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Abstract

As a first objective, we characterise those essentially algebraic categories which
satisfy properties like being unital, strongly unital, n-permutable, subtractive or pro-
tomodular. For each such property, we obtain a Mal'tsev condition as an equivalent
condition. Using the language of Janelidze matrix conditions, we treat many of these
properties together.

As a second objective, using these characterisations, we prove some embedding
theorems for those properties in a regular context in the same style as we did in the
companion paper [23]. Concrete examples of how to use these embedding theorems
are given. Finally, to extend those embedding theorems to the exact context, we show
that these properties are stable under the exact completion of a regular category.
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1 Introduction

By a Mal’tsev condition on a variety of universal algebras, it is commonly meant a condition
which assume the existence of some terms in the corresponding theory satisfying some
identities. The name originates from the most well-known example: a Mal’tsev variety is
a variety for which the corresponding theory contains a ternary term p(z,y, z) satisfying
the identities p(z,y,y) = = and p(z,x,y) = y. They have been characterised in [35] as
those varieties for which the composition of congruences on each algebra is commutative,
allowing a generalisation of the property for regular categories [14]. They have also been
characterised in [32] as those varieties for which each homomorphic relation is difunctional,
giving rise to a further generalisation in the finitely complete context [15].

Plenty of other examples can be found in the literature. For instance, the properties
of being a unital [8], a strongly unital [8], an n-permutable [13], a subtractive [27] or a
protomodular [7] category all give rise to a Mal’tsev condition in the algebraical context.
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Research Foundation and from NSERC are gratefully acknowledged.



In the series of paper [28, 29, 30, 31|, Z. Janelidze proposed a common framework to study
these properties. Many such properties can be represented by a matrix, whose columns
display a categorical property on relations and whose rows carry out a Mal’tsev condition
which characterises those algebraic varieties for which each homomorphic relation satisfies
the property represented by the columns. One can get as examples the unital, the strongly
unital, the n-permutable and the subtractive properties.

In the companion paper [23]|, we have characterised essentially algebraic categories
which are Mal’tsev categories. As in the algebraic case, objects in essentially algebraic
categories are given by an S-sorted set A (i.e., an object in Set¥, for a set S of sorts)
endowed with operations [[;.; As, — A satisfying some given equations. The difference
is that some of these operations can be only partially defined and defined exactly for
those elements in the product satisfying some given equations involving totally defined
operations. The characterisation of Mal’tsev essentially algebraic categories from [23] also
gives rise to a Mal'tsev condition in the essentially algebraic world. The first aim of the
present paper is to generalise this characterisation to the general form of conditions given
by Janelidze matrices and to the protomodular condition. In each of these cases, we
characterise essentially algebraic categories satisfying the given condition with a Mal’tsev
condition. In the case of simple Janelidze matrices from [28], the corresponding Mal’tsev
condition is very close to the algebraic one (see Theorem 3.4). However, in the general
case, the corresponding Mal’tsev condition is a bit more complex (see Theorem 3.3). Note
that our characterisations are given as Mal’tsev conditions, i.e., using terms and identities.
This differs to what is generally done for locally presentable categories [18] (i.e., essentially
algebraic categories). Indeed, in [6, 16, 20|, the authors characterise those small finitely
complete categories C for which the locally finitely presentable category Lex(C, Set) has a
given property. Here, Lex(C, Set) denotes the category of finite limit preserving functors
from C to Set, the category of sets.

The second main objective of this paper is to use these characterisations to build, for
each of the above properties, a ‘representative’ regular category M having the considered
property and such that each small regular category with the given property embeds ‘nicely’
in a power of M. Here, ‘nicely’ means the embedding is a regular conservative faithful
functor. We construct M, in a similar way we did in [23] for the Mal’tsev case, i.e., as
an essentially algebraic category. The proof of the embedding theorem is then also very
similar, up to a few changes. We first need to prove that the properties we consider are
stable under the free cofiltered limit completion. This completion is given, for a small
finitely complete category C, by the restricted Yoneda embedding C — Lex(C, Set)°P. In
that purpose, we prove that for a small regular category satisfying a given Janelidze matrix
condition, its completion satisfies the same condition. For the protomodular case, we
unfortunately need the existence of some colimits to make this step work, which will make
the embedding theorem less powerful. The second step we need to achieve in order to prove
our embedding theorems is to generalise the theory of approximate operations. In [10], the
authors proved the existence of an approximate Mal’tsev co-operation on each object of
a regular Mal’tsev category with binary coproducts. This has also been developed in the
protomodular context in [11], for n-permutable categories in [36] and for simple Janelidze
matrix conditions in [31]. We generalise it further here to the case of all Janelidze matrix
conditions.

