphisms can be displayed as in the dlagram

P’#B{x---xBﬁl,

g/ =/ —I / /
e ey x--xe ,

C Al —— D) x---x D!,

such that .
€ .g,a) Zpc (0, (e)u, (fi)e, f,€,4,d),
let us prove that G(g)(p) = G(¢')(p’) where p’ € G(P’) is defined analogously to p. There

exists a span
A//
N

together with an element ¢” € F (A”) such that F(h
using the notation of Step 10, g (he”, (ki)i<i<cn) m =
i€{l,...,n}, we have

G(fih)(aar(a”)) = G(fi)(aa(F(h)(a")) = G(fi)(aala)) = G(e&)(se,(G(fi)(@a(a))))
and similarly, for each i' € {1,...,n’}, we have
G(fih)(aar(a")) = G(ey)(ser, (G(fi) (cvar(a')))).

Again since G preserves finite limits, this implies that there exists a unique element
p” € G(P") such that

o G(E")(P") = aar(a");
o G(ki)(p") = s¢,(G(fi)(aala))) for each i € {1,...,n};

) a") = a, F(M)(a") = d and,
g (We", (kl)1<i<w)m. For each
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o G(K,)(") = s, (G(fl))(aa(a))) for each ¢ € {1,...,n'}.
For each (i,4") € X, we know that

G(k:) (") = se.(G(fi)(@a(a)))
= s¢,(ap,(F(fi)(a)))
= e, (o, (F(f7)(d)))
= e, (G(fi)(an(a')))
= Gk P")-
Similarly, G(k;,)(p") = G(ki,)(p") holds for each (iy,i2) € Y and G(kg,l)(p”) = G(kgé)(p”)

holds for each (i,45) € ). Therefore, since G preserves finite limits, there exists a unique
element p” € G(M) such that G(m)(p”) = p”. We can now compute

G(g)(p) = G (g (he", (ki)r<i<n)) (1)
= G (g (he", (ki)i<i<n) m) (p)
=G (g (We", (ki)i<i<n) m) (0")
=G (g (We", (kj)i<i<n')) (P7)
= G(g)(»)
proving that the function S is well-defined.
Given a morphism u: C'— C” and using the above notation, we have, for each element

[(n, (e:)is (fi)is T2, 9. a)] of F(C),
ﬁc/(F(U)([(n, (ei)iv (fl)lv?ﬂ é? g, (I)])) = ﬁc”([(nv <€i)i7 (fl)lyfa Ea ug, (Z)])
= G(ug)(p)
- G(U)(ﬂc([(ﬂ, (ei)’iv (fl)’u f7éa 9, a’)]))
This shows that the functions fS¢’s form a natural transformation g: F — G. We conclude
this step by remarking that, for each object C' € C and each element ¢ € F(C), the
identities
Be(Arc(c)) = Be(([(0,2,9,!c,1¢, 1c, ¢)]) = G(lc)(ac(c) = ac(c)
hold.
STEP 25. THE MONOMORPHISM tp: F' — F. Since Step 23 does not give surjectivity
of F(e) for e € E, but only surjectivity ‘relative to the elements in the image of Ap¢r’,

we need to use this construction Ap: F > F infinitely many times. Given a finite limit
preserving functor F': C — Set, we thus construct by (ordinary) induction a sequence

FO LFU Ay p@) M pe) N

of finite limit preserving functors F™: C — Set and monomorphisms \%: F() »— F(n+1)
in Set® as follows:
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o FOO = F.

Y

—

e if F(™ is constructed, A\%: F™ »s F+D is defined as Ape: F™ s F®),

We now consider the colimit F in Set® of this filtered diagram. Since filtered colimits
commute with finite limits in Set, and since the colimit F' is constructed componentwise,
the functor F: C — Set also preserves finite limits. Moreover, the canonical natural
transformation F® — F, denoted by tp: F ~— F, is also a monomorphism in Set® since
the filtered colimit of the pullbacks in the left part of the diagram

F 1r F lr F lr oy F
F Lr F Ll F 1r F R P PPN F Lp
11{ . ) A‘}{ - 1@»}{ . A2F2A1FA% . -
1 £(0) Ar () Ar L p) AL pG) 7
%///ﬁj %///12 Y//A;% 7///§;A%A% ¥/fj
1p 1p 1r

is the pullback of the respective filtered colimits, represented in the right part of the
diagram. B
To fix notation, let us recall that, given an object C' € C, the set F(C) is constructed

as the quotient
FKUI([Iﬂm@O =Fc
neN

Y

of the disjoint union of the sets ™ (C) by the equivalence relation =7 ¢ defined as follows.
We denote an element in this disjoint union by (n, c) where n € N and ¢ € F(™(C). Two
such elements (n,c) and (n', ) satisfy the relation (n,c) =% (n',¢') if and only if

Noc (- Wpele) ) =¢  ifn<a/
c=<c ifn=n'
Moo (- (Wpe(d)) ) =c ifn>n.
An element (n,c) in the above disjoint union represents the element denoted by [(n, ¢)]

in F(C). For a morphism u: C' — C’ in C, this element is mapped by F(u) to

F(u)([(n,c)]) = [(n, F™ (u)(c))].

