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Abstract

Over the last thirty years, many interesting results have been discovered
in the categorical extension of 2-permutable varieties, called Mal’tsev
categories. Many of these results still hold in regular categories satis-
fying the strictly weaker property of 3-permutability, called Goursat
categories. A nice feature of regular Mal'tsev and Goursat categories
is that Gumm’s Shifting Lemma holds in these categories, a property
which allowed, for example, to develop commutator theory in universal
algebras. The aim of this thesis is twofold: on the one hand, we extend
to Goursat categories the main results obtained for the theory of projec-
tive covers and internal structures in Mal’tsev categories. In particular,
we give some characterizations of the categories which are the projective
covers of Goursat categories. Then, we show that the structure of inter-
nal connector is stable under quotients in any Goursat category. As a
consequence, the category of internal connectors in a Goursat category
is again a Goursat category. This implies that Goursat categories can
be characterized in terms of a simple property of internal groupoids and
internal categories. On the other hand, we study the Shifting Lemma in
regular Mal’tsev and Goursat categories. We prove that regular Mal’tsev
and Goursat categories can be characterized through suitable variations
of the Shifting Lemma. We also investigate two properties related to
the Shifting Lemma and called the Triangular Lemma and the Trape-
zoid Lemma in universal algebras. We establish some characterizations
of regular Mal'tsev and Goursat categories with distributive lattice of
equivalence relations through variations of the Triangular Lemma and

Trapezoid Lemma.
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Introduction

) E. Goursat (1858-1936)

A bit of history

In his 1954 paper [75], A. I. Mal’tsev proved that, for a variety V of

universal algebras, the following conditions are equivalent:

1. for any pair of congruences R and S on the same algebra X in V,
the equality RS = SR holds;

2. the algebraic theory of V contains a ternary operation p satisfying

the equations
plz,y,y) = @
Yy

plz,z,y) =

11



12 Introduction

where

RS={(z,2)eX x X |ye X: (z,y) €S AN (y,2) € R}
and

SR={(z,2)eX x X |IyeX: (x,y) e RN (y,2) €S}

are the usual composites of congruences. A variety of universal algebras
satisfying these conditions is now called a Mal’tsev variety (or 2-
permutable variety), and such an operation p a Mal’tsev operation.
Many classical varieties of algebras are Mal'tsev varietes: for instance,

the theory of the varieties of groups contains a Mal’tsev operation given

by p(x,y,2) =y~ 'z

In his 1976 book [88], J. Smith introduced and developed the notions
of centrality and commutator of congruences in Mal’tsev varieties. In the
case of groups, for instance, the commutator [A, B] of two normal sub-
groups A and B of a group G is the usual (normal) subgroup generated
by all elements [a,b] = a~'b~lab, such that a € A, b € B. Similarly for
rings, the commutator [I, J] of two ideals I and J of a ring R is the ideal
generated by all elements [i,j] = ij + ji, such that ¢ € I, j € J. This
theory was extended to congruence modular varieties by J. Hagemman
and C. Hermann in [52] by using a "lattice-theoretic approach". But
in doing so, the "geometrical intuition" that was present in J. Smith’s
lecture notes became less visible. A variety of universal algebras is (con-
gruence) modular when for any congruences R, S and T" on the same
object X € V such that R < T, one has: RV (SAT)=(RVS)AT.

The notion of Mal’tsev variety was extended to Mal’tsev categories
by A. Carboni, J. Lambek, M. C. Pedicchio in [23] by replacing con-
gruences with internal equivalence relations, allowing one to explore
some interesting new (non-varietal) examples, and to establish some new
versions of the classical homological lemmas in a non-abelian categori-
cal context [13]. Among the fundamental examples of Mal'tsev cate-
gories, one has the above mentioned categories Grp of groups and Rng
of rings, but also Heyt of Heyting algebras. As examples of regu-

lar Mal’tsev categories that are not (finitary) varieties of algebras we
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list, for instance, any abelian category and the non-abelian categories of
Cr*-algebras, Hopfx ... of cocomutative Hopf algebras over a fixed field

K [49], and the dual category of any elementary topos [21].
One of the results that A. Carboni, J. Lambek, M. C. Pedicchio had

in mind in [23] was the extension to Mal’tsev categories of the Goursat
Lemma [33], due to E. Goursat and stated in the category of groups as
follows: every subgroup of the direct product of two groups determines an
1somorphism between factor groups of subgroups of the given groups; this
means that, given a homomorphic relation R from a group G to a group

H, the following quotient groups are isomorphic:
GR/R°R = RH/RR°

where GR={h € H | 3g € G,gRh}, RH={g9 € G| 3h € H,gRh},
and R° is the opposite relation to R.

This result was used to obtain general forms of the Zassenhaus lemma
and the Jordan-Holder-Schreier theorem for normal series in [91] and was
generalized to Mal’'tsev varieties by J. Lambek in [73]. After an in-depth
analysis, A. Carboni, J. Lambek and M. C. Pedicchio proved that this
result of E. Goursat holds not only in the Mal'tsev categories but also
in those regular categories wherein each relation P from A to B satisfies
the equality

PP°PP° = PP°. (1)

That is how Goursat categories were born: these are the regular cat-

egories in which each relation P satisfies the condition (1).

In 1993, A. Carboni, M. Kelly and M. C. Pedicchio observed in [21]
that the condition (1) is in fact strictly weaker than the difunctionality
PP°P = P equivalent to the Mal'tsev condition RS = SR in regu-
lar categories. They also observed that condition (1) is equivalent in a

regular category to the 3-permutability of equivalence relations
RSR = SRS, (2)

for any pair of equivalence relations R and S on the same object. This

justifies the fact that the 3-permutable categories are still called Goursat
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categories. Thus, the Mal’tsev and Goursat conditions are "similar",
this suggests that some properties which were known to hold in the
Mal’tsev context also hold in the weaker Goursat context. This was one
of our motivations to study Goursat categories. As examples of Goursat
categories that are not regular Mal’tsev categories we have the category
ImplAlg of implication algebras [78] and the category RCSGrp of right

complemented semigroups [53].

An important property common to regular Mal'tsev and Goursat
categories is that the lattice of equivalence relations on the same object is
modular |21], a property playing a crucial role in commutator theory |32,
51], and that distinguishes them from general n-permutable categories.
This property was also useful to simplify and improve some results in
categorical Galois theory. A general notion of central extensions was

investigated (see [61]).

Over the last thirty years, Mal’tsev categories were widely studied
in connection with the theory of commutators, centrality, and central
extensions (see |5, 7, 15, 31, 34, 35, 61, 64, 79, 80|, for instance, and
references therein). In his habilitation’s thesis [51], H. P. Gumm intro-
duced a geometrical approach to congruence modularity, which allowed
him to prove all the main properties of commutators in modular varieties:
the purely algebraic manipulations previously used by J. Hagemann and
C. Herrman to prove the properties of the modular commutator became
more intuitive, thanks to this geometrical approach. He also introduced
a new property, called the Shifting Lemma, and proved that a variety
of universal algebras satisfies the Shifting Lemma precisely when it is
congruence modular. For a variety V of universal algebras, the Shifting
Lemma is stated as follows: given congruences R,.S and T on the same
algebra X in V such that R A S < T, whenever z,y,u,v are elements
in X with (z,y) € RAT, (z,u) € S, (y,v) € S and (u,v) € R, it then
follows that (u,v) € T. We display this condition as
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In any regular category it is easy to see that congruence modularity im-
plies that the Shifting Lemma holds. Since regular Mal’tsev and Goursat
categories are such that their lattices of equivalence relations on any ob-

ject are modular, then the Shifting Lemma holds in both contexts.

In [79] M. C. Pedicchio developed a categorical approach to com-
mutator theory in exact Mal'tsev categories with coequalizers thanks
to the notions of pregroupoid in the sense of Kock [70, 71]. Motivated
by their work on internal categories and internal groupoids in [63], this
categorical approach to commutator theory was generalized in general
categories by G. Janelidze and M. C. Pedicchio in [64] by introducing
the notion of internal pseudogroupoid. However, the main results were

actually obtained only in the varietal context.

In [14], D. Bourn and M. Gran introduced a categorical version of the
Shifting Lemma, called the Shifting Property, in any finitely complete
category, and this leads to the notion of a Gumm category. They also
proved that, whenever a finitely complete category satisfies the categori-
cal formulation of Gumm’s Shifting Lemma, a pseudogroupoid structure
is unique, when it exists. So, for two equivalence relations R and S hav-
ing a pseudogroupoid structure becomes a property, and the path to an
entirely categorical approach to commutator theory (in full generality)
was open. Indeed, the existence of pseudogroupoid structure is equiv-
alent to the triviality of the modular commutator. The pseudgroupoid
structure can be simplified in Gumm categories and it has some good

properties reflecting those of commutators in the modular context.

In [15] D. Bourn and M. Gran developed a new categorical approach
to centrality, by emphasizing the role of the notion of internal connector
between two equivalence relations introduced in [16]. If (R,r;,72) and
(S, s1,52) are two equivalence relations on an object X and R xx S
the pullback of ro along s1, a connector between R and S is an arrow
p: Rxx S — X inC

RXXSHS

SN

R X




16 Introduction

such that
1. zSp(z,y,z)Rz;
2. p(z,z,y) =y
3. p(z,y,y) = =

4. p(z,y,p(z,u,v)) = p(p(z,y,2),u,v),
when each term is defined.

The notion of connector is deeply related to the notion of pregrou-
poid. In fact, given two regular epimorphisms d: X — Y and ¢: X — Z,
a connector on the effective equivalence relations Eq(d) and Eq(c) is the
same thing as an internal pregroupoid (see also the introduction of [15],
for instance, for a comparison between these two related notions and
some additional references). So, the notion of connector allows to study
the centrality of all equivalence relations, even of those that are not ef-
fective. In [15], the authors used this notion of connector to prove the
important basic centrality properties corresponding to the classical prop-
erties of the commutator in the context of regular Mal’tsev categories.
They also gave some new characterizations of regular Mal’tsev categories
in terms of properties of internal categories and internal groupoids. In
this thesis we generalize these results to the context of Goursat cate-
gories.

All the previous results in the regular Mal’tsev and Goursat cate-
gories in terms of properties of connectors were obtained thanks to the
validity of the Shifting Lemma in both contexts. For this reason we also
thoroughly investigate the Shifting Lemma in this thesis: it allows us to
show that regular Mal’tsev and Goursat categories can be characterized
through suitable variations of the Shifting Lemma. These results are
new, even in the context of universal algebras.

In 2000, motivated by the Shifting Lemma characterizing congru-
ence modular varieties, J. Duda introduced in [29, 30] other properties
related to the Shifting Lemma and that characterize congruence distribu-
tive varieties. These properties are called the Triangular Lemma and the
Trapezoid Lemma in the varietal context. A variety V of universal al-

gebras satisfies the Triangular Lemma [27] if, given congruences R, S
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and T on the same algebra X in V such that RAS < T, whenever y, u, v
are elements in X with (u,y) € T, (y,v) € S and (u,v) € R, it then
follows that (u,v) € T. We display this condition as

T

A variety V of universal algebras satisfies the Trapezoid Lemma [27]

if, given congruences R, S and T on the same algebra X in V such that
RAS < T, whenever z,y,u,v are elements in X with (z,y) € T,
(z,u) € S, (y,v) € S and (u,v) € R, it then follows that (u,v) € T
We display this condition as

7 R \/>T (5)

In their 2003 paper [27]|, I. Chajda, G. Czédli, E. Horvath studied
these properties and proved that, for a variety V of universal algebras,
the fact that both the Shifting Lemma and the Triangular Lemma hold in

a variety V is equivalent to V being a congruence distributive variety, and

this is also equivalent to the fact that the Trapezoid Lemma holds in V.
Consequently, by considering stronger versions of the Triangular Lemma
we were hoping to get at once 2-permutability (or 3-permutability) and
congruence distributivity in a varietal context, and to extend these ob-

servations to a categorical context.

Explaining how this is indeed possible is one of the results of this
thesis, where suitable variations of the Triangular Lemma and of the
Trapezoid Lemma are shown to be the right properties to character-
ize equivalence distributive categories (the natural generalization of
congruence distributive varieties). This also led us to give some new
characterizations of equivalence distributive Mal’tsev and Goursat cate-
gories through variations of the Triangular Lemma and of the Trapezoid

Lemma. As examples of equivalence distributive categories we list, for
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instance, the categories Heyt, BoolAlg of boolean algebras. The dual
category of any elementary topos and more generally any arithmetical
category [80] are equivalence distributive categories.

Over the past, Mal'tsev categories were also studied in the theory
of regular and exact completions [26]. In particular, J. Rosicky and E.
Vitale studied Mal’tsev categories in relationship with the construction
of the free exact and regular completion of a category with weak finite
limits (weakly lex) in [86].

An important aspect in the study of these completions concerns the
possibility of characterizing projective covers of certain algebraic cat-
egories through simpler properties involving projectives, and to relate
those properties to the known varietal characterizations in terms of the
existence of operations and identities of their varietal theories. Such kind
of studies have been done for the projective covers of categories which
are: Mal'tsev [86], protomodular and semi-abelian [37], (strongly) unital
and subtractive [42]. In this thesis, we give a characterization of those
categories with weak finite limits which are projective covers of Gour-
sat categories. This result also applies to 3-permutable (quasi)varieties,

yielding a Mal’tsev condition characterization.

Overview of the contents

In Chapter 1, we introduce the basic categorical notions and results we
shall need in the following chapters. In particular we recall the relation-
ship between some special epimorphisms such as strong epimorphisms,
regular epimorphisms and split epimorphisms. We then recall some ba-
sics facts about regular categories and relations in regular categories.
We also recall the notion of projective cover, and Barr’s Methatheorem
concerning the internal logic of regular categories (Theorem 1.23, 1.24).

In Chapter 2, we begin by recalling the definition and some impor-
tant characterizations of Goursat categories such as the characterization
through the (denormalized) 3-by-3 Lemma, the characterization through
a special kind of pushouts, called Goursat pushouts, and the charac-
terization in terms of fibrations of points. We then introduce the notion

of weak Goursat category and give the characterization of the categories
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with weak finite limits whose regular completion is a Goursat category
(Propositions 2.25 and 2.27). As an application, we relate them to the
existence of the quaternary operations which characterize the varieties
of universal algebras which are 3-permutable (Proposition 2.28).

In Chapter 3, we study some internal structures such as internal con-
nectors, internal categories and internal groupoids in Goursat categories.
We show that, for any Goursat category C, the category Equiv(C) of
equivalence relations in C is also a Goursat category (Proposition 3.3).
We use this result to prove some properties of Goursat categories in terms
of connectors. More precisely, we show that, when C is a Goursat cate-
gory, then connectors are stable under quotients in C (Proposition 3.9),
and this implies that the category Conn(C) of connectors in C is again
a Goursat category (Theorem 3.12). As a consequence, we show that
Goursat categories can be characterized in terms of properties of inter-
nal groupoids and internal categories (Theorem 3.19). It turns out that
a regular category C is a Goursat category if and only if the category
Grpd(C) of internal groupoids (equivalently, the category Cat(C) of in-
ternal categories) in C is closed under quotients in the category RG(C)
of reflexive graphs in C. The main results of this chapter are summarized
in Table 3.1.

In Chapter 4, we study the Shifting Lemma in regular Mal’tsev and
Goursat categories. We begin by giving some new characterizations of
regular Mal’tsev and Goursat categories in terms of positive relations
(Theorems 4.6 and 4.7). We then use these characterizations to show that
Mal’tsev and Goursat categories can be characterized through variations
of the Shifting Lemma. More precisely, we prove that a regular category
C is a Mal'tsev category if and only if the Shifting Lemma holds for
reflexive relations on the same object in C (Theorems 4.11 and 4.12).
Moreover, we prove that a regular category C is a Goursat category
if and only if the Shifting Lemma holds for a reflexive relation S and
reflexive and positive relations R and T in C (Theorem 4.17).

In Chapter 5, we study the Triangular and Trapezoid Lemma in reg-
ular Mal’tsev and Goursat categories. We introduce the notion of equiv-
alence distributive category and show that when C is a regular Mal’tsev

category, or even a Goursat category, the Triangular Lemma is equiva-
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lent to the Trapezoid Lemma, and both of these properties are equiv-
alent to C being equivalence distributive (Propositions 5.7 and 5.10).
We then give some new characterizations of equivalence distributive
Mal’'tsev and Goursat categories through variations of the Triangular
and Trapezoid Lemmas involving reflexive and positive relations (Theo-
rems 5.13 and 5.19).

We conclude the thesis in Chapter 6 with some directions for future

research.



Chapter 1

Preliminaries

In this chapter, we recall some elementary categorical notions and prop-

erties needed in the subsequent chapters.

1.1 Special epimorphisms

In this section, we examine various types of epimorphisms in order to

understand the notions of regular and exact categories.

Definition 1.1. A morphism f: X — Y in a category C is an epimor-
phism if, for any pair of parallel arrows u,v: Y — Z such that uf = v f,

one has u = v.

In the category Set of sets, the epimorphisms are precisely the sur-
jective maps. In the category Grp and Ab of abelian groups, the epi-
morphisms are the surjective homomorphisms.

The notion of monomorphism is defined dually:

Definition 1.2. A morphism f: X — Y in a category C is a mono-
morphism if, for any pair of parallel arrows u,v: W — X such that

fu = fv, one has u = v.