Due to these embedding theorems, if one wants to prove a categorical result (of a
prescribed form) for all regular categories satisfying a Janelidze matrix condition, it is
sufficient to prove it in the essentially algebraic representative category M. We give concrete
examples of how to use this technique to reduce the proof of categorical results to essentially



algebraic arguments. As we are going to see, these proofs in the essentially algebraic
world are mere translations of the corresponding proofs in the algebraic world. However,
we provide an example where such a direct translation does not exist. This implies in
particular that we have no hope to find a good embedding theorem for these properties for
which the representing category M is an algebraic category.

We know from [19] that the exact completion [33] of a well-powered regular proto-
modular category is again protomodular. As a last part, we show that Janelidze matrix
conditions are also stable under the exact completion of a well-powered regular category.
We even show this result for properties involving implications of such matrix conditions.
In view of this, our embedding theorems can be transposed in the exact context [3]. In
particular, we can regularly and conservatively embed any small semi-abelian category [26]
in a fixed exact homological category (in the sense of [5]).

The paper is divided as follows. In Section 2 we recall the background needed to un-
derstand the results. In particular, we recall the theory of Janelidze matrix conditions. In
Section 3, we characterise those essentially algebraic categories satisfying a given Janelidze
matrix condition, or being protomodular. Section 4 is devoted to the proof of our embed-
ding theorems and Section 5 to their applications in concrete examples. We then treat the
exact case in Section 6. Finally, we propose some open questions for further research in
Section 7.

Remark 1.1. The reader is assumed to have read the companion paper [23] before this
one. In particular, the theory of essentially algebraic categories is only briefly recalled here
and we only show the main changes in the proof of the embedding theorems, since it is
similar to the one in [23].
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2 Preliminaries

2.1 Essentially algebraic categories

Let us start by recalling the notion of an essentially algebraic category from [1|. Roughly
speaking, this is a category of (many-sorted) algebraic structures with partial operations,
for which the domain of definition of each of these partial operations is itself defined as the
solution set of some system of totally defined equations. Such a category can be described
by an essentially algebraic theory, that is a quintuple I' = (S, X, E, ¥4, Def) where S is a
set of sorts, X is an S-sorted signature of algebras, F is a set of X-equations, ¥y C X is
the subset of ‘total operation symbols’ and Def is a function assigning to each operation
symbol o: [[;c;s8i — sin X\ X; a set Def(o) of ¥s-equations in the variables z; of sort
s; (i € I). The notions of a I'-model and of a homomorphism between I'-models is then
defined in the standard way (see [23] for more details). The category of I'-models and
their homomorphisms is denoted by Mod(T"). They characterise, up to equivalence, all the
locally presentable categories, also called the essentially algebraic categories |18, 1].

For I as above, if all arities of X are finite, if all equations of F use only a finite number
of variables and if all sets Def(c) are also finite, I' is called a finitary essentially algebraic



theory. A category which is equivalent to some category Mod(I") for a finitary essentially
algebraic theory I is called a finitary essentially algebraic category, or, according to [18, 1],
a locally finitely presentable category. The basic examples of finitary essentially algebraic
categories are the finitary (many-sorted) quasivarieties and so, in particular, the finitary
(many-sorted) varieties. The category Cat of small categories and Grpd of small groupoids
are also finitary essentially algebraic.

For an essentially algebraic theory I', we recall that the category Mod(T") is complete
and cocomplete and the forgetful functor U: Mod(I') — Set® has a left adjoint. As
described in [23], the free algebra on an S-sorted set of variables z; of sort s; (for any
family (s;);er of sorts) is given, at a sort s € S, by the set of equivalence classes of
everywhere-defined terms 7: [[,c;s; — s of I', where we identify the terms 7 and 7’ if and
only if 7 = 7/ is a theorem of T'.

Let us also recall that Mod(T") possesses a (strong epi,mono)-factorisation system, since
every homomorphism f: A — B factorises through its image Im(f) given by

Im(f)s = {7((f(a:))ier) |a; € As, and 7: Hsi — s is a term of ¥ which
i€l
is defined in B on (f(a;))icr},

for each sort s € S.