The C-component of the monomorphism ¢p is simply the injection tpc: F(C) — F(CO)
defined by tpc(c) = [(0,¢)] for each ¢ € F(C).
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STEP 26. F(e) IS SURJECTIVE FOR ALL e € E. We shall now prove that, given a finite
limit preserving functor F': C — Set and a morphism e: C — C’ in FE, the function
F(e): F(C) — F(C") is surjective. Let [(n,c)] be an element of F(C') with n € N
and ¢ € F(™(C’). Using Step 23, there exists an element z € F"*)(C) such that
FO D (e)(x) = A (¢). We therefore have

Fle)([(n+1,2)]) = [(n+ 1L, F" W (e)(2))] = [(n+ 1, e ()] = [(n, )],

proving the surjectivity of F(e).

STEP 27. EXTENSION PROPERTY ALONG tp: F' — F. This step is a preparation step
for the regular case (i.e., for the proof of Theorem 2.2), but holds in the general case.
Let F,G: C = Set be two finite limit preserving functors such that, for each e € E, G(e)
is a surjective function. Then, for any natural transformation a: F' — G, there exists a
natural transformation 3: F — G such that the triangle

F AT

oi
e B

G

commutes. This fact is an immediate consequence of Step 24 and the colimit definition
of F'in Step 25.

STEP 28. THE NATURAL TRANSFORMATION tcc,—y: C(C,—) — C(C,—). Given an
object C' € C, it is well-known and routine to prove that the representable functor
C(C,—): C — Set preserves finite limits. We can thus apply the previous construc-
tions and results to the case F' = C(C,—). In particular, we get a monomorphism

teqo—y: C(C, =) — C(C, —) in Set®.

STEP 29. FOR e: ¢ — C, 1F C(C,—-)(e)(z) = te(c,—),c(lc), THEN e € E. Given a
morphism e: C" = C in C, t¢(c,-),c(1¢) is an element of C(C, —)(C). If this element is in
the image of C(C, —)(e), ie., if C(C, —)(e)(z) = te(c,—),c(1e) for some z € C(C, —)(C’),
we now show that e € E. We know that x is written in the form = = [(n, )] for some
n € N and some ¢ € C(C, —)™(C"), hence

teic)e(le) = C(C, =)(e)(x) = C(C, =)(e)([(n, )]) = [(n,C(C, =)™ (e)())]:

We thus need to prove by induction on n that

tecye(le) = [(n,C(C, =)™ (e) ()] (36)

implies that e € F, for any n € N, any morphism e: ¢’ — C and any element ¢ €
C(C, —)™(C).

If n = 0, we have C(C, —)® = C(C,—) and thus ¢ is a morphism C' — C’. The
identity (36) becomes [(0,1¢)] = [(0,ec’)], which means 1¢ = ec and therefore e is a
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split epimorphism. Since E contains split epimorphisms (by (Id) and (SRightCancP)),
we know that e € F.

Let us suppose now that our thesis holds for n > 0 and let us prove it also holds
for n+1. Our hypothesis (36) becomes in/th\is case [(0,1¢)] = [(n+1,C(C, =)D (e) ()]

The element ¢ € C(C, =)™+ (C") = C(C, —)™(C") can be represented by a 7-tuple as
d = [(n/a (ei)ia (fz)za?: €9, Cl)]

where the morphisms involved can be displayed as in the diagram

P%le---xBn,

g _
€ e1X--Xe,s

C’ A— Dy X~ x Dy
(f1yeesfnr)

and where a is an element of C(C, —)™ (A). Using Step 15, we can suppose without loss
of generality that the implication

(ei =ex NF(fi)(a) = F(fy)(a)) =i =1
holds for indices i,7" € {1,...,n'}. Our hypothesis can now be rewritten as
[(0,1¢)] = [(n +1,C(C, =)™V (e)(¢))]

[(n +1,C(C, =) (e)([(, (e2)s, (£)ir F- & g, @)])]
[+ 1,[(7, (e)ir (fi)ir o B eg, )]

which means

Aol (e elle)) ) =10, (e)i, (fi)i, f.E eg.a)].

Since )\C(C = A¢(c,—)m ¢ holds by definition, we know from Step 21 that there exists

a span
A/
N
A C

together with an element a’ € C(C, —)™ (A’) such that C(C, —)™(h)(a') = a,
C(C, =)™ ()(d") = Mooy o+ (e (1)) ) (37)

and, considering the pullback
P p

eJl

A— A
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the identity h'e¢’ = egh” holds. Since F is closed under finite products (by (Id), (ClComp)
and (StPb)), we know that e; X --- x e,y € E. Since F is stable under pullbacks (StPb),
this implies that € € F and so € € E. Moreover, [(n,d’)] is an element of C(C, —)(A’)
and we know, by (37), that

teicyc(le) = 1(0,16)] = [(n,C(C, =)™ (W) (a))].

Using our induction hypothesis, this implies that A’ € E. Since h'/,& € E and F is closed
under composition (ClComp), we deduce from this that h'é = egh” € E. Since E has the
strong right cancellation property (SRightCancP), this implies that e € E, concluding
this step.