Monomorphisms in Set are the injective maps, in Grp and in Ab the
injective homomorphisms, in Top (the category of topological spaces)

the continuous injective maps.

21
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We shall generally use the arrow f: X ~— Y to express the fact that
f is a monomorphism.

For an object X in a category C and two monomorphisms m: M — X
and n: N — X we say that m factors through n (and we will write
m < n) when there exists s : M — N such that m = ns. A subobject
of an object X in C is an equivalence class of monomorphisms with
codomain X, where two monomorphisms m: M — X and n: N — X

are equivalent if and only if m < n and n < m.

Definition 1.3. An epimorphism f: X — Y in a category C is a strong

epimorphism if, given any commutative square
f
X ——Y
'
W——=7

m Y

where m is a monomorphism, then there exists a unique arrow
t: Y — W such that mt =h and tf = g.

Strong epimorphisms have the following properties:

1.if f: X — Y and g: Y — Z are two strong epimorphisms, then
gf: X — Z is a strong epimorphism.

2.if f: X — Y and g: Y — Z are such that gf: X — Z is a

strong epimorphism, then g: Y — Z is a strong epimorphism.

Definition 1.4. A morphism f: X — Y in a category C is a regular

epimorphism if there exist two arrows u, v: C' — X in C
U f
C—=X——=Y,
v
such that f is the coequalizer of u and v.

We shall generally use the arrow f: X — Y to express the fact that
f is a regular epimorphism.
For an object X in a category C and two regular epimorphisms

p: X » Y and q: X — Z we will write p < ¢ when there exists
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e : Z — Y such that p = eq. A quotient object of an object X in C is
an equivalence class of regular epimorphisms with domain X, where two
regular epimorphisms p: X — Y and ¢q: X — Z are equivalent if and

only if p < g and g < p.

Definition 1.5. A morphism f: X — Y in a category C is a split

epimorphism if there is an arrow i: ¥ — X such that fi = 1y.

In a category C, regular, strong and split epimorphisms are linked as

follows:
Proposition 1.6. In any category C, the following properties hold.
e every split epimorphism is regular;

e every regular epimorphism is strong.

1.2 Regular categories
Definition 1.7. A finitely complete category C is called regular [4] if
e every kernel pair has a coequalizer;

e regular epimorphisms are pullback stable, that is, in any pullback

Xxy,V Py
p1 J{f
X Z,

the morphism po : X Xz Y — Y is a regular epimorphism when-

ever g: X — Z is a regular epimorphism.

Example 1.8. The categories Set of sets, Grp of groups, Ab of abelian
groups, Mon of Monoids, Rng of rings, Mod-R of modules over some
fixed ring R are regular categories. More generally, any variety of uni-
versal algebras is a regular category, where regular epimorphisms are

surjective homomorphisms, and finite limits (in particular, pullbacks)



24 1. Preliminaries

are computed as in the category of sets. The same is true for any quasi-
variety of algebras (see [81], for example). As examples of regular cate-
gories that are not (finitary) varieties of universal algebras we have: the
categories CGrp of compact groups, Grp(Top) of topological groups.
The categories Top of topological spaces, Cat of small categories,
for instance, are not regular categories, since regular epimorphisms are

not always pullback stable in these categories.

In any regular category C, regular epimorphisms have the following

properties:

Proposition 1.9. Let C be a regular category, then the following prop-
erties hold:

1. given regular epimorphisms f: X — Y and g: X' — Y’, their
product f x g: X x X’ — Y x Y’ is a regular epimorphism as

well;

2. the notions of regular epimorphism and strong epimorphism are

equivalent;

3. a morphism which is both a monomorphism and a regular epimor-

phism is an isomorphism.
The notion of regular category can be also reformulated as follows:

Theorem 1.10. Let C be a finitely complete category. Then C is a

regular category if and only if

1. any arrow f: X — Y has a (unique up to isomorphism) factoriza-

tion as a regular epimorphism p: X — I followed by a monomor-

N

2. these factorizations are pullback stable.

phism m: I - Y,
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The subobject determined by the monomorphism m: I ~— Y is uni-

que, and it is called the reqular image of the arrow f.

In Grp, for instance, the factorization is obtained as follows: given
a group homomorphism f: A — B, consider the kernel pair of f which
is the equivalence relation Eq(f) = {(xz,y) € Ax A | f(x) = f(y)} also
obtained by building the pullback of f along f

Eq(f) —2> A

fll if

A B.
f

The canonical quotient p: A — A/Eq(f) is a group homomorphism and

allows one to get the following commutative diagram in Grp

f
Eq(f) —= A ! B.
f2 7
x o
A/Eq(f)

The canonical quotient p: A — A/Eq(f) is actually the coequalizer of

f1 and fo and thus a regular epimorphism in Grp and the induced

morphism m: A/Eq(f) — B is a monomorphism since it is injective.
The construction of the factorization is performed similarly in any

regular category.

1.3 Relations in regular categories

Regular categories provide a good context for the calculus of relations.
As usual, a relation R from X to Y is a subobject (r1,7m2): R — X x Y.
The opposite relation of R, denoted R?, is the relation from Y to X given
by the subobject (ro,r1): R — Y x X. A relation R from X to X is
called a relation on X. We shall identify a morphism f: X — Y with
the relation (1x, f): X — X xY and write f° for its opposite relation. In
particular, the identity arrow 1x: X — X yields the identity relation,
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denoted by 1y, given by (1x,1x): X — X x X. An important aspect of
regular categories is that in these categories one can define a composition
of relations. In Set, if R — X x Y is a relation from X to Y, and
S — Y x Z a relation from Y to Z, one usually defines the relation
SR — X X Z by setting

SR={(z,2)eX xZ|JyeY: (x,y) € RA (y,2) € S}.

Thanks to the existence of regular images (see Theorem 1.10), this
construction is actually possible in any regular category C. In fact, given
two relations (r1,r2): R>— X x Y and (s1,s2): S »— Y x Z in a regular
category C, to construct the relational composite SR — X x Z, we first
build the pullback of 5 and s,

=y

XyS

R S
N
X Y Z
and the composite relation SR of .S and R is given by the regular image

of the arrow (rip1, sop2): R xy S — X X Z,

(r1p1,s2p2)

RXyS X x Z.

T

SR

This composition is then associative, thanks to the fact that regular epi-
morphisms are assumed to be pullback stable. With the above notation,
any relation (ri,72): R — X XY can be seen as the relational composite
rory.

Relations are partially ordered by the usual inclusion of subobjects.
The following properties are well known and easy to prove (see |21] for

instance); we collect them in the following lemma:

Lemma 1.11. Let f: X — Y be an arrow in a regular category C, and
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let f = ir be its (regular epimorphism, monomorphism) factorization.
Then:

1. f°f is the kernel pair of f, thus 1x < f°f; moreover, 1x = f°f if

and only if f is a monomorphism;

2. ff°is (i,i), thus ff° < 1y; moreover, ff° = ly if and only if f is
a regular epimorphism;
3. ff°f=[fand foff°=f°
Definition 1.12. A relation (R, r1,7r2) on an object X is said to be:

e reflexive when 1x < R, i.e. there is an arrow 7: X — R such

that rir = 1x = ror;

o symmetric when R° < R, i.e. there is an arrow 0: R — R such

that ro = r1o and r1 = ro0o;

o transitive when RR < R, i.e. by considering the pullback
(R xx R,pi1,p2) of 7o and rq, there is an arrow t: Rxx R — R
such that the diagram

commutes;
e an equivalence relation if R is reflexive, symmetric and transitive.

In particular, the kernel pair (f1, f2): Eq(f) — X x X of a morphism
f: X — Y (obtained by building the pullback of f along f) is an
equivalence relation. The equivalence relations that occur as kernel pairs

of some morphism in a category C are called effective.
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We denoted by Equiv(C) the category whose objects are equivalence
relations in C and arrows from (ri,72): R — X xX to (s1,82): S — Yx

Y are pairs (f, g) of arrows in C making the following diagram commute

i.e. s1g = fry and sag = fro.

Definition 1.13. [2] A category C is said to be ezact if it is regular

and every equivalence relation in C is effective.

Example 1.14. The category Set is exact: each equivalence relation R
on a set A is the kernel pair of the canonical quotient 7g: A — A/R.
Similarly, the categories Grp, Rng, Mon and, more generally, any va-
riety of universal algebras are exact categories. The category CMon of
cancellative monoids is regualr, but not exact. The same is true more

generaly for any quasi-variety [81].

Definition 1.15. Let C be a regular category, (R, 71,72) a relation on X
and f: X — Y aregular epimorphism. We define the regular image of R
along f: X — Y to be the relation f(R) on Y induced by the (regular

epimorphism, monomorphism) factorization (s1,s2)1) of the composite

(f x f){rey,r2):

P
R > f(R)
Y
(HJ’Q)I (s1,82)
\

XxX—=Y xY.
xf

Note that the regular image f(R) can be obtained as the relational
composite f(R) = fRf° = frar{f°. When R is an equivalence relation,
f(R) is also reflexive and symmetric. In a general regular category f(R)
is not necessarily an equivalence relation. This is the case in a Goursat
category (Theorem 2.4).

By using the previous definition and Lemma 1.11 we prove the fol-

lowing:
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Proposition 1.16. Let C be a regular category. Given the commutative
diagram
R~

Xﬂ

f

52

) n

).<

where R and S are relations and f a regular epimorphism, the morphism

g is a regular epimorphism if and only if S = f(R).
Proof. Suppose g to be a regular epimorphism; one has:

f(R) = [frar}f°
= s209°s] (since fro = sag and fr; = s19)
= s2s]  (since g is a regular epimorphism)

= S

For the converse, if S = f(R), then g is a regular epimorphism by
the definition of the regular image of R. O

1.4 Projective cover

Here, we recall the notion of projective cover and the construction of the
free regular completion of a weakly lex category.

The construction of the free exact category over a category with finite
limits was introduced in [20]. It was later improved to the construction
of the free exact category over a category with finite weak limits (weakly
lex) in [26]. This was possible because the uniqueness requirement in the
definition of finite limits of the original category was never used in the
construction, but only the existence requirement. In [26], the authors
also considered the free regular category over a weakly lex one.

An important property of the free exact (or regular) construction is
that such categories always have enough (regular) projectives. In fact,
an exact category A may be seen as the exact completion of a weakly lex
category if and only if it has enough projectives. If so, then A is the exact
completion of any of its projective covers. Such a phenomenon is captured

by varieties of universal algebras: they are the exact completions of their
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full subcategory of free algebras.

Definition 1.17. An object P in a category is (regular) projective if,
for any arrow f: P — X and for any regular epimorphism ¢g: ¥ — X
there exists an arrow h: P — Y

P
h//
et
k

Y — X
g

such that gh = f.

We say that a full subcategory C of A is a projective cover of A if

two conditions are satisfied:
e any object of C is regular projective in A;

e for any object X in A, there exists a (C-)cover of X, that is an
object C in C and a regular epimorphism C' — X.

When A admits a projective cover, one says that A has enough projec-
tives.

The following property holds in any category:

Lemma 1.18. Any regular epimorphism with a projective codomain is

a split epimorphism.

Proof. Let f: X — Y be a regular epimorphism in a category such that
Y is a projective object. Since Y is projective, there exists an arrow
h:Y - X

Y
L /s
// ilY
%

X —=Y
f

such that fh = 1y, and then f is a split epimorphism. O

By dropping the assumption of uniqueness of the factorization in the

definition of a limit, one obtains the definition of a weak limit. So, weak
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limits are not unique in general (not even up to isomorphisms). We call

weakly lex a category with weak finite limits.

f
We shall generally use the arrow X =—==Y to express the fact that

f is a split epimorphism in a weakly lex category.

Remark 1.19. If C is a projective cover of a weakly lex category A,
then C is also weakly lex [26]. For example, let X and Y be objects in
Cand X < W —Y a weak product of X and Y in A. Then, for any
cover W — W of W, X =<— W —Y is a weak product of X and Y in
C. Furthermore, if A is a finitely complete category and X x Y is the
usual product of X and Y, then the induced morphism W — X x Y is

a regular epimorphism. Similar remarks apply to all weak finite limits.
Definition 1.20. [26] Let C be a weakly lex category:

1. a pseudo-relation on an object X of C is a pair of parallel arrows
T

R ?;1 X ; a pseudo-relation is a relation if 1 and 79 are jointly
2

monomorphic;

T
2. a pseudo-relation R *>Tl> X on X is said to be:
2

o reflexive when there is an arrow r: X — R such that

rmr=1x =ror;

e symmetric when there is an arrow o: R — R such that

ro = rio and r1 = ry0;

o transitive if by considering a weak pullback

w-"-Rr

R?X,
2

there is an arrow ¢t: W — R such that rit = r1p; and
rot = T2p2.

e a pseudo-equivalence relation if it is reflexive, symmetric and

transitive.
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T
Remark that the transitivity of a pseudo-relation R :;1 X does
T2

not depend on the choice of the weak pullback of r; and r9; in fact, if
W—=R
R X

is another weak pullback, the factorization W — W composed with the

I

transitivity t: W — R ensures that the pseudo-relation is transitive also

with respect to the second weak pullback.

Example 1.21. Any weak kernel pair in a weakly lex category is a

pseudo-equivalence relation.

It was proved in [26] that regular categories with enough projectives
are the regular completions of their full subcategories of projective ob-
jects. Note that the free regular completion C,..4 of a weakly lex category

C is built as follows:

e objects: an object in C,¢q is a finite family of arrows
(fi: X = X)ier in C (all the arrows f; of the family have the same

domain)

e arrows: an arrow between two objects (f;: X — X;);cr and
(9j: Y — Yj)jcs is an equivalence class of arrow h: X — Y in C
such that g;ht; = g;jhta

t1 ]| t2

h

_nhoy

s

Y.

P

f.

~
-

o

_ ot
where X t:;l X is a weak joint kernel pair of the family
2

(fi: X — X;), i.e. it is weakly universal with respect to the pro-



1.5. The Yoneda embedding 33

perty fit1 = fito, Vi € I. Two arrows of this kind h: X — Y and
k: X —Y are said to be equivalent if Vj € J, g;jk = g;h.

Theorem 1.22. [26] When C has weak finite limits, then the category

Cjeq is regular.

1.5 The Yoneda embedding

In this section, we recall two important results due to Yoneda and Barr
which will allow us to partially use set-theoretic terms to develop proofs

in a regular category.

Let C be a small category. The Yoneda embedding of C is the functor
Yo: C — [C?,Set], C+— C(—,0C).

This functor Y¢ is a full and faithful embedding of C in the category
[C°P, Set] of contravariant functors from C to Set and natural transfor-
mations between them. Each functor C(—,C) preserves limits. This
implies that the Yoneda embebbing preserves all limits which exits in C.
As a consequence, these properties of the Yoneda embedding allow us to
reduce the proofs of statements about finite limits in any finitely com-
plete category to a proof in the category of sets. However, statements
about specific arrows being regular epimorphisms cannot be proved in
the same way, since the Yoneda embedding does not preserve regular
epimorphisms. Also, the Yoneda embedding does not allow one to prove
the existence of some arrow in a category directly in the category of sets.
Thanks to the Yoneda embedding, Barr proved an important theorem
(also called "Barr’s embedding thereom") which allowed to develop
part of the internal logic of a topos in any regular category. It also allows
to reduce the proofs about finite limits and regular epimorphisms in a

regular category by just proving them in the category of sets.

Theorem 1.23. |[3] For every small regular category C, there is a small

category D and a full and faithful embedding

Z: C — [D, Set],
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which preserves and reflects finite limits and regular epimorphisms.

This theorem has been adapted to the context of a regular category

by Borceux and Bourn as follows:

Metatheorem 1.24. |[7] Consider a statement of the form A = B,
where A and B are conjunctions of properties which can be expressed

as:
e some finite diagram is commutative;
e some morphism is a monomorphism;
e some morphism is a regular epimorphism;
e some morphism is an isomorphism;
e some finite diagram is a limit diagram;
e some arrow factors through some specified monomorphism.

If the statement A = B is true in the category of sets, then it is also

true in every regular category.

As an application, we will partially use this result in the proof of The-
orems 5.16 and 5.20. In a regular context, thanks to Barr’s Metatheorem
(Theorem 1.24), one can use set-theoretic terms, so that the properties
given in the diagrams (3), (4) and (5) may still be expressed by using

generalized elements.



Chapter 2
Goursat categories

In this chapter, we recall the definition of Goursat categories introduced
by A. Carboni, M. Kelly, J. Lambek and M. C. Pedicchio in [21, 23| and
investigate some of their properties. We then introduce the notion of
weak Goursat categories and give some characterizations of categories

with weak finite limits whose regular completion is a Goursat category.

2.1 Definition and examples

As mentioned in the Introduction, Goursat categories were discovered
by A. Carboni, J. Lambek and M. C. Pedicchio in [23] but were defined
explicitely and first studied by A. Carboni, M. Kelly, and M. C. Pedicchio
in [21].

Definition 2.1. [23, 21] A regular category C is called a Goursat cate-
gory when the equivalence relations in C are 3-permutable, i.e. RSR =

SRS for any pair of equivalence relations R and S on the same object.

Goursat categories are also characterized by other properties on

(equivalence) relations, as follows:

Theorem 2.2. [21] Let C be a regular category. The following condi-

tions are equivalent:
(i) C is a Goursat category;
(ii) VR, S € Equiv(X), RSR € Equiv(X), for any object X in C;

35
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(iii) VR, S € Equiv(X), RV.S = RSR(= SRS), for any object X in C;
(iv) any relation P is such that PP°PP° = PP°,

(v) for any reflexive relation E, the relation FE° is an equivalence

relation;
(vi) for any reflexive relation F, EE° = E°E.