STEP 30. CONCLUSION OF THE PROOF OF THEOREM 2.1. We are now able to construct
a small full subcategory D of Set® satisfying properties (i), (i) and (iii) described in Step 2
in the case the proof of Theorem 2.1 is concerned. We define in this case D to be the
full subcategory of Set® made of the functors C(C,—) for each object C' € C. Since
C is small, so is D. Property (i), requiring that each functor F' € D preserves finite
limits, has been proved in Step 25. Property (ii), requiring that for each e € F and each
F € D the function F'(e) is surjective, is the content of Step 26. For each object C' € C,
the natural transformation tc: C(C, —) — F¢ mentioned in property (iii) is given by
tec,—y: C(C,—) — C(C, —). Step 28 shows that property (iii)(a) holds, i.e., that t¢(c,—) is
a monomorphism in Set®. By the Yoneda Lemma, property (iii)(b) can be reformulated
exactly as Step 29. Notice that, in view of Step 27, property (iii)(d) is also satisfied,
although it is not require here. This concludes the proof of Theorem 2.1. It remains to
conclude also the proof of Theorem 2.2.

STEP 31. THE SET FY(D). In order to construct the morphisms p!, p? of (iii)(c) from
Step 2, we need to consider an explicit description of the cokernel pair of t¢(c ) in the
category of finite limit preserving functors C — Set and their natural transformations.
Since it is not harder to do this construction more generally, we are going to construct
this cokernel pair for any natural transformation C(C, —) — F for a finite limit preserving
functor F' and an object C' (see the remark at the end of Step 40). By the Yoneda lemma,
such a natural transformation corresponds to an element of F'(C'). This construction will
take several steps.

Therefore, given a finite limit preserving functor F': C — Set, an object C' € C and an
element ¢ € F(C), we now construct a functor F¢: C — Set as follows. Given an object
D € C, we consider the set of 5-tuples (f, T{, r{, g,a) where

e f: A— (' is a morphism;
° 'r{ and 7’{ are the projections of the kernel pair of f, i.e.,

f
2

R[f] - A

_
r{l f
A

— C
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is a pullback diagram:;
e g: R[f] — D is a morphism;
e a € F(A) is an element such that F(f)(a) = c.
We define FC (D)

T‘

R[f | —= A

FO(D) = l s and F(f
A

C

(f?T{7T§7g7a€F
D

—>fC

995

=c ¢/ =ZFcen

to be the quotient of this set of such 5- tuples by the equivalence relation = ¢ . p defined as

J('/

follows. Given two such 5-tuples (f, rl,r2,g, a) and (f",'r’{/,'r’2 g, d

can be displayed as in the diagrams

’

7‘f , rf
D«’ R[f)] =% A-—'+C and DL R[f]—= A

7 i

2 5

one has

!

(f? 7"{, Tg,g, CL) gF,Cyc,D (f/’T{ 77%0 7g/a CL/>

if and only if there exists a span
A/I
VAN
A A

in C together with an element a” € F(A”) such that
F(h)(a") = a;
F(H)(a") = a"
fh=
fho fh

considering the kernel pair ry T2

R[fh] = A" of fh =

), whose morphisms

LS

f'h' and the unique

morphisms h: R[fh] — R[f] and B': R[fh] — R[f'] making the diagrams

r Tfh

R[fH] ? A"
and hi

lh,
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(reasonably) commutative (in the sense hri" = r{h, hrd" = rIh, W'ri" = ¢f 7 and
Wil =rd h) the diagram
RIfh]—— R[f"
hl g
Rlf|—;—D

also commutes.

STEP 32. =pc.p IS AN EQUIVALENCE RELATION. To see that the relation =gc . p is
symmetric, it suffices to exchange the roles of h and h'. To see that =g . p is reflexive,
one can consider, for a 5-tuple (f, 7‘{, rg, g,a), the span

A
N
A A
together with the element a € F'(A) (where A is the domain of f) to prove

(fv T{7Tgagaa) gF,C,C,D <f7 7”{77”5797@)‘

It remams to prove that = ¢ . p is transitive. We consider, for each j € {1,2, 3}, a 5-tuple
(fj, rl ,r2 , 95, @;) whose morphisms can be displayed as in the diagram

fj
D<—R[f]]_f>A BRI

Ty’

We suppose that

(frorfrd g1, 1) Zecep (for 112,782, g2, a2)
and

(oo {2182, 92, 02) Zpcen (f3,110,78, g3, a3)

and we shall show that

(f17T1 ,T2 7917(11) gF7C,C7D (f377"{37r§37g37a3)~ (38)

We thus know there exist two spans

Ay Ay Ay A3

together with two elements a € F(A) and o' € F(A’) satistying
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o F(h)(a) = a1, F(hy)(a) = az =
[ ] f1h1 = fghg and thIQ = fghg,

flhl f1h1
2 .

e considering the kernel pairs |

R[fih1] = A and rfzh

997

F(hs)(a’) and F(h3)(a’) = as;

f2h‘
)

R[fohy] = A’

of fihy and foh, respectively, and the unique morphisms hy, hs, h2 and E; making

the four diagrams

r1h f1 hi
R[filn]| /= A [flhl]—>A
f1h1 f1 h1
El h1 EQ ha
l ! l l rf2 l
R[fl] T>A1 R[fQ] —f)AQ
T21 7"22
T'f2h2 ’I"f2h,2
Rl fohy) ——= A R[fohy) — = A’
T,;Zhlz r§2h/2
Tk
e 4o
Rl =4, RIEI— 4,
7'22 7‘23

(reasonably) commutative, the diagrams

R[fih] —"2= R[] [fhs] —* R[f;]
N
R[fi] —— D R fs] D

also commute.