From this theorem it follows that, for any object X of a Goursat
category C, the lattice of equivalence relation on X is modular (Propo-
sition 3.3 [21]).

Example 2.3. There are many important algebraic examples of Goursat
categories. Indeed, by a classical theorem in [53], a variety of universal
algebras is a Goursat category precisely when it is a 3-permutable variety:
this property is known to be equivalent to the existence of two ternary

operations 7 and s satisfying the following the identities:

r(z,y,y) = =
r(z,ey) = s(@,y,9)
s(z,x,y) = .

We shall see in Proposition 2.28 another algebraic characterization of
3-permutable varieties via quaternary operations. Accordingly, the va-

12 and s(z,y,2) = 2,

riety of groups with the operations r(z,y, z) = xy~
the category Ab, Mod-R, Rng, Hey, X-Mod of crossed modules,
QGrp of quasi-groups, AssAlg of associative algebras, and ImplAlg
of implication algebras are all Goursat categories. As examples of Gour-
sat categories that are not (finitary) varieties of universal algebras we
have: the categories CGrp of compact groups, Grp(Top) of topologi-
cal groups (68|, Hopfx o [49], the dual category of sets Set®” and more

generaly the dual category of any topos [21].

Another characterization of Goursat categories in terms of (equi-
valence) relations is given by the preservation of equivalence relations

through the regular image by a regular epimorphism as follows:
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Theorem 2.4. [21] A regular category C is a Goursat category if and
only if for any regular epimorphism f: X — Y and any equivalence
relation R on X, the regular image f(R) = fRf° of R along f is an

equivalence relation.

Proof. The relation f(R) is always reflexive and symmetric in a regular

category C since
ly = ff° < fRf° = [(R)

and

(f(R))” = (fRf®)" = fR°f° = fRf® = f(R).
For the transitivity, one has:

fR)f(R) = [Rf°fRf°
ffPfRfff°  (by assumption)
= fRf° (by Lemma 1.11 3.)
= f(R)

For the converse, let E' = eze] be a reflexive relation, we are going

to prove that FE° is an equivalence relation (Theorem 2.2 (v)).

One has
EE° = exeferes = ea(Eq(er))

so, FE° is the regular image of the equivalence relation Eq(e;) along
the regular epimorphism e and is then, by assumption, an equivalence

relation. O

2.2 Properties of Goursat categories

There are many interesting known properties of Goursat categories. In
this section, we present some of these properties in terms of a special kind
of pushout, through a specific stability property of regular epimorphisms

with respect to pullbacks and in terms of fibrations of points.
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2.2.1 The 3-by-3 Lemma

Here, we observe that the (denormalized) 3-by-3 Lemma holds in any
regular Goursat category.
In any abelian category, the classical 3-by-3 Lemma is stated as fol-

lows:

Theorem 2.5. [7] (The 3-by-3 Lemma)
Let C be an abelian category. Then "The 3-by-8 Lemma" holds in C:

given a commutative diagram of short exact sequences

0 0 0

where ff’ = 0, then if any two rows are short exact sequences, then so
is the third.

We refer the reader to [6, 7, 19] for more details about the 3-by-3

Lemma and abelian categories.

In a category which is not pointed, the 3-by-3 Lemma has a "de-
normalized version" where short exact sequences are replaced by "exact

forks": these are diagrams of the form

1

X r Y

Eq(r)

T2

in which (Eq(r),r1,72) is the kernel pair of its coequalizer r. The corre-

sponding 3-by-3 Lemma, called " The denormalized 3-by-3 Lemma" [13],
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would then concern a diagram

hi A
Eq(p) —Z Eq(f) — Ea(g)
ha
802‘/ 1 fo| | A g1 |92
hi h
Rq(h) ——= 4 c (6)
ha
® f 9
k1
K B D
kg k

satisfying the usual commutativity conditions in which the three columns
and the middle row are exact forks. The lemma states that the top row
is an exact fork if and only if the bottom row is an exact fork.

Note that the "middle" version of the denormalized 3-by-3 Lemma
(which states that top and bottom rows are exact fork imply that middle
row is an exact fork) always holds in a regular category.

From [13, 72|, we have:

Proposition 2.6. Let C be a Goursat category. Then the denormalized
3-by-3 lemma holds in C.

It was proved in [13] that this result holds when a regular category C
satisfies the 2-permutability property, also known as the Mal’tsev prop-
erty: in this case, C is called a Mal’tsev category [21], that is a regular
category in which the composition of equivalence relations permute, i.e.
RS = SR for any pair of equivalence relations R and S on the same
object. A rich theory of Mal’tsev categories has been developed over the
past thirty years by various authors, whose mains features are collected

in |7, 9, 18]. For instance, the 2-permutable version of Theorem 2.2 is:

Theorem 2.7. [23]| Let C be a regular category. The following condi-

tions are equivalent:

(i) Cis a Mal’tsev category;
(ii) VR, S € Equiv(X), RS € Equiv(X), for any object X in C;

(iii) VR, S € Equiv(X), RV S = RS(= SR), for any object X in C;
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(iv) any relation P is difunctional: PP°P = P;
(v) any reflexive relation F is symmetric: E° = F;
(vi) any reflexive relation E is an equivalence relation.

Theorem 2.7 implies that any regular Mal’tsev category is a Goursat

category. In fact, if C is a Mal’tsev category, one has

RSR = RRS (by assumption RS = SR)
= RS (by transitivity of R)
= RSS (by transitivity of S)
= SRS (by assumption RS = SR)

As examples of Goursat categories that are not regular Mal’tsev
categories we have the category ImplAlg of implication algebras |78|
and the category RCSGrp of right complemented semigroups [53].

2.2.2 Goursat pushout

In this subsection, we present a characterization of Goursat categories in
terms of a special kind of pushouts, called Goursat pushouts and some

of their useful consequences.

Theorem 2.8. [39] Let C be a regular category. The following condi-

tions are equivalent:
(i) C is a Goursat category;

(ii) any commutative diagram of type (I) in C, where o and (3 are

regular epimorphisms and f and g are split epimorphisms

X e U

ga=pf
| I
Y W,

(which is necessarily a pushout) is a Goursat pushout: the mor-
phism A: Eq(f) — Eq(g), induced by the universal property of

kernel pair Eq(g) of g, is a regular epimorphism.
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In [39], the authors give a proof of the implication (i) = (i) in
terms of the calculus of relations and a diagrammatical proof for the
implication (ii) = (7). Here we give a simple proof of the implication

(73) = (i) in terms of the calculus of relations.

Proof. (i) = (ii) To prove that the induced morphism

A: Eq(f) — Eq(g) is a regular epimorphism, by Proposition 1.16 it
suffices to prove that a(Eq(f)) = Eq(g). Since f and g are split epi-
morphisms, the induced factorization v: Eq(a) — Eq(/3) is necessarly
a split epimorphism and then f(Eq(a)) = Eq(5). One has

a(Eq(f)) = af®fa? (since Eq(f) = f°f)
= ac®af®fa’aa® (by Lemma 1.11)
af°fatafe fa® (by Goursat property)
af°pBfa® (since f(Eq(a)) = Eq(B))
= aa’g’gaa’ (Bf = ga)
= g°g (since « is a regular epimorphism)
= Eq(g)

(79) = (i) Let R be an equivalence relation on X and f: X - Y a

regular epimorphism. We are going to prove that the regular image

R—Is f(R)=5
X ——Y.

f(R) = S is an equivalence relation.
The relation S is always reflexive and symmetric. It remains to prove

that S is transitive. The following diagram is of the type (I)

R g S
S
X ; W,

where er and eg are given by the reflexivity of R and S, respectively.
So, by assumption the factorization A: Eq(r1) — Eq(s1) is a regular
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epimorphism and then g(Eq(r1)) = Eq(s1). One has

SS = s9 87 S1 85 (since S is symmetric)
= 59 Eq(s1) s5
= sagryrsg°ss (since g(Eq(r1)) = Eq(s1))
froryriry f° (since sp g = f r2)
= fRf° (since R is symmetric and transitive)
S

So, S = f(R) is transitive and then an equivalence relation, as desired.
0

Remark 2.9. Diagram (I) is a Goursat pushout precisely when the reg-
ular image of Eq(f) along a is (isomorphic to) Eq(g). From Theorem 2.8,
it then follows that a regular category C is a Goursat category if and only
if for any commutative diagram of type (I) one has a(Eq(f)) = Eq(g).
So, Theorem 2.4 characterizes Goursat categories through the property
that regular images of equivalence relations are equivalence relations,
while Theorem 2.8 characterizes them through the property that regular

images of certain kernel pairs are kernel pairs.

Definition 2.10. In any regular category C, a commutative diagram of
regular epimorphisms

w—2 Z

b

X Y,

is said to be a regular pushout (or double extension as in [48|) when
the factorization t: W — X Xy Z towards the pullback of f along g is a

regular epimorphism.

Equivalently, this commutative diagram of regular epimorphisms is

a regular pushout if and only if p1p§ = g°f.

Remark 2.11. It was shown in [13] that regular Mal'tsev categories
can also be characterized by a diagram of type (I) as follows: a regular
category C is a Mal’tsev category if and only if any commutative diagram

of type (I) in C is a regular pushout: this means that the canonical
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factorization e: X — Y Xy U induced by the universal property of the
pullback Y Xy U of 8 and g

is a regular epimorphism.

Goursat pushouts allowed to show that the validity of the (denor-
malized) 3-by-3 Lemma is actually equivalent to the Goursat property

as follows:

Theorem 2.12. [39] Let C be a regular category. Then the following

conditions are equivalent:
(i) C is a Goursat category;
(ii) the (denormalized) 3-by-3 Lemma holds in C;

(iii) the lower 3-by-3 Lemma holds in C: given any commutative dia-
gram (6), the lower row is an exact fork whenever the upper row

is an exact fork;

(iv) the upper 3-by-3 Lemma holds in C: given any commutative dia-
gram (6), the upper row is an exact fork whenever the lower row

is an exact fork.

Remark 2.13. Regular Mal'tsev categories can also be characterized by
a stronger version of the denormalized 3-by-3 Lemma, called the Cuboid
Lemma [43], by replacing the kernels pairs in the three exact columns in

(6) with pullbacks of regular epimorphisms along arbitrary morphisms.

Theorem 2.14. [43] Let C be a regular category and consider any

commutative diagram in C
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where the three diamonds are pullbacks of regular epimorphisms along
arbitrary morphisms and the two middle rows are exacts forks. Then

the following conditions are equivalent:

(i) C is a Mal’tsev category;

(ii) the Cuboid Lemma holds in C: given any commutative diagram
(7), the upper row is an exact fork whenever the lower row is an

exact fork.

Note that, this characterization is still true when the three diamonds
are pullbacks of split epimorphisms along arbitrary morphisms [43]; this

variation of the Cuboid Lemma is called split Cuboid Lemma.

Another application of Goursat pushouts is that they allow one to ob-
tain a characterization of Goursat categories through a stability property
of regular epimorphisms with respect to pullbacks of split epimorphisms

as follows:

Theorem 2.15. [41] Let C be a regular category. The following condi-

tions are equivalent:

(i) C is a Goursat category;
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(ii) for any commutative cube

(iii)

X xy Z A U xw V
n
\ I \
Y I
Z T \%
I
Xeo——-—-- - Yo U h
\ k ol
f g\\\i\
Y 3 W,

where the left and right faces are pullbacks of split epimorphisms
and «, 8 and v are regular epimorphisms (commuting also with the
splittings), then the comparison morphism A: X xy Z — U xyw V

is also a regular epimorphism;

for any commutative cube

X xy Z 0 A
Tz ¥l
i, A - v
&
(1x,kf) \V: . (9)
) gEp— —L U
! AN
Y g W,

where the left face is a pullback of split epimorphisms, the right face
is a commutative diagram of split epimorphisms and the horizontal
arrows «, f3,7,0 are regular epimorphisms (commuting also with

the splittings), then the right face is a pullback.

The previous theorem can also be expressed as a restricted Beck-

Chevalley condition, with respect to the fibration of points, for a special

class of commutative squares.

Let Pt(C) be the category whose objects are split epimorphisms with

a chosen splitting (also called points) and morphisms the commutative

squares between these data. When C has pullbacks of split epimor-
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phisms, the functor sending a point to its codomain

Pt(C) — C

U%WHW

is a fibration, called the fibration of points [11]. Given a morphism
B:Y — W, the change-of-base functor with respect to this fibration is
denoted by 8*: Pty (C) — Pty (C). If C has, moreover, pushouts along

split monomorphisms, then any pullback functor 5* has a left adjoint

51 : Pty(C) — th((C),
i Bi(3)
X==Y — p[X)=—=W
Bi(f)
where (81(X), Bi1(f), i(i)) € Pty (C) is determined by the right hand
part of the following pushout:

i»ﬁ!(X

X )
ZT Br(3)
Y

B

Theorem 2.16. [41] Let C be a regular category with pushouts along

split monomorphisms. Then the following conditions are equivalent:
(i) C is a Goursat category;

(ii) for any regular epimorphism : Y — W in C the functor
Bi: Pty (C) — Pty (C) preserves binary products;

(iii) for any commutative square

a
—_—

iy

HW

B

where f and g are split epimorphisms and « and 8 are regular epimor-

phisms (commuting also with the splittings), the Beck-Chevalley condi-
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tion holds: there is a functor isomorphism o f* = ¢*f;.

So, we can add Goursat categories to the list of (many) algebraic
categories characterized in terms of the fibration of points (see [10, 7] for

the case of protomodular, semi-abelian and Mal’tsev categories).

Remark 2.17. The equivalence (i) < (iv) in Theorem 2.7 allows to
study Mal’tsev categories in a finitely complete context, without the
assumption of regularity. Goursat categories can be also defined in a
finitely complete context, without the assumption of regularity, and such
that in a regular context it coincides with Definition 2.1, see [12]. But in
this thesis, we shall always work in regular Goursat categories that we

shall call Goursat categories for simplicity.

Remark 2.18. We observe a parallelism between certain properties of

Mal’tsev and Goursat categories:

Goursat categories Mal’tsev categories
RSR = SRS RS =SR
Goursat pushout Regular pushout
Denormalized 3-by-3 Lemma Cuboid Lemma

Regular Mal'tsev (2-permutable) and Goursat (3-permutable) cate-
gories are the first two in an infinite sequence of categories. In general,
if R and S are two equivalence relations on the same object X and
n > 0, we define the relation (R, S), by: (R,S)o = 1x, (R,5)1 = R,
(R,S)2=RS , (R,S)s = RSR, (R,S)s = RSRS, ...

Definition 2.19. A regular category C is called n-permutable whenever
(R,S)n = (S, R),, for any pair of equivalence relations R and S on the

same object.

Regular Mal’tsev and Goursat categories differ from the others

n-permutable categories by the following property:

Proposition 2.20. |23, 21| In any regular Mal'tsev and Goursat cate-

gories, the lattice of equivalence relations on the same object is modular:
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given equivalence relations R, S and T on the same object X € C such
that R < T, one has:

RV (SAT)=(RVS)AT.

In the 4-permutable case, for instance, this property does not hold.
In fact, it was shown in [28] that the Polin variety is 4-permutable but
the lattice of equivalence relations on the same object is not modular.

Note that the meet of equivalence relations (R, r1,r2) and (S, s1, $2)
on the same object X always exists in any finitely complete category and
it is defined by the following pullback:

A simple calculation shows that every m-permutable category is a

(n + 1)-permutable category. An n-permutable version of Theorem 2.2

1S:

Theorem 2.21. [21] For any regular category C and for any n > 2, the

following conditions are equivalent:
(i) C is n-permutable;

(ii) VR, S € Equiv(X), the relation (R, S), € Equiv(X), for any object
X in C;

(iii) VR, S € Equiv(X), RV S = (R, S)n(= (S, R)y), for any object X
in C;

(iv) for any relation P — A x B in C we have (P, P°),4+1 = (P, P°)p—1;

(v) for any reflexive relation F — X x X in C, the relation (E, E°),_1

is an equivalence relation;

(vi) for any reflexive relation £ — X x X in C, we have (E, E°),_1 =
(E°, E)p_1.
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2.3 Weak Goursat categories

In this section, we introduce the notion of weak Goursat category and
characterize categories with weak finite limits whose regular completions
give rise to Goursat categories. This kind of characterizations have been
obtained for the projective covers of categories which are: Mal’tsev [86],
extensive [50], topos [77], (locally) cartesian closed |25, 85] , protomodu-
lar and semi-abelian [37], (strongly) unital and subtractive [42] and 2-star
permutable [1]. As an application, we then relate them to the existence
of the quaternary operations characterizing the varieties of universal al-
gebras which are 3-permutable varieties. Most results of this section

come from the joint paper with D. Rodelo [84].

The following property from [90] (Proposition 1.1.9) will be useful in
the sequel:

Proposition 2.22. [90] Let C be a projective cover of a regular category

,
A. Let RT:ZIX be a pseudo-relation in C and consider its (regular
2

epimorphism, monomorphism) factorization in A

R ) xox

p Aﬂ
E

Then, R is a pseudo-equivalence relation in C if and only if E is an

equivalence relation in A.

In order to characterize the projective covers C of Goursat categories,
we should consider good properties characterizing Goursat categories
which could be translated to the weakly lex context. A possible transla-
tion of the property in Theorem 2.4 should replace equivalence relations
in A with pseudo-equivalence relations in C and regular epimorphisms in
A with split epimorphisms in C since a regular epimorphism in A with
a projective codomain is necessarily a split epimorphism (Lemma 1.18).

Thus, we introduce:

Definition 2.23. Let C be a weakly lex category. We call C a weak
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-
Goursat category if, for any pseudo-equivalence relation R 4?1> X and
2

f fr
any split epimorphism X ——=Y | the composite Rf:; Y is also a
72

pseudo-equivalence relation.

Lemma 2.24. If C is a regular weak Goursat category, then C is a

Goursat category.

Proof. We shall prove that for any reflexive relation (e, es) : E— X X

X, EE° is an equivalence relation (Theorem 2.2).

K
Consider the (pseudo-)equivalence relation Eq(e;) W:I; E and the
2

split epimorphism es (which is split by the reflexivity arrow). By as-

€271

sumption Eq(ep) X is a pseudo-equivalence relation. Its

€Q72
(regular epimorphism, monomorphism) factorization defines the regular
image ez(Eq(e1)) = EE°

Eq(e;) —=e2(Eq(e1)) = FE°

S

thus FE° is an equivalence relation. ]

We use Remark 1.19 repeatedly in the next results.

Proposition 2.25. Let C be a projective cover of a regular category
A. Then A is a Goursat category if and only if C is a weak Goursat

category.

Proof. Since C is a projective cover of a regular category A, C is weakly

T
lex. Suppose that A is a Goursat category. Let R ?;1 X be a pseudo-
2

f
equivalence relation in C and let X ===Y be a split epimorphism in C.

For the (regular epimorphism, monomorphism) factorizations of (ri,ra)
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and (fry, fro) we get the following diagram

(r1,m2)

R X x X

Z\E -
“ fxs (10)
S

(

N
R—

Y xY,
fri,fr2)

where w : E — S is induced by the strong epimorphism p

R—">E
&l w J((fxf)<€1,e2>
S . Y xY.

(s1,52)

Then w is a regular epimorphism and by the commutativity of the right
side of (10), one has S = f(E). By Proposition 2.22, we know that F
is an equivalence relation in A. Since A is a Goursat category and f
is a regular epimorphism (being a split one), then S = f(F) is also an

equivalence relation in A (Theorem 2.4) and by Proposition 2.22, we can

fri
conclude that R f:>> X is a pseudo-equivalence relation in C.
T2

Conversely, suppose that C is a weak Goursat category.
T
Let R ?;1 X be an equivalence relation in A and f: X — Y a regular
2

epimorphism. We are going to show that f(R) =S

R—"s f(R)=5
X 7 Y

is an equivalence relation; it is obviously reflexive and symmetric. In
order to conclude that A is a Goursat category, we must prove that S is

transitive.
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We begin by covering the regular epimorphism f in A with a split
epimorphism f in C. For that we take a cover y: Y — Y (with Y € C),
consider the pullback of y and f in A and take a cover a: X - X xy Y

Since f = f'a is a regular epimorphism in A with a projective codomain,
it is a split epimorphism (Lemma 1.18). Note that the above outer

diagram is a reqular pushout, so that
fey=af® and y°f = fa* (11)

(Definition 2.10).
Next, we take the inverse image = !(R) in A, defined by the following
pullback

2~ Y(R) e R
(pth)I (r1,72)
X xX — X x X,

which is an equivalence relation since R is, and cover it with an element

W € C to obtain a pseudo-equivalence W = X in C. By assumption
W—=X . Y is a pseudo-equivalence relation in C so it factors

v —
through an equivalence relation, say V v:;lY, in A. We have the
2
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commutative diagram

w w \

7 1(R) g sV

\ (’UL’I)QV/ >‘

TR
(p1,02) R h > S
_ _ <T‘17’r‘2> f‘XfT ) _/
X xX Y xY (s1,52)
yxy
TXT
X x X Y xY,

where v and A are induced by the strong epimorphisms w and v, respec-

tively
w = 7 1(R)
| I<m,pz>
. lef
& _ _
%4 Y xY
(v1,v2)
and
w Y - \%
I@Nw
hmrw >\ Y xY
‘ ‘ iny
S - Y xY.

(s1,82)

Since v is a regular epimorphism, we have V = f(z~!(R)). Since X is

a regular epimorphism, we have S = y(V). One also has V = y~1(9)
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because
y'(S) = y°Sy
= yf(R)y
= Y’ fRf%
= fz°Rxf° (by (11))
= f="Y(R))
= V.

Finally, S is transitive since

SS = yy° Syy°Syy° (Lemma 1.11(2))
= yy H(S)y 1 (9)y°
= yVVvy°

yVy°

y(V)

= S.

(since V is transitive)

O]

We may also consider weak Goursat categories through a property

which is more similar to the one mentioned in Theorem 2.4:

Lemma 2.26. Let C be a projective cover of a regular category A. The

following conditions are equivalent:
(i) C is a weak Goursat category;

(ii) For any commutative diagram in C

|

X==—z
f

®
- >
<

T1

-~

52 (12)

~—

T2 S1

such that f and ¢ are split epimorphism and R is a pseudo-equivalence

relation, then S is a pseudo-equivalence relation.

T
Proof. (i) = (ii) Since R ?))1 X is a pseudo-equivalence relation, by
2

T1
assumption R —= X is also a pseudo-equivalence relation and then
fra
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its (regular epimorphism, monomorphism) factorization gives an equiva-

lence relation E——=Y in A (Proposition 2.22). We have the following

€2
commutative diagram

where o: S — F is induced by the strong (split) epimorphism ¢

Réis

Pi a i<51,52)

EX Y XY

(e1,e2)

. . . 51 . .
Then o is a regular epimorphism and S —=Y is a pseudo-equivalence
52

relation (Proposition 2.22).

T
(1) = (i) Let RH%X be a pseudo-equivalence relation in C
2

o
and X =—=Y a split epimorphism. The following diagram is of the

type (12)
R——=R
]
X Y.

===
f

1
Since R—= X is a pseudo-equivalence relation, then by assumption
T2

fri
R f:; Y is also a pseudo-equivalence relation. O
T2

Alternatively, weak Goursat categories can be characterized through
a property more similar to the one mentioned in Remark 2.9. A diagram

of type (I) in a weakly lex context should have the regular epimorphisms
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a and f replaced by split epimorphisms; we call it of type (II):

—————= U
ga=pf
ST lf (11) tT lg st
Y=-"-"--¢2 w.
8

Note that such a diagram does not necessarily commute with the left

ward splittings of o and S.

Proposition 2.27. Let C be a projective cover of a regular category A.

The following conditions are equivalent:

(i) A is a Goursat category;

(ii) C is a weak Goursat category;

(iii) For any commutative diagram of type (II) in C

Fer>q
T
Xz————>U
st (I1) t”g
Y=<-—---<% W
5

where F' is a weak kernel pair of f and A is a split epimorphism,

then G is a weak kernel pair of g.

Proof. (i) < (ii) By Proposition 2.25.

(1) = (i13) If we take the kernel pairs of f and g, then the induced
morphism a: Eq(f) — Eq(g) is a regular epimorphism by Theorem 2.8.
Moreover, the induced morphism ¢: F' — Eq(f) is also a regular epi-
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morphism (Remark 1.19). We get the commutative diagram

Fe—t—s
¢ ) i
Eq(f) —>Ea(g)  r1))e
ﬁuh mlm
Xz=o==U
TP
Y=-o=sWw,
where w: G — Eq(g) is induced by the strong (split) epimorphism A
Fe=2==>G
a.tpi “’ J/<p17p2>
4
Eq(g) v UxU.

p1
This implies that w is a regular epimorphism and then G 4>T> U isa
2
weak kernel pair of g.

(731) = (i7) Consider diagram (12) in C where R % X is a pseudo-
2

S
equivalence relation. We want to prove that S S:>>1 Y is also a pseudo-
2

equivalence. Take the (regular epimorphism, monomorphism) factoriza-
tion of R and S in A and the induced morphism g making the following

diagram commute

©
Re——————= S
X -
Ss1 || s2
T |72
U i >V
ul v1
u2 v2
X==—---"--Z Y.
!

Since p is a regular epimorphism, V' = f(U) and consequently, V is
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reflexive and symmetric, as the regular image of the equivalence relation
U.
To conclude that S is a pseudo-equivalence relation, we just need to

prove that V' is transitive. We apply our assumption to the diagram

Eq(r1) < e(Eq(r1))
il . |
R ——= S

GRT\LH (I1) eSTl’SI
X====-=-=-=-=-= —— Y

where G is a cover of the regular image ¢(Eq(r1)) and F' is a cover
of the pullback Eq(r1) XyEq(r)) G- Note that A = X/ is a regular
epimorphism in A with a projective codomain, so it is a split epimorphism
(Lemma 1.18). Since ¢ is a regular epimorphism, then F—= R is a
weak kernel pair of r1. By assumption G —= S is a weak kernel pair
of s1, thus ¢(Eq(r1)) = Eq(s1). We then have

VvV = VUiV V8 (since V' is symmetric)
= v00°v{v100°v§ (Lemma 1.11 2)
= S2595159 (vio = s;)
= s2pririp°ss (#(Eq(r1)) = Eq(s1))
= fror{rirg f° (sip=fri)
= fuzpp®uuippus f° (uip = i)
= fugufuius f° (Lemma 1.11 2)
= fuufe (since U is symmetric)
= fuUfe (since U is transitive)
= V. (FO) =)
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As an application of these results, one obtains the existence of the
quaternary operations which characterize the varieties of universal alge-

bras which are 3-permutable.

Proposition 2.28. Let A be a variety of universal algebras and C its full
subcategory of free algebras. Then the following conditions are equiva-

lent:
(i) A is a Goursat category;
(ii) C is a weak Goursat category;

(iii) the algebraic theory of A contains two quaternary operations p and

q satistying

p(z,y,y,2) =
p(x,z,y,y) = qlz,z,9,y)
qo(z,y,y,2) = =z

Proof. By assumption C is a projective cover of A, thus conditions ()
and (i1) are equivalent by Proposition 2.25.

(74) = (iii) Let X denote the free algebra on one element. Diagram
(IT) below belongs to C

F F
iu Ap
Bq(Va + V) o B (V)
dllis I
1x+Va+lx
AXc—c———o————= X
L2+L1TiV2+V2 IT) L2T V3
2X=-—-"—-—-—--—-—-Z X
Va

Here V; denotes the codiagonal from the i-indexed copower of X to X
and v, the k-th injection into a copower. If F' is a cover of Eq(Va+ V2),
then FF—=4X is a weak kernel pair of Vo + Vs. By assumption
F—=3X is a weak kernel pair of V3, so that Ay is surjective. We

then conclude that A is surjective.



60 2. Goursat categories

The terms p;(x,y, z) = = and pa(z,y, z) = z are such that
(p1,p2) € Eq(Vs). By surjectivity of A, 3(p,q) € Eq(Va + V2) such
that p(z,y,y,2) = pi(z,y,2) = =, q(2,y,9,2) = p2(x,9,2) = z and
p(z,z,y,y) = q(z,z,y,y) since (p,q) € Eq(V2 + V2).

(791) = (i) It suffices to prove that A is a 3-permutable variety
(see [53] and the references therein). Let R and S be two congruences on
the same algebra X in A, we are going to prove that RSR = SRS. For
that it suffices to prove that RSR < SRS. Suppose that (z,v) € RSR,
then there exist elements y and u such that (z,y) € R, (y,u) € S and

(u,v) € R
One has
xSz
ySy
ySu
vSw,

and by applying the quaternary operations p and ¢, one obtains
zSp(z,y,u,v) and vSq(z,y,u,v).

One also has
Ry

yRy
uRv
vRv,

and by applying the quaternary operations p and ¢, on obtains

p(z,y,u,v)Rp(y,y,v,v) and q(z, y,u, v)Rq(y,y, v, v).
Since q(y,y,v,v) = p(y,y, v, v), it the follows that

xSp(x7y7u7v)Rq<x7y7ua U)SU,
and then (z,v) € SRS. O

Remark 2.29. The Proposition 2.28 is also true for quasi-varieties.



Chapter 3

Internal structures 1n

Goursat categories

In [16] D. Bourn and M. Gran introduced the notion of connector be-
tween two internal equivalence relations which is deeply related to the
notion of pregroupoid [70, 71] and then to Commutator Theory. One of
the main interests of the notion of connector is that it enables us to un-
derstand centrality even without defining the commutator of equivalence
relations. Indeed, thanks to this notion one can prove the important ba-
sic centrality properties which correspond to the classical properties of
the commutator. In [15] Bourn and Gran developed this notion of con-
nector in the context of Mal'tsev categories and used it to characterize
Mal’tsev categories. In this chapter, we establish some basic properties
of Goursat categories in terms of connectors, as it was done in [15] for
the case of Mal’'tsev categories. These results have turned out to be use-
ful to develop a monoidal approach to internal structures [38]. We then
give a new characterization of Goursat categories in terms of properties
of internal categories and internal groupoids, on the model of what was
done in [36] in the case of Mal’tsev categories. The main results of this

chapter come from the joint paper with M. Gran and D. Rodelo [45].

61
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3.1 Equivalence relations in Goursat categories

In this section we investigate the category Equiv(C) of internal equiv-
alence relations in a regular category C. We show that Equiv(C) is a

Goursat category whenever C is.

The category Equiv(C) is finitely complete whenever C is: any finite
limit in Equiv(C) is computed "levelwise". In particular, the terminal
object in Equiv(C) is the discrete equivalence relation

1——=1
on the terminal object 1 of C. The kernel pair of a morphism (f,g) in
Equiv(C) is given by the kernel pairs Eq(f) of f and Eq(g) of g in C

S
g2
f]llfé T1|| T2 Slilsz (13)
f1
Y.

Consequently, a morphism (f, ¢g) is a monomorphism in Equiv(C) if and
only if both f and g are monomorphisms in C. When C is a Goursat

category, a similar property holds with respect to regular epimorphisms:

Lemma 3.1. Let R and S be two equivalence relations in a Goursat

category C and (f,g): R — S a morphism

g
—_—

R
lrg S1

y

X —

f

%2 (14)

e m—

in Equiv(C). Then (f,g) is a regular epimorphism in Equiv(C) if and
only if both f and g are regular epimorphisms in C.
Proof. When f and g are regular epimorphisms in C, it is not difficult

to check that (f,g) is necessarily the coequalizer of its kernel pair in

Equiv(C) given in (13) (one uses the fact that g = coeq(g1,92) and
[ = coeq(fi, f2) in C).
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Conversely, let (f,g) be a morphism in Equiv(C) as in (14) that is
a regular epimorphism in Equiv(C). Consider the kernel pairs of f and
g, the (regular epimorphism, monomorphism) factorization f = iq of f,
and the regular image (¢(R), t1,t2) of (R,71,7r2) along g. We obtain the

following commutative diagram

g1 R g

f alle (15)
Eq(f) —= Ly,
f2

where (q(R),t1,t2) € Equiv(C) (by Theorem 2.4) and (4, 5) is the mor-
phism in Equiv(C) such that (7, 5)(¢, ) = (f, g). Note that j is induced
by the fact that (¢ x @)(t1,t2)c is the (regular epimorphism, monomor-

phism) factorization of (s, s2)g, thus it is a monomorphism

R—==¢(R)
R
gl J I(ixi)(tl,tz)

S . Y xY.
(s1,52)
From the fact that (f, g) is the coequalizer of its kernel pair in Equiv(C)
and that (¢, «) is the coequalizer of (f1, g1) and (f2, g2) in Equiv(C)
(since (i, 7) is a monomorphism), it easily follows that (7, j) is an isomor-
phism in Equiv(C). This implies that f and g are regular epimorphisms
in C. O

Proposition 3.2. Let C be a Goursat category. Then the category
Equiv(C) is a regular category.

Proof. As mentioned above, the category Equiv(C) is finitely complete
because C is so. Lemma 3.1 implies that regular epimorphisms in

Equiv(C) are stable under pullbacks since regular epimorphisms are sta-
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ble in C, and regular epimorphisms in Equiv(C) are “levelwise” regular
epimorphisms. The existence of the (regular epimorphism, monomor-
phism) factorization of a morphism (f,g) as in (14) in the category
Equiv(C) follows from the construction of diagram (15): the (regular
epimorphism, monomorphism) factorization f = iq of f in C gives rise
to the (regular epimorphism, monomorphism) factorization g = ja of
g in C. Thus (4,7)(g, @) is the (regular epimorphism, monomorphism)
factorization of (f, g) in Equiv(C). O

Proposition 3.3. Let C be a Goursat category. Then the category

Equiv(C) is a also a Goursat category.

Proof. Let (R, (p1,q1), (p2,q2)) be an equivalence relation on (S, sy, s2)
in the category Equiv(C) and f = (f1, f2) a regular epimorphism in
Equiv(C). We must prove that f(R) is an equivalence relation in

Equiv(C). The relation f(R) is obtained through the following diagram

R L U
T2 [ T B2
I
1 I B1
P «
p1 || P2 X X 1%
[
aq | ‘QQ
q1| | q2 | (16)
Yy
SR oW al b
N ™
S9 O d
R
s1 c O N
\i\
Y Z.
fi

where U = f3(R) and V' = f1(X) are the regular images in C.
One has:
akry = figr
= fisi;
= cfo;m
= coqt
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and in the same way bkr; = caat, thus the following diagram commutes:

t

R U
kry i l(cog Jdoa)
\% Z X Z.