We consider the pullback square
P A

"
k R
A—— Ay

ha

and, since F' preserves finite limits and F'(hg)(a) = F'(h})(a’), we know that there exists
a unique element p € F(P) such that F(k)(p) = a and F(k")(p) = o’. Let us show that

the span
P
N
Ay Az
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together with the element p is a witness of the relation (38). We already know that the
identities

and
filik = fahok = fohok! = fshisk!

hold. For the last condition to check, we consider the kernel pair /™% "% : R[fhk] =
P of fih1k and the unique morphisms [ and !’ making the diagrams

hik hik
,rfl 1 7nf1 1

1 1
R[fihik] ——= P R[fihk]| ——= P
rglhlk Tglhlk
l k v K
P rf2h/2
R[fihi]) ——= A  and R[fh})) ——= A’
iR fahb
2 I8
El hy Eg ’ hé
ri1 ri3
RIA] /= 4 I 14 £} pum—
T21 7"23

(reasonably) commute, and we must show that ghyl = ggﬁ;l’ . For each i € {1, 2}, we can
compute

r7hol = hor[M1 = hokr[ME = ke[ = Rl = R R

showing that hol = E;l’ . We can then conclude this step by the computation
gihnl = gohsl = 925/2” = 935;5/-

STEP 33. THE FUNCTOR FC. Given a finite limit preserving functor F': C — Set, an
object C' € C and an element ¢ € F(C), we have constructed, for each object D € C, a
set F9(D). We now turn this construction into a functor F¢: C — Set. Given a morphism
u: D — D' in C, we define the function F¢(u): F¢(D) — FC(D’) as

FE(U)([(f, T{,T{,g,a)]) = [<f7’r{’r£7ugaa)]

for each element [(f,r7, 3, g,a)] of FC(D) (represented by the 5-tuple (f,r], 7], g, a)). Tt
is obvious that this function is well-defined, i.e., that the implication

(f7 ’I"{, T%ca g, Cl) gF,C',C,D (f/7 T{ ) Tg ) g/a a'/>
— (f7 T{, Tga ug, (l) gF,C,C,D’ (f/7 T’{ ) Tg ) uglv a,)

holds and that this gives rise to a functor F¢: C — Set.
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STEP 34. FC PRESERVES THE TERMINAL OBJECT. In order to apply the construction
vre: FY — FC, we shall now prove that this functor F< also preserves finite limits. As

for ﬁ, it is enough to show that F preserves the terminal object 1 of C and pullbacks.
Let us start with the terminal object. We must thus show that F¢(1) is a singleton set.
The element [(1¢,1¢, 1¢,!c,¢)] € FY(1), whose morphisms can be displayed as in the
diagram

1o

1% ¢ :; c—C |

¥}
shows that F°(1) is not empty. Let [(f, r{,r%,g,a}] and [(f’,r{/,r;,g’,a’)] be two ele-
ments of F¢(1) whose morphisms can be displayed as in the diagrams

!
o o

1<LR[f]:1§AL>C and 1<LR[f’}_>_1,A’L>C’
rg rgl
We consider the pullback square
A h’ A
"
h f!
and, since F' preserves finite limits and F'(f)(a) = F(f")(a’), we know there exists a

unique element a” € F(A”) such that F'(h)(a") =a and F(h’) a") = a'. The span

A//
N
A A
together with the element a” is a witness of the relation

(f77ﬂ{77ﬂg7g7 ) —F,Cyc,1 (f T{ 77"5 7g CL)
Indeed, the first three conditions follow immediately from the definitions and the last
condition is trivially satisfied since it requires that two parallel morphisms with codomain
1 are equal. This proves that [(f, 7"1,7"2,9, a)] = [(f/,r{ ,7"5 ,g',a’)] and so FC(1) is indeed
a singleton set.

STEP 35. FCC PRESERVES JOINTLY MONOMORPHIC PAIRS OF MORPHISMS. As a pre-
liminary step to prove that FC preserves pullbacks, we show that it preserves jointly
monomorphic pairs of morphisms. So let

D1 P D p2 D2
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be a pair of morphisms satisfying the implication
(P1T =Py Apar = poy) = T =y
for each pair of morphisms x,y: X = D and let us prove that the function

(FE(p1),FE (p2))

FC(D) FZ(Dy) x FE (Do)

is injective. We consider two elements [(f,r{, 7. g,a)] and [(f",r] 7] ¢'.a')] of FC(D)
whose morphisms can be displayed as in the diagrams

/

D+’ R[fl == AL40 and DL Rl —— a1

!
TS 7’2}:

and satisfying
(fv 7“{, Tgv D;9g, a) gF,CZC,D]' (f/a T{ ) T%c ’pjglv a,) (39)
for each j € {1,2}. We shall prove that

(f7 T{’ Tgv g, CL) gF,C,CyD (f,7 (&1 7T§ 79/’ a’/)‘ (40)