(a,b)

Since t is a strong epimorphism and (a,b) is a monomorphism, there
exists B1: U — V such that (a,b)31 = (caq, caz). The existence of (s is
obtained similarly. Since ({a, b) x (a,b))(51, B2) = (cx ¢,dxd){(a1, a2), it
follows that (81, f2): U — V xV is a monomorphism and thus (U, 31, 52)
is a relation on V. All parallel morphisms of the left face represent equiv-
alence relations and all horizontal morphisms are regular epimorphisms,
so that all parallel morphisms of the right face also represent equiva-
lence relations (Theorem 2.4), and then f(R) is an equivalence relation
in Equiv(C). O

Remark 3.4. Lemma 3.1 and Proposition 3.2 were proved in [40, 45]
and, independently, in [12].

3.2 Connectors in Goursat categories

In this section we prove that connectors are stable under quotients in any
Goursat category C. We then define the category Conn(C) of connectors
in C whose objects are pairs of equivalence relations equipped with a
connector, and prove that Conn(C) is a Goursat category whenever the

base category C is.

Definition 3.5. Let (R,r1,72) and (S, s1, s2) be two equivalence rela-
tions on an object X and (R xx S, p1, p2) the pullback of ry along
S1

RxxS-—2>8

r2

A connector [15] between R and S is an arrow p: R xx S — X in

C satisfying:
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1. Sp(z,y,z)Rz;
2. Mal’tsev identities: p(z,z,y) =y and p(x,y,y) = ;

3. associativity: p(z,y, p(z,u,v)) = p(p(z,y, 2), u, v),
when each term is defined.

Example 3.6. 1. If Vx is the largest equivalence relation on an ob-

ject X, then an associative Mal'tsev operation
pr XX XXX —X

is precisely a connector between Vyx and V.

2. Let X and Y be two objects in a finitely complete category C and
(X xY,px,py) their product. Then the canonical arrow
p: X X X XY xY — X xY defined by

plz, 2 y,y") = (2, y)

is a connector between the kernel pairs Eq(px) and Eq(py) of the

product projections px and py.

It is well known that Goursat categories satisfy the so-called Shifting
Property |51, 14]. In this context connectors are unique when they exist
(Theorem 2.13 and Proposition 5.1 in [14]): accordingly, for a given pair
of equivalence relations on the same object in a Goursat category the
fact of having a connector becomes a property.

The notion of connector is also related to double equivalence rela-

tions.

Definition 3.7. Let R and S be two equivalence relations on an object
X. A double equivalence relation on R and S is an internal equiva-
lence relation from R to S in the category of internal equivalence re-

lations, i.e. an object C' € C equipped with two equivalence relations
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(my,m2): C = S and (p1,p2): C = R such that the following diagram

|

2
P1 52

1

:U<—<TQ
e —\

|

T2

commutes (in the "obvious” way).

A double equivalence relation C' on R and S is called a centralizing

relation [24] when the square

T

C——S5
pli \Lrl

is a pullback.

By the symmetry of the equivalence relations it follows that any of
the four commutative squares in the definition of a centralizing relation
is a pullback.

The definition of connectors in terms of centralizing relations is given

by the following lemma.

Lemma 3.8. [15] If C is a category with finite limits and R and S
are two equivalence relations on the same object X, then the following

conditions are equivalent:

(i) there exists a connector between R and S;

(ii) there exists a centralizing relation on R and S.
Proof. (i) = (ii) Let p: Rxx S — X be a connector between R and S.
Then by defining the arrows f1: Rxx S — S and f3: Rxx S — R

by Bl(xvyvz) = (x,p(%yﬂ)) and /BQ(x Y,z ) ( (‘T Y,z )7 ) one obtains
the following centralizing relation on R and S:

B

J{Bz
R

S2

><<7o;
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(ii) = (i) Let

be a centralizing relation on R and S, then the morphism

rip1: C = R xx S — X defines a connector between R and S. O

In [15] D. Bourn and M. Gran established some basic centrality prop-
erties in a Mal’tsev category. In particular, they proved that when C is
a Mal’tsev category, R and S are equivalence relations on an object X
with a connector and ¢ : I — X is a monomorphism, then the inverse
images i~ !(R) and i~!(S) also have a connector. By Theorem 12 in
[10] it follows that the converse of this result is also satisfied. We es-
tablish a similar property for Goursat categories, with respect to regular

epimorphismes:

Proposition 3.9. Let C be a Goursat category, R and S two equivalence
relations on an object X, and let f: X — Y be a regular epimorphism. If
there exists a connector between R and S, then there exists a connector

between the regular images f(R) and f(S5).

Proof. Suppose that there exists a connector between R and S. This
implies that there exists a centralizing relation (C, (71, m2), (p1,p2)) on
R and S. Consider the regular image (f(R),a,b) and (f(S),c,d) of R
and S along f. We obtain the following diagram

= fr(C)
. I &\
N
™ ol e
p1||p2 L f(R)
N
el Y (17)
P
ST-—ft =59 oo
S2 \\\\ d
S1 >
A
X Sy,
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where (fr(C), 1, 52) is the regular image of the equivalence relation
(C, 1, m2) along the regular epimorphism fr. The fact that the square

C 4&>>fR(C)
fsp1 al l(aﬁl,aﬁh)
L

commutes, « is a strong epimorphism and (c,d) is a monomorphism,
implies the existence of an arrow a;: fr(C) — f(S) making the above

diagram commute. Similarly, from the commutativity

C — fr(C)
fsp2 a2 l(bﬁlybﬁﬁ

2

f(S) o Y xY
we obtain an arrow ag: fr(C) — f(S).

The relations (fr(C), 81, 82), (f(R),a,b) and (f(5), ¢,d) are all equi-
valence relations by Theorem 2.4. It is then easy to check that the
relation (fr(C), a1, a2) is an equivalence relation on f(.S). In fact, the
morphism (o, ae): fr(C) — f(S) x f(S) is a monomorphism since
(¢ x ¢,d x dy{aq,a2) = (a,b) x (a,b)(B1,B2). So, (a1, as) is the regular
image of (p1,p2) along fg, thus it is an equivalence relation on f(S) by
Theorem 2.4.

By assumption all the left squares of (17) are pullbacks and all the
horizontal morphisms are regular epimorphisms, so it follows that all
the right squares of (17) are pullbacks as well by Theorem 2.15 (iii). It
then follows that (fr(C), (a1, a2),(B1,P2)) is a centralizing relation on
f(R) and f(S). By Lemma 3.8 there is a connector between f(R) and
f(9). O

We are now going to show that the category whose objects are pairs
of equivalence relations equipped with a connector is a Goursat category
whenever the base category is a Goursat category. For this, let us first fix
some notation: if C is a finitely complete category, we write 2-Eq(C) for

the category whose objects (R, S, X) are pairs of equivalence relations R
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71 S1
and S on the same object X, R—= X =—— 5, and arrows are triples
T2 52

(fr, fs, f) making the following diagram commute:

1 S1

—_— -

—_— -
T2 2

Ir fs (18)

T<—
<
'CI)\<—CQ

L LI
TR e
We write Conn(C) for the subcategory of 2-Eq(C) whose objects

(R, S, X,p) are pairs of equivalence relations R and S on an object X
with a given connector p : R xx S — X; arrows in Conn(C) are ar-
rows in 2-Eq(C) respecting the connectors. This means that, given a
diagram (18) where both (R, S, X) and (R, S, X) are in Conn(C), with
p: RxxS — X and p: Rx ¢S — X the corresponding connectors, then

the diagram

frRXx fs

RXXS RXXS
)| |
X 7 X

commutes, where fr X x fg is the natural map induced by the universal
property of the pullback R x ¢ S.

We say that a subcategory P is closed under (regular) quotients in a
category Q if, for any regular epimorphism f: A — B in Q such that
A € P, then B € P.

Proposition 3.10. If C is a Goursat category, then Conn(C) is a full
subcategory of 2-Eq(C), that is closed in 2-Eq(C) under quotients.

Proof. The fullness of the forgetful functor Conn(C) — 2-Eq(C) follows
from Corollary 3.2 in [14], by taking into account the fact that any
Goursat category satisfies the Shifting Property.

Let us then consider a regular epimorphism in 2-Eq(C)

T1 S1

R—=X=—S5
T2 52
fRi fi ifs
z 71 L S1 z
T2 S2
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(this means that f, fr and fg are regular epimorphisms in C) such that
its domain (R, S, X) belongs to Conn(C). The equalities f(R) = R
and f(S) = S, together with Proposition 3.9, imply that there exists a

connector between R and S. O

Lemma 3.11. Let D be a finitely complete category, and C a full sub-

category of D closed in ID under finite limits and quotients. Then:
1. C is regular whenever D is regular.
2. C is a Goursat category whenever D is a Goursat category.

Proof. The (regular epimorphism, monomorphism) factorization in D
of an arrow in C is also its factorization in C, since C is closed in D
under quotients. Since finite limits in C are calculated as in D, it follows
that regular epimorphisms are stable under pullbacks. Now the second
statement easily follows from the fact that the composition of relations

is computed in the same way in C and in D. O

Theorem 3.12. If C is a Goursat category then Conn(C) is a Goursat

category.

Proof. Using similar arguments as those given in the proof of Proposi-
tion 3.3 with respect to Equiv(C), one may deduce that 2-Eq(C) is a
Goursat category. The result then follows from Proposition 3.10 and
Lemma 3.11. O

3.3 Internal groupoids in Goursat categories

In this section, we give a new characterization of Goursat categories in

terms of properties of internal categories and internal groupoids.

Definition 3.13. An internal reflexive graph in a category C is a dia-

gram of the form
d

X1 =e—Xo
C

such that d e = 1x, = ce.
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We write RG(C) for the category of internal reflexive graphs in C

with obvious morphisms.

Definition 3.14. An internal category in a category C with pullbacks

is a reflexive graph with a morphism m: X; x x, X1 — X;

p1 d
— s - s
X1 X x, X1 —m> X1 <e— X,
D2 c

where (X1 X x, X1, p1, p2) is the pullback of d and ¢

P2
X1 Xx, X1 —= X1

| id

X1 Xo

C

and such that:

e dm =dpy, cm = cpo;

e m(ed,1x,) = 1x, = m(lx,,ec);
o m(lx, Xy, m)=m(mx, lx,).

The object X is called the "object of objects", X; the "object of
arrows", Xy Xx, X the "object of composable pairs of arrows". The
morphisms d and ¢ are called "domain" and "codomain" respectively,

e is the "identity", and m is the "composition".

Definition 3.15. An internal category in a category C with pullbacks
O
X1 xXx, X1 —m> X1 <e— X,

p2 c

is an internal groupoid when there is an additional morphism

i: X1 — X1, called "inversion", satisfying the axioms:
o di=c, ci=d;

e m(i,1x,) =ec and m(lx,,i) = ed.



3.3. Internal groupoids in Goursat categories 73

Example 3.16. An internal category in the category Set is a small
category. An equivalence relation is a special kind of groupoid, where
its domain and codomain morphisms are jointly monomorphic; also any
reflexive and transitive relation, that is a preorder, is in particular an

internal category.

We write Cat(C) and Grpd(C) for the categories of internal cate-
gories and internal groupoids in C, respectively. The morphisms in these
categories are called internal functors: they are pairs of arrows (fo, f1)

in C, as in the diagram
f2 / /
X1 Xx, X1 —-=>=X] xXx, X]

S

f1

X1 X1
dm d,mc,
|
Xo fo Xé’

such that:
o fod=d fi, foc=dfi
e fie=¢ fo, fimx=mx fo

(where f5 is the arrow induced by the universal property of the pullback).
Connectors provide a way to distinguish groupoids amongst reflexive

graphs:
Proposition 3.17. [24] Given a reflexive graph
d

X1 =e—Xo
C

in a finitely complete category C, the connectors between Eq(c) and
Eq(d) are in bijection with the groupoid structures on this reflexive

graph.

In fact, if p is a connector between Eq(d) and Eq(c) then the arrow
m: X1 Xx, X1 — X1 (internally) defined by: V(z,y) € X; xx, X1,
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m(x,y) = p(y, (ec)(x), z) gives the composition of a groupoid structure.
Conversely, if X is equipped with a groupoid composition m and an

inversion ¢, a connector p between Eq(c) and Eq(d) is obtained by setting

p(z,y,2z) = m(m(z,i(y)), ) for any (z,y,2) € Eq(c) xx, Eq(d).

To obtain our new characterization of Goursat categories, the follow-

ing theorem will be useful:

Theorem 3.18. [76] Let C be a regular category, then the following

conditions are equivalent:

(i) all reflexive and transitive relations in C are equivalence relations;
(ii) all internal categories in C are internals groupoids.

Also, (i), (i) hold if C is n-permutable, n > 2

It then follows that if C is a Goursat category, then any reflexive and
transitive relation is an equivalence relation or, equivalently, any internal
category is a groupoid. Then Theorem 2.4, which could equivalently be
stated through the property that Equiv(C) (or the category of reflexive
and transitive relations in C) is closed in the category of reflexive re-
lations in C under quotients, has an extended counterpart given below.
This characterization leads to the observation that the structural aspects
of Goursat categories mainly concern groupoids (rather than equivalence
relations).

We are now ready to prove the main theorem of this section.

Theorem 3.19. Let C be a regular category. Then the following con-

ditions are equivalent:

(i) C is a Goursat category;
(ii) Grpd(C) is closed in RG(C) under quotients;
(iii) Cat(C) is closed in RG(C) under quotients.

Proof. (i) = (ii) Let
X, 2= X!

il 4

Xo?X{)
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be a regular epimorphism (f,g) in RG(C) (which means that f and g

are regular epimorphisms in C), with

d

X1 =e—Xp
C

a groupoid in C. Let Eq(d), Eq(c), Eq(d’) and Eq(¢’) be the kernel pairs
of the arrows d, ¢, d’ and ¢/, respectively. By Proposition 3.17, there
exists a connector between Eq(d) and Eq(c). Let A : Eq(d) — Eq(d’') and
B: Eq(c) — Eq(¢') be the arrows induced by the universal property of
kernel pairs Eq(d') and Eq(c), respectively. By Theorem 2.8, X and 3 are
regular epimorphisms, so that g(Eq(d)) = Eq(d’) and g(Eq(c)) = Eq(c).
By Proposition 3.9 there is then a connector between Eq(d’) and Eq(¢/),
thus

p

X| <o— X

o
is a groupoid (Proposition 3.17).

(ii) = (i) This implication follows from Theorem 2.4 and the fact
that equivalence relations are in particular groupoids (whose domain
and codomain morphisms are jointly monomorphic).

(i) = (iii) This implication follows from (i) = (ii) and the fact that
Grpd(C) = Cat(C) in a Goursat context (Theorem 3.18).

(iii) = (i) Let (R,71,72) be an equivalence relation on X, f: X - Y
a regular epimorphism and (f(R),t1,t2) the regular image of R along f

R—% f(R)

o

X ——=Y.

(f(R),t1,t2) is reflexive and symmetric being the image of the equiva-
lence relation R along a regular epimorphism f. By assumption,

(f(R),t1,t2) is an internal category, thus it is transitive and then an
equivalence relation. It follows that C is a Goursat category (by Theo-
rem 2.4). O

Remark 3.20. Observe that Theorem 3.19 implies that Grpd(C) and
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Cat(C) are Goursat categories whenever C is, again thanks to

Lemma 3.11 (the category RG(C) obviously being a Goursat category
since it is a functor category). This simplifies and slightly extends Propo-
sition 4.3 in [40], where the existence of coequalizers in C was assumed.
Also, Theorem 3.19 implies that the converse of Proposition 3.9 is also
satisfied.

Remark 3.21. A result analogous to Theorem 3.19 holds in the Mal’tsev
context: a category C is a Mal'tsev category if and only if Grpd(C) (or,
equivalently, Cat(C)) is closed in RG(C) under subobjects [10]. To-
gether with the comments made before Proposition 3.9 we observe the
existence of a sort of "duality" between Mal’tsev categories and Goursat
categories: similar results hold for Mal’tsev categories with respect to
monomorphisms and for Goursat categories with respect to regular epi-

morphisms as shown in the following table (with R and S two equivalence

relations on the same object in a regular category C):

Goursat category C

Mal’tsev category C

RSR = SRS

RS = SR

If there exists a connector be-
tween R and S, then there ex-
ists a connector between the reg-
ular images f(R) and f(S), for a
regular epimorphism f

If there exists a connector be-
tween R and S, then there exists
a connector between the inverse
images i~ 1(R) and i~1(9), for a
monomorphism 4

Conn(C) closed in 2-Eq(C) under
quotients

Conn(C) closed in 2-Eq(C) un-
der subobjects

Grpd(C) closed in RG(C) under

quotients

Grpd(C) closed in RG(C) under

subobjects

Cat(C) closed in RG(C) under
quotients

Cat(C) closed in RG(C) under

subobjects

Conn(C), RG(C), Grpd(C) and
Cat(C) are Goursat whenever C
is

Conn(C), RG(C), Grpd(C) and
Cat(C) are Mal’tsev whenever C
is

Table 3.1: "Duality" between Mal’tsev and Goursat categories.