For each j € {1,2}, the relation (39) gives us a span

A
RN
A A

together with an element o € F'(AY) such that F'(h;)(a}) = a, F(h})(d}) = da', fh; = f'}]
and, considering the kernel pair r] hi , rghj : R[fh;] = A of fhj and the unique morphisms

Ej and E; making the diagrams

fhj Tfhj
R[fh;] —— A" R[fh]];:h;A;’
fh
ry J _ ry
R h; and h;l lh’
J vl l vl
Rlf|—=4 RIf|—= 4
T ,,,f,
2 2

(reasonably) commute, the identity

pigh; = p;g'h,; (41)
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holds. We consider the pullback diagram

k
Ay
kll l(h%hlz)
Al ——— A x A
(h1, h'

and, since F' preserves finite limits, F'(hy)(a]) = F(hg)(a3) and F(h))(a)) = F(Rh})(a}),
there exists a unique element a” € F(A”) such that F(k1)(a") = af and F(k2)(a") = dj.

Let us show that the span
A//
hy Xﬁ/’jl
A A

together with the element a” is a witness of the relation (40). We already know that
F(hik1)(a") = F(hy)(a]) = a, F(h\k1)(a") = F(h})(d]) = o and fhik, = f'hik,. For

the last condition to check, we consider the kernel pair Pk R Ik RIfh k] = A" of
fhiky and the unique morphisms k; and ky, making the dlagrams
fhlkl fhlkl
R[fhik] == A" Rl fhikt] —— A”
f Pk e
kl‘ lk1 and kzl lkg
,rfhl 'r{h2
R[fh)]| —= A" Rlfho] =——= 43
ry L T2

(reasonably) commute. In particular, k; makes the diagrams

fhlkl fhlkl
Rl fhyk] = A" I E—
fh1k1 fhlkl
hiky hiki  and hllkll ‘/h/lkl
r{ T{/
Rif] —/——=A Riff| —/——=A
T T"f/
2 2

(reasonably) commute. To conclude this step, it remains to prove that ghik, = gﬁl k1.
Since D1 and po are jointly monomorphlc we actually need only to prove that pyghik; =

P19 n k1 and pgghlk’l = Pag ) k;l The first equality follows immediately from the iden-
tity (41) for j = 1. Since hik; = hoko and hik; = hbky, we know that hik; = hoky and

Eg%l = EIQEQ. Using (41) for j = 2, we can then conclude this step with the computation

pZQEIEI = p2QE2E2 = nglﬁlgE2 = ng%/lEL
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STEP 36. FY PRESERVES PULLBACKS. Let us now show that F preserves pullbacks.
We consider a pullback square

D-2.D,

L

Dlu—)Dg

in C together with elements [(f1,r/",73", g1,a1)] € FO(Dy) and [(fo,71*, 71, g2, a2)] €
FC(D,) satisfying

ES () ([(furs 18 g an)]) = FE () ([(farf?, 757, 92, a2)])

ie.,
(fror{t o rd wigr a1) Zpcepy (for 112 182 U202, as). (43)

The morphisms involved in these elements can be displayed as in the diagrams

A e
DI+ Rl = A L0 and  Dy«Z R[fs) = A, O
f1 2
5 Ty

and the relation (43) gives us a span

A
N
Ay Ay

together with an element a € F(A) such that F(hy)(a) = a1, F(he)(a) = aa, fihy =
f2ha and, considering the kernel pair rf1h1 flhl: R[fih1] = A of fihy and the unique
morphisms h; and h, making the diagrams

f1h1 r{1h1
Rlfili] —/——= A R[fihi] /= A
f1h1 T£1h1
hll lhl and h{ l}u
o of2
R[fl]—>A1 R[f?]ﬁAZ
7’21 7’22

(reasonably) commute, the identity u glﬁl = uggzﬁ2 holds. In view of this identity and of
the pullback in (42), there exists a unique morphism g: R[fih1] — D such that p1g = g1/
and pag = gohs. Since F(fihy)(a) = F(f1)(a1) = ¢, we have defined in this way an element
[(fiha, flhl, flhl,g, a)] of F¢(D) whose morphisms can be displayed as in the diagram

h
P1m

DLR[JCJH] ;:NA%C
7’21 1
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For each j € {1,2}, let us prove that the relation

h h
(f h /,"fl 1 fl 1’p]g’ ) F,C;C7Dj (f],/rl ;TQ 79]70/])

A
2
A A

together with the element a € F(A). We already know that F'(14)(a) = a, F(h;)(a) = a;
and fihy = f;h;. Since the diagrams

is attested by the span

f1h1 T{lhl
[flhl —)A [flhl] —)A
f1h1 r£1h1
1R[f1hl h; h;
f1h1 T{j
Jim J

(reasonably) commute, the last condition we need to check reduces to p;g = gjﬁj which
holds by definition of g We have thus constructed an element of F(D) which is sent
by F€(p;) to [(f],rl ,7"2 7. gj,a;)] for each j € {1,2}. By Step 35, this element is unique,
proving that F¢ preserves pullbacks. Combining this with Step 34, we have shown that
FC preserves finite limits.

STEP 37. THE NATURAL TRANSFORMATIONS &1°C¢ ¢5°C¢. F = FC. Given a finite limit
preserving functor F': C — Set, an object C' € C and an element ¢ € F(C'), we have
constructed a finite limit preserving functor F¢: C — Set. Let us now construct two
natural transformations &% ¢ F = FC. Given i € {1,2} and an object D € C,
we define the function §FCC. F(D) — FCC(D) as follows. We consider the binary and
ternary products

DxC DxDxC
D,C D,C pD,D,C | pD,D,C
V K and M pgfvc §
D ¢ D D c

and remark that the kernel pair of pZD s given by
(pP P pPC), (pEPC pPPCY . D x D x C = D x C.

For each element d € F/(D), since F' preserves finite limits, there is a unique element of
F(D x C), denoted by (d, ¢), such that F(p*?)((d,¢)) = d and F(pY©)((d,¢)) = ¢. For
each such element d € F'(D), we then define

E5°(d) = [, " 05, (2" 0P, 7€ (d, )]
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where morphisms involved in this element of F(D) can be displayed as in the diagram

pD2C (pP P Py pDC
D«——DxDxCC Dx(C———C
D,D,C  D,D,C
(P2 »P3 )

To show that £f ‘“¢ is indeed a natural transformation, we consider a morphism u: D —
D’ in C and an element d € F(D). We must show that

FE(u) (&5 °(d) = & 5 (F (u)(d))

or in other words that the relation

D,C , D,D,C D,DC D,D,C _D,D,C DDC
(2", (1 ) P3 ), (g » P3 ), U ,(d, c))

~ D',c , D'.D'\C D.D'(C D'\D'.C D’D’C D'.D'.C
=F,C,c,D’ (p2 (P » P3 ) (py » D3 )7pi , (F(u)(d),c))

holds. Let us show that this relation is witnessed by the span

DxC
ZE
D xC D' xC

together with the element (d,c¢) € F(D x C). We obviously have F(1pxc)((d,c)) = (d, c),
Fux 1¢)((d, ¢)) = (F(u)(d), ¢) and p2© = pf/’c(u x 1¢). Since the diagrams

D,D,C D,D,C D,D,C D,D,C
(pl »P3 ) (171 »P3 )
DxDxC DxC DxDxC D xC
D,D,C _D,D,C D,D,C _D,D,C
( 2 sP3 ) (p2 ap3 )
lpxpxc 1pxc and uXuX1lg uxlco
! !
(PP pP Py ) ) (pP' D€ pP' D0y )
DxDxC DxC D'xD xC (D' x C
! !
(5P C pd Py (péj P C,pf P C)
D .D DD’ )
reasonably) commute, the last condition reduces to « O C(u x ux 1¢) which
Yy =D; C

obviously holds.

STEP 38. CHARACTERIZATION OF & p°(d) = & °(d). For an object D € C and an
element d € F (D), we now show that the equality SFCC( ) = 5 <(d) holds if and only

if there exists a span
D/
N (44)
D C
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together With an element d' € F(D’) such that F/(h)(d') = d, F(h')(d')

= cand hrl' = hrl!
where 7% 74" : R[W'] = D' is the kernel pair of #’. The equahty 51 ( )=

FCC( d) means

D,C D,D,C D,D,C D,D,C D,D,C D,D,C
(P, (o oy ) (P s ), o, (d e))

(DDC’ DDC)’(DDC DDC) D,D,C (d,C))

~ D,C
—F,C,c,D (pQ Y4 y D3 Y2 » P3 p2

or, in other words, that there exists a span

D//
mDT N (15)
D xC D xC

together with an element d” € F(D") such that F'(hy)(d") = d = F(he)(d"), F(R")(d") = ¢
and, since the diagrams

R[h”] D"
h//
T2
(harh” bk preh’y (h1,h")
D,D,C _D,D,C
(pl »P3 )
D xDxC(C D xC
D,D,C _D,D,C
(Py »P3 )
and
17
a
R[h”] D"
h//
)
(hzrl hgrhll,h”r{//) (hz2,h")
D,D,C _D,D,C
(pl . )
D xDxC D xC
D,D,C _D,D,C
(Py »P3 )

(reasonably) commute (where 7", 2" : R[h"] = D" is the kernel pair of h”), the identity
hir?" = hyrh” holds. If a span (h, h’ ) and an element d' as in (44) exist, one can get a

span as in (45) simply as
D/
(V %)

DxC DxC

together with the same element d’ € F(D’). Conversely, if a span ((hy, "), (he, ")) and
an element d” as in (45) exist, we consider the equalizer

h1
D' ~"D"—=D
ho



1006 PIERRE-ALAIN JACQMIN

and, since F' preserves finite limits and F'(hy)(d”) = F(hy)(d"), there exists a unique
element d' € F(D') such that F(m)(d') = d”. Then, the span

D’
hy Ym
D C

together with the element d’ satisfies the required properties. Indeed, we know that
F(hym)(d') = F(h1)(d") = d, F(h"m)(d') = F(h")(d") = ¢ and, considering the kernel

pair 2™ rB"m: R[W'm] = D’ of hm and the unique morphism 7 making the diagram

n'’'m

R[h'm] 1:; D’
l rgllm ‘/
7,.71,”

(reasonably) commute, the identities

! 17 ! 17

"___ _ /
™ = byt = horl) W = hymrh ™ = hymrl™

h/
hymry

hold.