Chapter 4

Shifting Lemma and Goursat

categories

In Chapter 3, we have seen that the structure of internal connector is
unique in Goursat categories because the categorical version of Gumm’s
Shifting Lemma holds in any Goursat category. Many other important
results and properties hold in regular Mal’tsev and Goursat categories
thanks to the validity of the Shifting Lemma in these categories; as ex-
amples: the admissibility in the sense of Galois theory of the subcategory
of abelian objects in any Mal’tsev category [34], the uniqueness of the
pseudogroupoid structure on two equivalence relations (when it exists)
in any Mal’tsev or Goursat category [14], the characterization of Goursat
categories given in Theorem 2.15, the validity of some properties in com-
mutator theory [32, 51|. In this chapter, we focus our attention on the
Shifting Lemma. More precisely, we study some variations of the Shifting
Lemma in order to obtain new characterizations of regular Mal’tsev and
Goursat categories. These results apply in particular to 2-permutable
and 3-permutable quasi-varieties, since these latter categories are known
to be regular. The main results of this chapter (in section 2 and 3) are
joint work with M. Gran and D. Rodelo [46].

7
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The Shifting Lemma

For a variety V of universal algebras, Gumm’s Shifting Lemma [51] is
stated as follows. Given congruences R,.S and T on the same algebra X
in V such that R A S < T, whenever x,y,u,v are elements in X with
(x,y) € RAT, (z,u) € S, (y,v) € S and (u,v) € R, it then follows that
(u,v) € T. We display this condition as

A variety V of universal algebras satisfies the Shifting Lemma precisely
when it is congruence modular [51], this means that the lattice of con-
gruences on any algebra in V is modular: given congruences R, .S and T
on the same object X € V such that R < T, one has:

RV(SAT)=(RVS)AT.

In a finitely complete category, the validity of the Shifting Lemma
is equivalent to the following property, called the Shifting property [14].
In a finitely complete category C, given two equivalence relations R and
S on the same object, we write R[S for the largest double equivalence

relation on R and S given by the following pullback

ROS~— 2™ gy g
<7r13,7r24>I I<31782>X<81782>
Rx R X x X x X x X.

<T’1 XT1,Tr2 ><r2>

We have that (a,b, c,d) € X* belongs to the double equivalence relation
ROS if and only if
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Definition 4.1. [14] A finitely complete category C satisfies the Shifting
property and is called Gumm category if for any equivalence relation R,
S and T on the same object X € C with RA S < T < R, the canonical
inclusion of equivalence relations (4,7): TOS — ROS

TOS — = ROS
1 \Llﬂé A1 ll)\z (20)
T R,

)

is a discrete fibration: this means that any of the commutative squares
in (20) is a pullback.

Lemma 4.2. [14] A finitely complete category C satisfies the Shifting
Lemma if and only if it satisfies the Shifting property.

The Shifting Lemma can then be expressed in any category with
finite limits.

In a regular context one can show that the lattice of equivalence
relations in any Goursat category is modular [21], and that this latter
property implies that the Shifting Lemma holds. However it is not true
that the Shifting Lemma implies modularity in general. For instance,
in the case of a variety of infinitary algebras there is a counterexample

given by G. Janelidze in Example 12.5 in [60].

Remark 4.3. In some formulations of the Shifting Lemma, one may find
the assumption R A S < T < R on the equivalence relations instead of
the usual RAS < T, as above. However, both statements are equivalent,
as observed in [14]. In fact, if the properties hold when RA S < T', then
it obviously holds for RA S < T < R. Conversely, consider 7" = RAT,
which is such that R A S < T’ < R. By applying the assumption to R,
S and T7,

one concludes that «T"v, thus uTv.
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In the varietal context, H.-P. Gumm has also considered a slight
variation of the Shifting Lemma called the Shifting Principle [51]: given
congruences R and T" and a reflexive, symmetric and compatible relation
S on the same algebra X such that RAS < T < R, whenever x, y, u, v are
elements in X with (z,y) € RAT, (z,u) € S, (y,v) € S and (u,v) € R as
in (19), it then follows that (u,v) € T'. The Shifting Principle, although
apparently stronger, turns out to be equivalent to the Shifting Lemma
in the varietal case.

With this observation in mind, it seems reasonable to expect that
considering variations on the assumptions on the relations R, S or T ap-
pearing in the Shifting Lemma might provide characterizations of other
types of categories. The variations we have in mind for R, S and T are
to make those assumptions weaker, so that they give stronger versions
of the Shifting Lemma. This idea comes from the well known charac-
terization of Mal'tsev categories through the fact that reflexive relations
are equivalence relations (Theorem 2.7), and from a more recent one of
Goursat categories in terms of positive relations (Theorem 4.7).

We first investigate this notion of positive relation which allows us to
obtain some new characterizations of regular Mal’tsev and Goursat Cat-
egories. We then use these results to show that stronger versions of the
Shifting Lemma characterize regular Mal’tsev and Goursat categories.

In this chapter, we always assume that the base category in which
we are working is a regular category, thus the proofs are partially given
in set-theoretical terms (Theorem 1.23 and 1.24).

4.1 Positive relations and n-permutable categories

Here, we first simplify a result in [89] to give a new characterization
of Mal’tsev categories in terms of positive relations. Then we also give
a new characterization of Goursat categories and more generally of n-

permutable categories in terms of positive relations.

Definition 4.4. A relation E on X is called positive [87] when it is of
the form E = R°R for some relation R — X x Y.

Positive relations have the following properties:
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Lemma 4.5. Let C be a regular category. Then:
(i) any positive relation is symmetric;
(ii) any equivalence relation is positive.
(iii) positive relations are stable under regular images.

Proof. (i) Let E be a positive relation and R a relation such that
E = R°R. One has E° = (R°R)° = R°R=FE.

(7i) When R is an equivalence relation, one has R = R°R.

(7i1) Let E be a positive relation on X, and R a relation such that
E = R°R. Given a regular epimorphism f: X — Y a regular epimor-

phism, one has f(F) = fEf° = fR°Rf° = (Rf°)°Rf°. O

In [89] positive relations were used to identify those n-permutable
categories which are actually Mal'tsev categories. Studying this article,
we noticed that regular Mal’tsev categories can be characterized through
the positivity of reflexive relations. As a consequence, condition (iv) of

Theorem 4 in [89] could be replaced by condition (ii) as follows:

Theorem 4.6. For a regular category C, the following conditions are

equivalent:
(1) Cis a Mal’tsev category;
(77) every reflexive relation in C is positive.

Proof. (i) = (ii) Let E be a reflexive relation. By Theorem 2.7(v) E is
an equivalence relation and then a positive relation by Lemma 4.5 (ii).
(1i) = (i) Let E be a reflexive relation. Then it is positive by as-
sumption. By Lemma 4.5 (i) E is symmetric, thus by Theorem 2.7 (iv),
C is a Mal’tsev category. O

Still using the positivity of relations we also obtained the following
characterization for Goursat categories (which is a slight variation of
Theorem 2.2 (v)).

Theorem 4.7. For a regular category C, the following conditions are

equivalent:
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(1) Cis a Goursat category;
(73) any reflexive and positive relation in C is an equivalence relation.

Proof. (i) = (ii) Let E be a reflexive and positive relation and R a
relation such that £ = R°R. We are going to show that E is an
equivalence relation.

By Lemma 4.5 (i) E is symmetric. One has

EE R°RR°R
R°R  (Theorem 2.2 (iv))

= E

Thus E is transitive and then an equivalence relation.

(1) = (i) Let R be an equivalence relation and f a regular epimor-
phism. We are going to prove that f(R) is an equivalence relation. By
assumption, it suffices to prove that f(R) is positive (f(R) is necessarily
reflexive). Since R is an equivalence relation, by Lemma 4.5 (ii) and (iii),
f(R) is positive. O

The previous characterizations of regular Mal’tsev and Goursat cat-

egories can be extended to n-permutable categories.

Remark 4.8. For any relation £ — X XY and k > 1, one has:
(i) ((E,E%)2%)° = (E, E%)%
(i) ((E, E%)2k+1)° = (E°, E)ak41

Thanks to these observations, n-permutable categories can be char-

acterized in terms of positive relations as follows:

Theorem 4.9. For a regular category C and k > 1, the following con-

ditions are equivalent:
(1) Cis a (2k)-permutable category;

(73) for any reflexive relation E, the relation (F, E°)qk—1 is positive.
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Proof. (i) = (ii) Let E be a reflexive relation. By assumption the
relation (E, E°)g;_1 is an equivalence relation (Theorem 2.21 (v)) and
then positive (Lemma 4.5 (ii)).

(1i) = (i) Let E be a reflexive relation and R a relation such that
(E, E°)2r—1 = R°R. One has

(E°, E)op—1 = ((F,E°)9k—1)° (Remark 4.8 (ii))
= @Ry
= R°R
(B, E°)2k-1

and then by Theorem 2.21 (vi), C is (2k)-permutable. O

Theorem 4.10. For a regular category C and k£ > 1, the following

conditions are equivalent:
(1) Cis a (2k + 1)-permutable category;

(i) for any reflexive and positive relation F, the relation E¥ is an

equivalence relation.

Proof. (i) = (i) Since F is reflexive, E¥ is also reflexive (1 < E < E¥).
Let R be a relation such that £ = R°R. One has :

(EF)> = ((B° R)aw)°
= (R°R)y (Remark 4.8 (i))
= EF,

thus E* is symmetric. One also has
EFER = (R°, R)ok(R°, R)ax
= (R° R)ak42(R° R)2k—2
= (R° R)2k(R° R)2k—2 (Theorem 2.21 (iv))
= (R% R)opt2(R% R)ap—4
(R°, R)ok(R°, R)ok—4  (Theorem 2.21 (iv))

= (R, R)2k
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Thus E* is transitive and then an equivalence relation.

(1i) = (i) Let E be a reflexive relation, by Theorem 2.21 (v), it suf-

fices to prove that the relation (E, E°)qy is an equivalence relation. Since

E is reflexive, FE° is also reflexive. Moreover, one has EE° = (E°)°E°,
thus the relation EE° is positive and by assumption the relation
(EE°)* = (E,E°)q is an equivalence relation. O

4.2 Mal’tsev categories and the Shifting Lemma

Motivated by the fact that in a Mal’'tsev category reflexive relations
coincide with equivalence relations, we are now going to show that regular
Mal’tsev categories can be characterized through a stronger version of
the Shifting Lemma where, in the assumption, the equivalence relations
are replaced by reflexive relations. Note that, for a diagram such as (19)
where R, S or T are not equivalence relations, the relations are always
to be considered from left to right and from top to bottom. To avoid
ambiguity with the interpretation of such diagram, from now on we will
write 2 —2> y to mean that (z,y) € U, whenever U is a non-symmetric

relation.

Theorem 4.11. Let C be a finitely complete category. The following

conditions are equivalent:
(i) Cis a Mal’tsev category;

(ii) The Shifting Lemma holds in C when R,S and T are reflexive

relations.

Proof. (i) = (ii) This implication follows from the fact that reflexive
relations are necessarily equivalence relations and the Shifting Lemma
holds in any regular Mal’tsev category.

(ii) = (i) We shall prove that every reflexive relation E is symmet-
ric (which suffices by Theorem 2.7(iv)). Suppose that (z,y) € E, and
consider the reflexive relations 7' and R on E defined by the following
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pullbacks
T E
<t1,t2>I I(61762>
ExXE v X xX
and
R E

<T1,T2>I I<61’62>

ExE—>XxX—>XxX,
ez Xeq

2,71
where m1: X X X — X and m2: X X X — X are the product projections.
We have (aEb,cEd) € T if and only if (a,d) € E, and (aEb,cEd) € R if
and only if (¢,b) € E.
The third reflexive relation on E we consider is the kernel pair Eq(e2)

of ey, defined as the following pullback
Eq(es) —=F

b
E X.

Eq(e2) is an equivalence relation, with the property that Eq(e2) < R
and Eq(e2) < T, so that R A Eq(ez) = Eq(ez) < T. We can apply the

assumption to the following relations given in solid lines

€2

E
waA:&@>yEy\

\
T lR Rl T
/
zEx “

zEx
Eq(e2)

(xEz and yFEy by the reflexivity of the relation F). We conclude that
(yEy,zFEx) € T and, consequently, that (y,z) € E. O

In the proof of the implication (ii) = (i) we only used two "genuine"

reflexive relations R and T. This observation gives:

Corollary 4.12. Let C be a regular category. The following conditions

are equivalent:
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(i) Cis a Mal’tsev category;

(ii) The Shifting Lemma holds in C when R and T are reflexive rela-

tions and S is an equivalence relation.

Example 4.13. Let T be the algebraic theory of a Mal’tsev variety,
and T(Top) the category of topological Mal’tsev algebras. This category
is regular, essentially because the regular epimorphisms are the open
surjective homomorphisms [68], that are stable under pullbacks. The
category T(Top) is also a Mal’tsev category, so that T(Top) satisfies the
Shifting Lemma for reflexive relations (by Theorem 4.11). The same
is true for the exact Mal’tsev category T(Comp) of compact Hausdorff

Mal’tsev algebras.

4.3 Goursat categories and the Shifting Lemma

Here, thanks to Theorem 4.7, we prove that Goursat categories can be

characterized through a stronger version of the Shifting Lemma.

Remark 4.14. As already observed in Theorem 2.2, for any pair of
equivalence relations R and S on the same object X in a Goursat cat-
egory, one has that RSR is an equivalence relation, that is then the

supremum RV S of R and S as equivalence relations on X
RV S = RSR.

When C is a Goursat category, the lattice of equivalence relations on
the same object is modular [21] and, consequently, the Shifting Lemma
holds. Moreover, the Shifting Lemma still holds when S is just a reflexive
relation, as we show next. The following result is partly based on Lemma
2.2 in [69], and it gives a first step towards the characterization we aim

to obtain for Goursat categories.

Proposition 4.15. In any regular Goursat category C, the Shifting
Lemma holds when S is a reflexive relation and R and T" are equivalence

relations.
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Proof. Let R and T be equivalence relations and let S be a reflexive
relation on an object X such that R A S < T. Suppose that we have
(x,y) € RAT, (x,u) € S, (y,v) € S and (u,v) € R as in (19). We
consider the two equivalence relations on S, R[S and W determined by

the following pullback

W T gy
<7r13,7r24>I I<51,82>X<81,82>
TxR X x X xX xX.

<t1 X11,t2 X1re

We have (aSb,cSd) € W if and only if

S

a

T

b
R
c—3 d.

Note that they are in fact equivalence relations on S since R and T are
both equivalence relations.

Given the equivalence relations R[S, Eq(s2) and W on S, Remark 4.14
yields the following description of the supremum of

ROS A Eq(s2) and W as equivalence relations on S:

(ROSAEq(s2)) VW = (ROSAEq(s2))W (ROS AEq(s2))
= W (ROS ANEq(s2))W.

Since
ROS ANEq(s2) < (ROS AEq(s2)) VW

we can apply the Shifting Lemma to the following diagram

xSu Ea(e2) uSu _

N\

(ROSAEq(s2) ) VW < ROS ROS | (ROSAEq(s2) )V W
ySv vSv. ”

/

Eq(s2)



88 4. Shifting Lemma and Goursat categories

Note that, uSu and vSv by the reflexivity of S. We then obtain
(uSu,vSv) € (ROS ANEq(s2)) v W.
Using
(ROS ANEq(s2)) vV W = (ROS AEq(s2) ) W ( ROS A Eq(s2) )
this means that there exist a,b in X (Theorem 1.23 and 1.24 ) such that

(uSu) (ROS A Eq(s2)) (aSu)W (bSv) (ROS A Eq(s2)) (vSv),

i.e.

S
U—1u
R R
S
a u
T R
S
b v
R R
vV ——
S

Since aRu (R is symmetric), aSu and R A S < T, it follows that aT'u;
similarly bTv. From uTa (T is symmetric), aTh and bT'v, we conclude
that uT'v (T is transitive), as desired. O

Remark 4.16. The Shifting Lemma when S is a reflexive relation and
R and T are equivalence relations, as stated in Proposition 4.15, is the
categorical version of the Shifting Principle recalled at the beginning of
this chapter. Firstly, assuming that RAS < T is equivalent to assuming
that RA S < T < R for the property of diagram (19) to hold (Re-
mark 4.3). Secondly, going carefully through the proofs in [51], one may
check that the symmetry of S is not necessary. So the Shifting Princi-
ple could equivalently be stated by asking that S is just a reflexive and

compatible relation.

We now use Theorem 4.7 and Proposition 4.15 to obtain the char-

acterization of Goursat categories through a variation of the Shifting
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Lemma:

Theorem 4.17. Let C be a regular category. The following conditions

are equivalent:
(i) C is a Goursat category;

(ii) The Shifting Lemma holds in C when S is a reflexive relation and

R and T are reflexive and positive relations.

Proof. (i) = (ii) This implication follows from the fact that reflexive
and positive relations are necessarily equivalence relations in the Goursat
context (Theorem 4.7) and from Proposition 4.15.