STEP 39. ff e) = 55 £°(c). Particularizing the characterization of Step 38 to the case
where D = C and d = ¢, we get that 55 Se) = 5 £(c). Indeed, it suffices to consider

the span
C
N
C C

together with the element ¢ € F(C).

STEP 40. CHARACTERIZATION OF WHEN 6,.: C(C,—) — F IS THE EQUALIZER OF §f’c’c

AND {5’0’6. Given a finite limit preserving functor F': C — Set, an object C' € C and an
element ¢ € F(C), we have constructed a finite limit preserving functor F¢ together with
two natural transformations ff G 55 G F = FC. By the Yoneda Lemma, the element
¢ € F(C) corresponds to a natural transformation 6.: C(C,—) — F, defined for each
object D € C and each morphism f: C — D by 6.p(f) = F(f)(c). Using the Yoneda

Lemma, Step 39 means exactly that &0, = ££°90,. We shall now prove that

F,C,c

C(C,—) Lty p——— FC (46)
£2F,C,c
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is an equalizer diagram in Set® if and only if for each span

A
/ X (47)
D C

such that hr¥ = hr§ where r¥,r%: R[k] = A is the kernel pair of k and for each element
a € F(A) such that F(k)(a) = ¢, there exists a unique morphism f: C' — D in C such
that F'(f)(c) = F(h)(a).

The diagram (46) is an equalizer diagram in Set® if and only if for each object D € C
and each element d € F(D) such that 55 Cod) = 2F C¢(d), there exists a unique morphism
f €C(C, D) such that 0. p(f) =d, i.e., F(f)(c) = d. If this property holds, given a span
(h,k) and an element a € F(A) as in (47), the element d = F(h)(a) € F(D) satisfies
§f ’g’c(d) = 5 ’g’c(d) by Step 38, and therefore there exists a unique morphism f: C' — D
such that F'(f)(c) = F(h)(a).

Conversely, suppose the property about spans (47) holds and let D be an object of
C and d be an element of F(D) such that 55’3’6(d) = i’g’c(d). By Step 38, there exists
a span (h,k) and an element a € F(A) as in (47) such that, in addition of hrf = hr}
and F(k)(a) = ¢, the identity F'(h)(a) = d also holds. Therefore, there exists a unique
morphism f: C'— D such that F(f)(c) = d.

Remark: It can be proved that &°9¢ ¢5°9¢. F = FC is the cokernel pair of 6, in the
category of finite limit preserving functors C — Set and their natural transformations.
Therefore, 6, is a regular monomorphism in that category exactly when (46) is an equalizer
diagram (in the category of finite limit preserving functors C — Set, or equivalently,
in Set®). Since we will not need that in this proof, we omit details here.

STEP 41. IN THE REGULAR CASE, t¢c,—): C(C,—) = C(C,—) IS THE EQUALIZER
oF ¢¢ AND &Y. Given an object C' € C, we have defined in Step 28 a monomorphism
te(o—y: C(C, =) = C(C, —) in Set®. By the Yoneda Lemma, this natural transformation
corresponds to an element ¢ = t¢(c,—y,c(lc) € C(C, —)(C). To shorten notation, for each
i € {1,2}, we denote by £ the natural transformation @C(C’*)’C’c: C(C,—) = C(C,—),.
Applying the characterization of Step 40, we shall now prove that, if E is a regular
surjection-like class of morphisms,

Vel
(97

le(e,—) 510 C
C<C7_> C(C,—)5—0>C(C, _)c

is an equalizer diagram in Set®. That is, for each span

VRN

D C
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such that hrf = hrk, where r¥ 7. R[k] = A is the kernel pair of k, and for each element

a € C(C,—)(A) such that
C(C,—)(k)(a) = teic),c(lo),

we must show that there exists a unique morphism f: C' — D such that

C(C, =) (e .c(le) = C(C, =)(h)(a).

In view of the construction of C(C, —) given in Step 25, an element a € C(C, —)(A) can
be written in the form a = [(n,z)] for some n € N and some x € C(C, —)™ (A) In that
(

case, C(C, —)(k)(a) = [(n,C(C, =)™ (k)(2))] and C(C, —)(h)(a) = [(n,C(C, =)™ (h)(x))].

Moreover, teic,—),c(1c) = [(0, lc)] Therefore, we must prove that, for each n € N, for

each span
A
N (48)
D C

and for each x € C(C, —)™(A), if hr¥ = hrk and

[(n,C(C, =)™ (k)(2))] = [(0, 10)], (49)
there exists a unique morphism f: C' — D such that
[(n,C(C, =)™ (h)(2))] = (0, )]. (50)

The uniqueness of f follows immediately from the fact that tcc,—y: C(C, =) — C(C,—)
is a monomorphism (Step 28). We shall prove the existence of f by induction on n.

If n = 0, since C(C,—)® = C(C, ), x is a morphism C' — A and the equality (50)
becomes hx = f. We thus have to prove that there exists a morphism f: C' — D such
that hx = f, which is trivial.

We now assume that the above property holds for n and we shall prove it also holds for
n+1. We are thusgxgl aspan (h, k) as in (48) and an element 2 € C(C, —)" 1 (A). Since
C(C, )" = ¢(C, )™, the element z can be written as x = [(n’, (e;)s, (fi)s, f, €, 9,a")],
where the morphisms involved can be displayed as in the diagram

P%le-uxBn,
ahn |
€ e1X e Xe,r
A Al ———— Dy X+ X D,y
(fl 7777 fn/)

and where o' € C(C, —)™(A’). Using Step 15, we can assume without loss of generality
that the implication

(e = es AC(C,=)"(fi)(d) = C(C, )" (fu)(a)) = i =1
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holds for indices i,7 € {1,...,n'}. Moreover, we assume that hr¥ = hrk as well as the
hypothesis (49) which now becomes

[(n + L, [(n, ()i, (fi)i, [, @ kg, a)])] = [(0, 1)),

ie., _
[(TL,, (ei)i’ (fl)w f.e kg, a/)] = )‘S(C,—),C(' o ()‘2’((),—),0(10)) U )

Since Aty o = Ac(c,—)m ¢ holds by definition, we know from Step 21 that there exists

a span
Al/
2N
A C

together with an element a” € C(C, —)™(A”) such that

C(C, =)™ (l)(a") = d, (51)
C(C, _)(n)(l2)(a”> = )‘(TZL(_C},—),C(' o (Ag(c,—),c(lc‘)) T ) (52)
and, considering the pullback
P
4
S &

A// l A/
1

the identity [y’ = kgl3 holds. Since E is closed under finite products (by (Id), (ClComp)
and (StPb)), we know that e; x- - - xe,, € E. Since F is stable under pullbacks (StPb), this
implies that € € E and so € € E. Since morphisms in F are regular epimorphisms (Reg),
€ is a regular epimorphism, i.e., the coequalizer of its kernel pair r¢ 75 : R[] = P’
Note that this is the only place where we use the axiom (Reg) in the entire proof. We
now consider the kernel pairs r'2,r2: R[ly] = A” of Iy and r2¢ r%% : R[ly¢'] = P’ of I,
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and the unique morphisms I, l5 and /g making the diagram of plain arrows

ls

(reasonably) commute. Since
hglgrfl = hr’fl4 = hr§l4 = hgl?J’S/a
we know there is a unique morphism [;: A” — D such that
l7e' = hls. (54)

In the diagram below,

1 lg
riz® P R[] A"
_ _
1
ls 7’12 l2
P’ A" C
e’ l2

Py and P, are defined as pullbacks and the morphisms /15 and l15 as the unique ones making
the diagram commutative. Since the outer square is a pullback, the top left square is a
also pullback by the usual properties of composition and cancellation of pullbacks. Since
¢ € F and since E is stable under pullbacks (StPb), we know that lg, l1g,l12,l13 € E.
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Since F is closed under composition (ClComp), this proves that lg = lgly2 € E. Moreover,
we can compute
—/_loe’

il = 1;e'r2® = hglyr® = hrbly = hrkly = hglsr?® = 1;erl® = k.

Since morphisms in E are (strong) epimorphisms (by (SRightCancP) and (NoPMono))
and since [g € E, this shows that l77“l12 = l7rl22. We thus have a span

A//
N
D C
together with an element a” € C(C, —)™(A") such that I;7? = I;r2 and

[(n,C(C, =)™ (l2)(a")] = [(0,1¢)]

by (52). Using our induction hypothesis, there exists a morphism f: C'— D such that

[(n,C(C, =)™ (lr) (@")] = [(0, ).

It remains to prove that

which is equivalent to

[(n,C(C, =)™ (l) (@] = [(n+1,[(n", (e2), ()i, [, & hg, a")])]

or, in other words, to

Ae(cmy p(C(C, =) (I) (") = [(1, (€0)s (fi)is ] @, hg, d)].

Using Step 21, this equality is attested by the span

AII
2N
A D

together with the element a” € C(C, —)™(A"), the pullback (53) and the equalities (51)
and (54).



1012 PIERRE-ALAIN JACQMIN

STEP 42. CONCLUSION OF THE PROOF OF THEOREM 2.2. We are now able to construct
a small full subcategory D of Set® satisfying properties (i), (i) and (iii) described in Step 2.
We define in this case D to be the full subcategory of Set® made of the functors C(C, —) and
——=<

C(O’ _)LC(cﬁ),c(lc)
that each functor F' € D preserves finite limits, has been proved in Step 25. Property (ii),
requiring that for each e € E and each F' € D the function F(e) is surjective, follows
from Step 26. For each object C' € C, the natural transformation tc: C(C,—) — Fg¢
mentioned in property (iii) is given by te(c,—y: C(C, =) = C(C,—). Step 28 shows that
property (iii)(a) holds, i.e., that t¢(c,—y is a monomorphism in Set®. By the Yoneda
Lemma, property (iii)(b) can be reformulated exactly as Step 29. Property (iii)(d) is
satisfied in view of Step 27. Given an object C' € C, let ¢ = t¢(c,—).c(1lc) € C(C, —)(C).
By Step 41,

for each object C' € C. Since C is small, so is D. Property (i), requiring

te(c,-) ¢

C<C7 _)

Vel Val
O

— C(C,—), is amonomor-

is an equalizer diagram in Set®. By Step 25, e’ c(C,—)

C

phism. Therefore

me&c —
lc C,— ) c
C(C7 _) S C(C, _) C(Ca _)c
T
is also an equalizer diagram in Set®, proving that property (iii)(c) holds. n
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