(ii) = (i) We shall prove that for any reflexive relation E on X in C,
EE° = E°F (see Theorem 2.2 (vi)). Suppose that (z,y) € EE°. Then,
for some z in X, one has that (z,2) € E and (z,y) € E. Consider
the reflexive and positive relations R = EFE° and T' = E°FE, and the
reflexive relation £ on X. From the reflexivity of E, we get £ < EFE°
and F < E°F; thus FE°AE = E < E°E. We can apply our assumption

to the following relations given in solid lines:

E

Z—>T —

N

E°E ( lEE EEl >EE (21)
Z2——y=<"

E

to conclude that (z,y) € E°E. Having proved that EE° < E°FE for every
reflexive relation F, the inequality E°F < EE° follows immediately. [

In the proof of the implication (ii) = (i) we used the relations EE°

and F°F with E a reflexive relation. This observation gives:

Corollary 4.18. Let C be a regular category. The following conditions

are equivalent:
(i) C is a Goursat category;

(ii) The Shifting Lemma holds in C for a diagram as (21), with E any

reflexive relation.
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As an application, the fact that any quasi-variety is a regular cate-

gory [81] implies the following:

Corollary 4.19. Let V be a quasi-variety. The following conditions are

equivalent:
(i) Vis 3-permutable;

(ii) The Shifting Lemma holds in V when S is a reflexive compatible
relation, and R and T are reflexive and positive compatible rela-

tions.

Remark 4.20. Theorem 4.11 holds in any finitely complete category,
and then gives a new characterisation of Mal’tsev categories without the
assumption of regularity. It is an open problem to compare condition
(73) in Theorem 4.7 with the definition of Goursat category without the
assumption of regularity [12]. As observed by P.-A Jacqmin, Theorem
4.17 could then lead to a new definition of Goursat category without the

assumption of regularity.



Chapter 5

Equivalence distributivity in

Goursat categories

In Chapter 4, we proved that, for a regular category, the property of
being a Mal’tsev category, or of being a Goursat category, can be both
characterized through suitable variations of the Shifting Lemma. These
variations considered the Shifting Lemma for relations which were not
necessarily equivalence relations, but only reflexive or positive ones, thus

giving rise to stronger versions of the Shifting Lemma.

There are other properties similar to the Shifting Lemma and which
allow one to characterize congruence distributive varieties. These prop-
erties are related to the Shifting Lemma, and are called the Triangular
Lemma and the Trapezoid Lemma in the varietal context [27]. These
properties were first introduced by J. Duda in 29, 30| where the Trape-
zoid Lemma was called the Upright Principle. This led us to further
study the connections between these results and the property, for a reg-
ular Mal'tsev and Goursat category, of having distributive equivalence

relation lattices on any of its objects.

From [27] we know that, for a variety V of universal algebras, the
fact that both the Shifting Lemma and the Triangular Lemma hold in
V is equivalent to V being a congruence distributive variety, and is also

equivalent to the fact that the Trapezoid Lemma holds in V.

91
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Shifting Lemma + Triangular Lemma < Trapezoid Lemma

< Congruence distributivity

Consequently, by considering stronger versions of the Triangular Lemma
we were hoping to get at once 2-permutability (or 3-permutability) and
congruence distributivity in a varietal context, and to extend these ob-

servations to a categorical context.

Explaining how this is indeed possible is the main goal of this chap-
ter, where suitable variations of the Triangular Lemma and of the Trape-
zoid Lemma are shown to be the right properties to characterize equiv-
alence distributive categories (the natural generalization of congruence
distributive varieties). More precisely, when C is a regular Mal’tsev cat-
egory, or even a Goursat category, the Triangular Lemma is equivalent
to the Trapezoid Lemma, and both of them are equivalent to C being
equivalence distributive (Propositions 5.7 and 5.10). We also give new
characterizations of equivalence distributive Mal’tsev categories through
variations of the Triangular Lemma and of the Trapezoid Lemma (Theo-
rem 5.13), which then apply to arithmetical varieties [82] and arithmeti-
cal categories [80]. Inspired by the ternary Pixley term of arithmetical
varieties [82], we consider a condition for relations, stronger than difunc-
tionality [83], which captures the property for a regular category to be
a Mal’tsev and equivalence distributive one (Theorem 5.16). In the last
section we characterize equivalence distributive Goursat categories (The-
orem 5.19) through variations on the Triangular and Trapezoid Lemmas

involving reflexive and positive relations.

The main results of this chapter are joint work with M. Gran and D.
Rodelo [44].

5.1 Triangular Lemma and Trapezoid Lemma

Here, we recall the Triangular Lemma and Trapezoid Lemma in a varietal
context. We then give their interpretations in the context of regular

categories.
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The Triangular Lemma

A variety V of universal algebras satisfies the Triangular Lemma [27] if,
given congruences R, S and T on the same algebra X in V such that
RAS < T, whenever y, u, v are elements in X with (u,y) € T, (y,v) € S
and (u,v) € R, it then follows that (u,v) € T'. We display this condition

as
T \
/ ot (22)
e

The Trapezoid Lemma

A variety V of universal algebras satisfies the Trapezoid Lemma [27] if,
given congruences R, S and T on the same algebra X in V such that RA
S < T, whenever z,y, u,v are elements in X with (z,y) € T, (z,u) € S,
(y,v) € S and (u,v) € R, it then follows that (u,v) € T. We display

this condition as
T \
/ R ) T (23)
Ve

If the Trapezoid Lemma holds in a variety, then also the Shifting

Lemma and the Triangular Lemma hold. In fact, let R, S and T' be con-
gruences on the same algebra X in V such that RAS < T. Suppose that
x,y,u,v are elements in X related as in (22). We apply the Trapezoid

Lemma to

to conclude that (u,v) € T and thus the Triangular Lemma holds. Sim-

ilarly, if x,y,u,v are elements in X related as in (19), we apply the
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Trapezoid Lemma to

to conclude that (u,v) € T and thus the Shifting Lemma holds.

One can easily check that both the properties expressed by the Trian-
gular Lemma and by the Trapezoid Lemma only involve finite limits. It
is then possible to speak of the validity of these properties in any finitely
complete category. So, in a regular category C, given equivalence rela-
tions R, S and T on the same object X such that RAS < T, the lemmas

recalled above can be interpreted as follows:

Shifting Lemma: RANS(RANT)SLT (SL)
Triangular Lemma: RAST T (TL)
Trapezoid Lemma: RASTS T (TpL)

We would like to point out that in some recent papers the notion of
magority category has been introduced and investigated |55, 56]. This
notion is closely related to the validity of the properties just recalled.
For a regular category C, the property of being a majority category can
be equivalently defined as follows (see [55]): for any reflexive relations
R, S and T on the same object X in C, the inequality

RA(ST) < (RAS)RAT)

holds. We then observe that any regular majority category satisfies the
Trapezoid Lemma (and, consequently, also the weaker Triangular Lemma

and Shifting Lemma):

Lemma 5.1. [54] The Trapezoid Lemma holds true in any regular

majority category C .

Proof. Given equivalence relations R, S and T on the same object such
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that RA S < T, then

RA(STS) < (RAS)RA(TS))
T(RAT)(RAS)
TTT

T.

IN NN

5.2 Equivalence distributivity

In this section, we introduce the notion of equivalence distributive cate-
gory and we prove that in any regular Mal’tsev or Goursat category C,
the Triangular Lemma is equivalent to the Trapezoid Lemma and both

of them are equivalent to C being equivalence distributive.

o A lattice L is called distributive when
aN(BVe)=(aAb)V(aAc),VYa,b,ce L.

Equivalently, L is distributive if and only if it satisfies the Horn
sentence
aNb<c=aN(bVc)<ec (24)

e A variety V of universal algebras is called (congruence) distributive
when the lattice Cong(X) of congruences on any algebra X in V

is distributive.

Definition 5.2. A regular category C is equivalence distributive when
the meet semilattice Equiv(X) of equivalence relations is a distributive
lattice, for all objects X in C.

Example 5.3. Any congruence distributive variety gives an example of
an equivalence distributive category. The varieties of Boolean algebras,
Heyting algebras and Von Neumann regular rings [47] are also exam-
ples. As categorical examples that are not varieties of universal algebras

one has the dual category of any (pre)topos. These are actually arith-
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metical categories [80], i.e. Barr-exact Mal'tsev equivalence distributive

categories.

Remark 5.4. The notion of equivalence distributive category is different
from the notion of distributive category defined by Carboni, Lack and
Walters in [22]: a category with finite products and sums is distributive

if the canonical arrow
a:AxB+AxC—Ax (B+0O)

is an isomorphism.
The congruence distributive varieties can be characterized as follows:

Theorem 5.5. [27] Let V be a variety of universal algebras. The fol-

lowing conditions are equivalent:
(i) V is congruence distributive;
(ii) the Trapezoid Lemma holds in V;
(iii) the Shifting Lemma and the Triangular Lemma hold in V.

The equivalence between the Triangular Lemma and Trapezoid
Lemma holds for any algebra X which is congruence permutable, meaning
that 2-permutability holds "locally" in Cong(X):

Proposition 5.6. [27] Let V be a variety of universal algebras and X a

congruence permutable algebra. The following conditions are equivalent:
(i) the Triangular Lemma holds for X;
(ii) the Trapezoid Lemma holds for X;
(iii) Cong(X) is distributive.

This result can be extended to the context of regular categories. To
do so we apply Barr’s Metatheorem (Theorem 1.23) which allows us to
use part of the internal logic of a topos to develop proofs in a regular
category. In particular, finite limits can be described elementwise as
in the category of sets and regular epimorphisms via the usual formula

describing surjections (Theorem 1.24).
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Proposition 5.7. Let C be a regular Mal’tsev category. The following

conditions are equivalent:
(i) the Triangular Lemma holds in C;
(ii) the Trapezoid Lemma holds in C;
(iii) C is equivalence distributive.

Proof. (i) = (ii) Let R, S and T be equivalence relations on an object
X such that RA S < T and suppose that x,y, u,v are related as in (23).
Since C is a Mal’tsev category, then T'S is an equivalence relation on X

(Theorem 2.7(ii)). We can apply the Triangular Lemma to

(RANS < T <T58), to conclude that (u,v) € T'S(= ST). So, there exists
@ in X such that

Applying the Triangular Lemma again, we conclude that (u,v) € T.

(ii) = (iii) We prove that (24) holds with respect to the lattice
Equiv(X) of equivalence relations on an object X. Let R, S and
T € Equiv(X) be such that RA S < T. Then

RA(SVT) = RAST, by Theorem 2.7(iii)
< RASTS
< T, by (TpL).

(iii) = (ii) Let R,S and T be equivalence relations in Equiv(X) such
that RAS <7T. Then

RASTS RA(SVT)
T

<
< 71, by (24)
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thus (TpL) holds.
(ii) = (i) Obvious. O

Note that the implications (iii) = (ii) = (i) of Proposition 5.7 hold

in any regular category.

Remark 5.8. It is known from Corollary 3.2 in [55] that a regular
Mal’tsev category C is equivalence distributive if and only if C is a
majority category. That every Mal’tsev equivalence distributive cate-
gory is a majority category was already known from [56]. We remark
that the converse implication also easily follows from Lemma 5.1 and

Proposition 5.7.

Next we show that the same equivalent conditions hold in the weaker
context of Goursat categories. The most difficult implication to prove
is that a Goursat category which satisfies the Triangular Lemma also
satisfies the Trapezoid Lemma. We start by giving a direct proof of this
fact in the varietal context to then obtain a categorical translation of
the proof via matrix conditions [67]. Note that, for varieties, this result
actually follows from Theorem 1 in [27]; however, we give an alterna-
tive proof which is suitable to be extended to the categorical context of

regular categories.

Lemma 5.9. If V is a 3-permutable variety which satisfies the Triangular

Lemma, then the Trapezoid Lemma also holds in V.

Proof. Let R,S and T be congruences on the same algebra X in V such
that RAS < T. Suppose that x,y,u,v are elements in X related as

in (23). From the relations

xTxSxRx
zTzSuRu
xTySvRu
yT'ySyRy,

(25)

we can deduce the following ones by applying the quaternary operations

p and ¢ (see Theorem 2.28 (iii)), respectively:

eTp(x, z,y,y)Sp(z,u, v, y)Rx
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and

yTq(z,xz,y,y)Sq(x, u,v,y)Ry.

We apply the Triangular Lemma to

/
p(z, z,y,y) ——p(x,u,v,y)

and

q(z, z,y,y) ——q(z, u,0,y).

Next, we apply the Shifting Lemma to

and
S
y U= q(u7 u? u? /U)
\
\
T| @0|R R T (29)
/
/
q(w,U,U,y) q(’U,,’U,,’U,’U).

From (28) and (29), we obtain uT'p(u, u,v,v) = q(u,u,v,v)Tv; it follows
that (u,v) € T. O

We adapt this varietal proof into a categorical one using an appropri-
ate matrix and the corresponding relations which can be deduced from
it (see [67] or [58] for more details). The kind of matrix we use trans-

lates the quaternary identities (Theorem 2.28 (iii)) into the property on
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relations given in Theorem 2.2 (iv):

<a:yyz:cz> (30)
(T TR VAR VN e e

The first and second columns after the vertical separation in the matrix

are the result of applying p and ¢, respectively, to the elements in the
lines before the vertical separation. Thus, the introduction of a new
element «, to represent the identity p(u,u,v,v) = q(u, u,v,v)(= ). We
then “interpret” the matrix as giving relations between top elements and
bottom elements as follows. Whenever the relations before the vertical
separation in the matrix are assumed to hold, then we may conclude that
the relations after the vertical separation also hold. For this matrix, the
interpretation gives: for any binary relation P, if xPu,yPu,yPv and
zPwv, then x Pa and z P, for some «; this gives the property PP°PP° <
PP°. Since PP° < PP°PP° is always true, we get precisely PP°PP° =
PP° from Theorem 2.2 (iv).

Proposition 5.10. Let C be a Goursat category. The following condi-

tions are equivalent:

(i) the Triangular Lemma holds in C;
(ii) the Trapezoid Lemma holds in C;

(iii) C is equivalence distributive.

Proof. (i) = (ii) We extend the proof of Lemma 5.9 to a categorical
context by constructing an appropriate matrix of the type (30). In that
proof we applied p and ¢ to the 4-tuples (z, z, x,y), (z,z,y,y), (x,u, u,y),
(u, u,u,v) and (u, u,v,v). We put them in the matrix so that (z,x, z,y),
(z,u,u,y) and (u, u,u,v) go to the top lines and (z, z, y, y) and (u, u,v,v)

go to the bottom lines as follows

Y Y

Y

viu v
a o

v € €
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We also used the 4-tuple (z,u,v,y), but it does not “fit” into this type of
matrix; it will be used in the definition of the binary relation P. From
the matrix, we see that the relation P should be defined from X3 to X?2.
The relations between the 4-tuples in the matrix above and (x,u,v,y)
given in (25), and the bottom and right hand relations in (28) and (29)
tell us that P should be defined as:

(a,b,c)P(d,e) < Jz such that aTdSzRb,zSe and eRc.

From the matrix we see that (x,z,u)PP°PP°(y,y,v), from which we
conclude that (z,z,u)PP°(y,y,v). It then follows that (x,z,u)P(a,€)
and (y,y,v)P(«,¢), for some (a,¢), i.e. there exist § and § such that

zTaSBRx, 35S and eRu
yT'aS6Ry, 5S¢ and eRw.

Next we apply the Triangular Lemma to

x\\
T \
R
/ JE: (31)
o — 8-
and
Y-
T \
T
/R ) (32)
a 6. -7~

S

We now apply the Shifting Lemma to

S
x U— _
\
T@)R R ¥a (33)
/
B—g—e-
and
s

Y U~
T@)R R T (34)
0 e.-"~

S
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From (33) and (34) we obtain uTcTv, thus (u,v) € T

(ii) = (ili) We prove that (24) holds with respect to the lattice
Equiv(X) of equivalence relations on an object X.

Let R, S,T € Equiv(X) be such that RA S < T. Then

RA(SVT) = RASTS, by Theorem 2.2(iii)
< T, by (TpL).

The converse implications always hold in a regular context, as ob-

served after the proof of Proposition 5.7. ]

Remark 5.11. In a varietal context, we know that the validity of the
Shifting Lemma and the Triangular Lemma is equivalent to the validity of
the Trapezoid Lemma (Theorem 5.5). We do not know if this result can
be generalized to the context of a regular Gumm category [14, 17]. How-
ever, Propositions 5.7 and 5.10 show that this equivalence between the
validity of the Triangular Lemma and the Trapezoid Lemma does hold
under the stronger conditions that the base category is regular Mal’tsev

and Goursat, respectively.

Remark 5.12. Note that another characterization of regular Goursat
categories which are equivalence distributive is given in [8]. A regular
Goursat category is equivalence distributive if and only if the regular

image of equivalence relations preserves binary meets:

F(RNAS) = f(R) A f(S),

for any regular epimorphism f: X — Y and R, S € Equiv(X).

5.3 Equivalence distributive Mal’tsev categories

In Chapter 4, we proved that regular Mal’tsev categories can be charac-
terized through variations of the Shifting Lemma. Thanks to the results
in the previous section we can now give some new characterizations of
equivalence distributive Mal’tsev categories and through similar varia-

tions of the Triangular and of the Trapezoid Lemmas.
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The variations of the Triangular and of the Trapezoid Lemmas that
we have in mind take R,S or T to be just reflexive relations. Note
that, for diagrams such as (19), (22) or (23), where R, S or T are not
symmetric, the relations are always to be considered from left to right
and from top to bottom. To avoid ambiguity with the interpretation of
such diagrams, from now on we will also write z v, y to mean that

(xz,y) € U, whenever U is a non-symmetric relation.

Theorem 5.13. Let C be a regular category. The following conditions

are equivalent:
(i) C is an equivalence distributive Mal’tsev category;

(ii) the Trapezoid Lemma holds in C when R, S and T are reflexive

relations;

(iii) the Triangular Lemma holds in C when R, S and T are reflexive

relations.

Proof. (i) = (ii) Since C is a Mal’tsev category, reflexive relations are
necessarily equivalence relations. Since C is also equivalence distributive,
by Proposition 5.7, the Trapezoid Lemma holds for any reflexive relations
in C.

(ii) = (iii) is obvious.

(iii) = (i) We follow the proof of Theorem 4.11 with respect to the
implication: if the Shifting Lemma holds in C for reflexive relations,
then C is a Mal'tsev category. The main issue is to fit the rectangle
to which we applied the Shifting Lemma in that result, into a suitable
triangle to which we shall now apply the Triangular Lemma (to get the
same conclusion that C is a Mal’tsev category).

To prove that C is a Mal’tsev category, we show that any reflexive
relation (e1,e2): £ — X x X in C is also symmetric (Theorem 2.7 (iv)).
Suppose that (x,y) € E, and consider the reflexive relations 7" and R on
E defined as follows:

(aEb,cEd) € R if and only if (a,d) € E, and
(aEb,cEd) € T if and only if (¢,b) € E.
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The third reflexive relation on E we consider is the kernel pair Eq(ez) of
the second projection es. Eq(e2) is an equivalence relation, with the
property that Eq(es) < R and Eq(e2) < T, so that R A Eq(e2) =
Eq(e2) < T. We can apply the assumption to the following relations

given in solid lines

E A
Eq(es) yLy
(xEz and yFEy by the reflexivity of the relation F). We conclude that
(xEz,yEy) € T and, consequently, that (y,z) € FE, so that C is a
Mal’tsev category.

Since the Triangular Lemma holds in C, by Proposition 5.7 the cat-

egory C is equivalence distributive. O

In the proof of the implication (iii) = (i) we only used two “genuine”

reflexive relations R and T'. This observation gives:

Corollary 5.14. Let C be a regular category. The following conditions

are equivalent:
(i) C is an equivalence distributive Mal’tsev category;

(ii) the Trapezoid Lemma holds in C when R and T are reflexive rela-

tions and S is an equivalence relation;

(iii) the Triangular Lemma holds in C when R and T are reflexive

relations and S is an equivalence relation.

Remark 5.15. An arithmetical category C is an equivalence distribu-
tive and Mal’tsev category which is, moreover, Barr-exact. Note that
in this thesis we do not assume the existence of coequalizers, differently
from what was done in Pedicchio’s original definition of arithmetical cat-
egory [80]. So, given a Barr-exact category C, the same equivalent con-
ditions stated in Theorem 5.13(ii), Theorem 5.13(iii), Corollary 5.14(ii)
and Corollary 5.14(iii) give characterizations of the fact that C is an

arithmetical category.
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We finish this section with a characterization of equivalence distribu-
tive Mal’tsev categories through a property on ternary relations which is
stronger than difunctionality (Theorem 2.7(v)). The difunctionality of a
binary relation D »— X x U, DD°D = D can be pictured as

xzDu
yDu
yDv
xzDv.

Whenever the first three relations hold, we can conclude that the bottom

relation xzDv holds.

Recall from [82] that an arithmetical variety is such that there exists

a Pixley term p(z,y, z) such that

p(x,y,y)
p(r,y,x) = =x
plz,z,y) =

We translate these Mal'tsev conditions into a property on relations (fol-
lowing the technique in [65]) which is expressed for ternary relations
D — (X x A) x U, seen as binary relations from X x A to U. It may

be pictured as

D

S
N

(z,a)

(y,0)D

(y,a)D
(x,a)Dw.

>
IS

(35)

S
<

This condition on the relation D follows from applying the Pixley term
to each column of elements, and writing the result in the bottom line.

In a regular context, property (35) can be expressed as follows:

D(Eq(m4) A D°DEq(rx)) < D.

Theorem 5.16. Let C be a regular category. The following conditions

are equivalent:
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(i) C is an equivalence distributive Mal’tsev category;
(ii) any relation D — (X x A) x U has property (35).

Proof. (i) = (ii) Suppose that the first three relations in (35) hold. Con-
sider the equivalence relations Eq(d; ), Eq(ds) and Eq(ds) on D given by
the kernel pairs of the projections of D. We have
(2, a,u) Ba(da) (3, 0, v) = (z,a,) Ba(dr)Ea(da) (3, 0, v)
(z,a,u) Eq(ds) (y,b,u) Eq(d1) (y, a,v) = (z,a,u) Eq(d1)Eq(ds) (y, a, v).
By assumption,

Eq(d1)(Eq(dz) A Eq(ds)) = (Eq(di)Eq(d2)) A (Eq(di)Eq(ds))

(by distributivity and by Theorem 2.7(iii)). Thus

(z,a,u) Eq(d1)(Eq(dz) A Eq(ds)) (y, a, v),

(:E’ a, u) Eq(dQ) A EQ(d3) (yv a, u) Eq(dl) (ya a, U)

and, consequently, (y,a,u) € D. Now we use the difunctionality of D
(Theorem 2.7(v))

to conclude that (z,a)Dwv.

(ii) = (i) The assumption applied to the case when A = 1, is pre-
cisely difunctionality of any binary relation, so C is a Mal’tsev category
(Theorem 2.7(v)).

Since C is a Mal’tsev category, we just need to prove the Triangular
Lemma to conclude that C is equivalence distributive (Proposition 5.7).
Consider equivalence relations R, S and T on an object X, such that
R A S < T and that the relations in (22) hold.

We consider a relation D — (X x X) x X defined by

(a,b)Dc < 3d € X : dSa,dTb and dRc.
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We have the following first three relations for d = u,d = v and d = y,

respectively,

by assumption, we conclude that (u,y)Dy. By the definition of D, there
exists w € X such that wSu, wTy and wRy. We can then apply the
Shifting Lemma to

to conclude that uTv. O

5.4 Equivalence distributive Goursat categories

In Chapter 4, we showed that Goursat categories can be characterized
through variations of the Shifting Lemma. Together with the results
from Section 5.3, we are going to characterize equivalence distributive
Goursat categories through similar variations of the Triangular and the

Trapezoid Lemmas. Such variations use the notion of positive relation.
Let us begin with the following observation:

Proposition 5.17. In any equivalence distributive Goursat category C,
the Trapezoid Lemma holds when S is a reflexive relation and R and T

are equivalence relations.

Proof. The proof of this result is based on that of Proposition 4.15 which
claims that a Goursat category satisfies the Shifting Lemma when S is
a reflexive relation and R and T are equivalence relations.

Let R and T be equivalence relations and let S be a reflexive relation
on an object X such that R A S < T. Suppose that we have (z,y) € T,
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(x,u) € S, (y,v) € S and (u,v) € R

We are going to show that (u,v) € T .

Consider the two relations P and W on S defined as follows:
(aSb,cSd) € P if and only if aRc and bRd:

The relations P and W are equivalence relations on S since R and T are
both equivalence relations. Given the equivalence relations P, Eq(ss2)
and W on S, since C is Goursat category, one has
(PAEq(s2)) VW = (PAFa(ss))W (P AEq(sy))
= W (P AEq(s2)) W,

which is an equivalence relation (Theorem 2.7 (iii)).

Since
P AEq(s2) <(PAEq(s2)) VW

and C is a Goursat and equivalence distributive category, by Proposi-

tion 5.10, we can apply the Trapezoid Lemma to the following diagram
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zSu _ Ealea) uSu
s N\
(PAEqW/ P | (PAEq(s2)) v W
Y,
ySv vSv. ”

Eq(s2)

Note that, uSu and vSv by the reflexivity of S. We then obtain
(uSu,vSv) € (PANEq(s2)) VW = (P AEq(s2)) W (P AEq(s2)),
this means that there are a and b in X such that
(uSu) (P AN Eq(s2)) (aSu)W (bSv) (P A Eq(s2)) (vSv),

l.e.

Since aRu (R is symmetric), aSu and R A S < T, it follows that aTu;
similarly one checks that bTv. From uTa (T is symmetric), a7b and

bT'v, we conclude that vTv (T is transitive), as desired. O

Since the Trapezoid Lemma implies the Triangular Lemma, we get

the following:

Corollary 5.18. In any equivalence distributive Goursat category C,
the Triangular Lemma holds when S is a reflexive relation and R and T

are equivalence relations.
We are now ready to prove the main result in this section:

Theorem 5.19. Let C be a regular category. The following conditions

are equivalent:

(i) C is an equivalence distributive Goursat category;
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(ii) the Trapezoid Lemma holds in C when S is a reflexive relation and

R and T are reflexive and positive relations;

(iii) the Triangular Lemma holds in C when S is a reflexive relation

and R and T are reflexive and positive relations.

Proof. (i) = (ii) Since C is a Goursat category, by Theorem 4.7, reflex-
ive and positive relations are necessarily equivalence relations. Since C is
also equivalence distributive, by Proposition 5.17, the Trapezoid Lemma
holds when S is a reflexive relation and R and T are reflexive and posi-
tive relations.

(i) = (iii) is obvious.

(iii) = (i) We follow the proof of Theorem 4.17 with respect to the im-
plication: if the Shifting Lemma holds in C when S is a reflexive relation
and R and T are reflexive and positive relations, then C is a Goursat
category. The main issue is to fit the rectangle to which we applied the
Shifting Lemma in that result, into a suitable triangle to which we shall
now apply the Triangular Lemma (to get the same conclusion that C is
a Goursat category).

To prove that C is a Goursat category, we show that for any reflexive
relation £ on X in C, EE° = E°E (Theorem 2.2(vi)). Suppose that
(x,y) € EE°. Then, for some z in X, one has that (z,2) € E and
(z,y) € E. Consider the reflexive and positive relations EE° and E°E,
and the reflexive relation £ on X. From the reflexivity of E, we get
FE < EFE°and E < E°FE; thus FE°ANFE = E < E°E. We can apply our
assumption (for R = FE°,S = E,T = E°FE) to the following relations

given in solid lines:
L~ N
E°E \
EE° y E°E
;e
I Y

VA =<

to conclude that (z,y) € E°E. Having proved that EE° < E°FE for every
reflexive relation F, the equality F°E < EFE° follows immediately, and
then C is a Goursat category.

Since the Triangular Lemma holds in C, by Proposition 5.10 the
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category C is equivalence distributive. O

We finish this section with a characterization of equivalence distribu-
tive Goursat categories through a property on ternary relations which is

stronger than property (iv)
P°PP°P = P°P (36)

of Theorem 2.2. The process to obtain such a characterization is similar
to what was done to obtain Theorem 5.16 for the Mal’tsev context. The

property (36) of a binary relation P — X x U, can be pictured as

zPu
yPu
yPuv
zPv
xPw
zPw.

Whenever the first four relations hold, we can conclude that the bottom
relations xPw and zPw hold for some w in U.
Recall from [74] that a 3-permutable congruence distributive variety

is such that there exists ternary terms r(x,y, z) and s(x,y, z) such that

rlzyy) = @
r(z,zy) = s(zyy)
s(r,z,y) =y
r(z,y,z) =x= s(z,y,x).

It is easy to check that, equivalently, such varieties admit quaternary

terms p(x,y, z,w) and ¢(x,y, z,w) such that

p(z, 9,9, 2) x
pz,zyy) = q@z,y.y)
ar,y,y,2) = =z
p(x,y,z,2) =x= q(z,y,2,1).

These Mal’tsev conditions translate into a property on relations (fol-
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lowing the technique in [66]) which is expressed for ternary relations

P — (X x A) x U, seen as binary relations from X x A to U, as

for some w in U.

In a regular context, property (37) means that:
Eq(ma) A P°PEq(mx)P°P < P°P,

and one can prove the following:

Theorem 5.20. Let C be a regular category. The following conditions

are equivalent:
(i) C is an equivalence distributive Goursat category;
(ii) any relation P — (X x A) x U has property (37).

Proof. (i) = (ii) Suppose that the first four relations in (37) hold. Con-
sider the equivalence relations Eq(d;), Eq(ds) and Eq(ds) on P given by
the kernel pairs of the projections of P. We have

(z,a,u) Eq(d2) (z,a,v) = (z,a,u) Eq(ds)Eq(d2)Eq(ds) (z,a,v).
(x,a,u) Eq(ds) (y,b,u) Eq(d1) (y, ¢,v) Eq(ds) (2, a,v)
= (z,a,u) Eq(ds)Eq(di)Eq(ds) (2, a,v).

By assumption,

Eq(ds)(Eq(d1) A Eq(d2))Eq(ds) =
(Ea(ds)Eq(d1)Eq(ds)) A (Eq(ds)Eq(d2)Eq(ds))

(by distributivity and by Theorem 2.2(iii)). Thus

(z,a,u) Eq(ds)(Eq(d1) A Eq(d2))Eq(ds) (2, a,v),



5.4. Equivalence distributive Goursat categories 113

ie. (v,a,u)Eq(ds)(a,B,u)Eq(di) A Eq(ds) (o, B,v) Eq(ds) (2, a,v)
and, consequently, («,S,u) € P and (a,f5,v) € P. Now we use the
property (36) of P

&
=
T
g

to conclude that (x,a)Pw and (z,a)Pw for some w € U.

(ii) = (i) The assumption applied to the case when A = 1 implies
property (36) of any binary relation, so C is a Goursat category (Theo-
rem 2.2(iv)).

Since C is a Goursat category, we just need to prove the Triangular
Lemma to conclude that C is equivalence distributive (Proposition 5.10).
Consider equivalence relations R, S and T on an object X, such that
R A S < T and that the relations in (22) hold.

We consider a relation P — (X x X) x X defined by
(a,b)Pc < 3d € X : dSa,dTb and dRc.

We have the following first four relations for d = u,d = v, d = y and

d = y again, respectively,

by assumption, we conclude that 3w € X such that(u,y)Pw and
(y,y)Pw. By the definition of P, there exists m,n € X such that mSu,
mTy, mRw; nSy, nTy, nRw.
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One has:
mITyI'n = miIn

mRwRn = mRn
nSySv = nSwv.

We can then apply the Shifting Lemma to

m U\\
\
T R R /T
-
n

to conclude that uTv. O




Chapter 6
Perspectives

Here, we present some directions for future research.

6.1 Centrality properties in Goursat categories

One of the main interests of the notion of connector is that it allows us to
understand centrality even without defining the commutator of equiva-
lence relations. Indeed, we can prove the important basic centrality
properties which correspond to the classical properties of the commuta-
tor. So, thanks to the properties of connectors in the Goursat categories
that we obtained, we then expect to prove some basic centrality proper-
ties which correspond to the classical properties of the commutator as it

was done in [15] for the case of Mal’tsev categories:
1. Symmetry: [R,S] =[S, R];
2. Monotonicity: if S7 < Ss, then [R, S1] < [R, S2];
3. Inclusion of the commutator in the intersection: [R,S] < RN S,

4. Stability with respect to products: [Ry X Ra,S1 X Sa] < [Ry, S1] X
[R2, Sa;

5. Stability with respect to restriction: if 4 : ¥ — X is a monomor-
phism, then [R,S] = Ay implies [i 1(R),i"1(S)] = Ay , where

Ax is the smallest equivalence relation on X;

115
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6. Stability with respect to joins: [R,S; V So] = [R, S1] V [R, S2].

(where R, Ry, Ra, S, S1 and S are equivalence relations on a given
object X).

The properties 1., 2. and 3. are always true in any regular category.
The property 5. cannot be true in Goursat categories since it character-
izes Mal’tsev categories. However, we think that the properties 4. and

6. could be true in Goursat categories.

These properties will then be useful for studying Smith-Pedicchio

commutators in the context of Goursat categories.

6.2 Abelian objects in Goursat categories

The new characterization of Goursat categories in terms of properties
of internal groupoids (Theorem 3.19) allows us to easily verify that the
subcategory C 45 of abelian objects of any Goursat category C is closed

under quotients in C.

It is an open problem whether C 4 is also closed under subobjects
in C. The characterization of Goursat categories in terms of positive
relations perhaps gives us a track to prove this property in a more general
framework by proving that the subcategory C 45 of a Goursat category C

is a Birkhoff subcategory as in the case of exact Mal’tsev categories [35].

It is well-known that the subcategory C 4, of abelian objects of any
factor permutable category [34] C is closed under subobjects in C (Corol-
lary 3.15 [34]). So, another way to solve the problem is to prove that
any Goursat category is a factor permutable category. This property is
true in a varietal context (Corollary 4.5 [51]). So, we can try to use some
of the known techniques to extend varietal proofs into categorical ones

such as the matrix technique [67], the embedding theoreoms [3, 57, 58].
We can then deduce that the subcategory of abelian objects C 45 of

a Goursat category C is admissible from the point of view of categorical
Galois theory [61].
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6.3 n-permutable completions

In Section 2.3, we characterized categories with weak finite limits whose
regular completions give rise to Goursat categories and related them to
the existence of the quaternary operations characterizing the varieties of
universal algebras which are 3-permutable varieties. Such kind of studies
have been done for Mal’tsev categories in [86]. So, the natural question
that arises is: can we generalize these studies to n-permutable categories?

The characterizations of n-permutable categories in terms of positive
relations (Theorem 4.9 and 4.10) and through certain stability properties
of regular epimorphisms (Theorem 3.3 [59]) give us some interesting leads
to approach this question.

In the same direction, one could also try to find the categorical prop-
erties characterizing the projective covers of congruence distributive and

congruence modular varieties.
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