2.2 Some Mal’tsev conditions

In this subsection, we present some Mal’'tsev conditions on algebraic varieties. These
conditions assert the existence of some terms in the theory satisfying some identities. Often,
they can be equivalently stated via a condition on homomorphic relations. This equivalent
condition may then be stated in categorical terms which generalises the original algebraic
definition. We recall here the ‘Janelidze matrix conditions’ introduced in [28, 29, 30, 31]
which give a bunch of such examples, including the Mal’tsev [15], unital [8], strongly
unital [8] and subtractive [27] conditions. These conditions are pictured by a matrix whose
columns give the categorical condition on relations and whose rows represent the algebraic
Mal’tsev condition. The condition of being a protomodular category [7] does not seem to
be of that type, but however gives rise to a Mal’tsev condition in the algebraic world. We
also recall this example in this subsection.

In order to recall the Janelidze matrix conditions, we first need to recall the notion
of a T-enrichment [17, 28|. Let 7 be a finitary one-sorted algebraic theory. An inter-
nal T-algebra in a category C is an object A of C equipped with a structure of (ordinary)
T-algebra on y(A), where y: C — Set™ is the Yoneda embedding. An internal homomor-
phism of internal T -algebras is a morphism f: A — B in C such that y(f) is an ordinary
homomorphism of T-algebras. This forms the category Algs C of internal T -algebras.

A T-enrichment on C is a section of the forgetful functor Alg;-C — C. In order words,
it is the assignment of an internal 7-algebra structure on each object A of C in such a way
that every morphism is an internal T-algebra homomorphism. A T -enriched category is a
category C equipped with a fixed 7T-enrichment. Thus, a T-enriched category is a category
C equipped with a factorisation Homge of the usual functor home: C°P x C — Set through
U: Algy — Set, the forgetful functor from the category of T-algebras to the category of



sets.
Algr
vl
U
C°P x C—— Set
hom¢

A T-enriched functor between the T-enriched categories C and D is an ordinary functor
F: C — D such that, for all A, B € C,

F: Homc¢(A, B) — Homp(F(A), F(B))

is a homomorphism of T-algebras.

If C has finite products, an internal 7-algebra structure on A is uniquely determined
by, for each r-ary term 7 of T, the corresponding operation 74 = 7(py,...,p.): A" — A
where p1,...,p, are the product projections A" — A. Dually, if C has finite coproducts,
a T-enrichment on C is uniquely determined by the corresponding internal T-co-algebra
structure on each object A given by, for each r-ary term 7 of T, the co-operation 74:°P =
T(t1y -y tp): A — rA where ¢1,..., 1, are the coproduct injections A — rA.

Notice that, if C is a T-enriched category, C°P can be trivially provided with a T-
enrichment. Moreover, if P is a small category, then the equalities

T(al,...,ar)p :T(al,p,...,a,,,p)

for all r-ary terms 7 of T, object P of P and natural transformations aq,...,0,: FF = G
define a T-enrichment on the functor category CF. If S is a set, we consider it as a discrete
category to get a T-enrichment on C5.

If £ is another finitary one-sorted algebraic theory, T-enrichments of Alg, are in one-
to-one correspondence with central morphisms 7 — I of algebraic theories [17]. These
are morphisms of algebraic theories such that for every term 7 of T, its interpretation 7*
as a term of JC commutes with every term v of K in the sense that

T (@11 Zan)s ooy U( X1y ey Tpn)) = 0(T (@11 1)y ooy T XAy o v oy Tp))

is a theorem in K (where r and n are the arities of 7 and v respectively). The theory T
is said to be commutative if the identity 7 — T is a central morphism, i.e., if every two
operations in 7 commute with each other.

We can now recall the Janelidze matrix conditions from [28, 30]. Let 7 be a finitary
one-sorted algebraic theory. An extended matriz of terms in T is a matrix

t1n o0t | ull o Uy
M = : : : : (1)

ta1 o lap | Ual cc Ugk
with @ > 1, b > 0, ¥ > 0 and where the ¢;;’s are terms of 7 in the variables z1,..., 2
and the wu;;’s are terms of 7 in the variables x1,...,2; with 0 <1 < k. Let us denote by

X = {x141,..., 21} the set of variables on which the u;;’s depend but not the ¢;;’s. To
stress the fact that X might be not empty, we will denote this extended matrix by (M, X).
For an a-ary relation r: R — A% in a regular T-enriched category C, we say that r is



(M, X)-closed if, when we consider the pullbacks

P ! R s RY
| |
f rb g Tb/
Al Aa)b AF Aa v
(tﬁ tiqb) ( ) ufy - “fb' ( )
tél tla.qb ué?l u;;‘b,
and
t’
T Q (2)
_
g
: Ak 22 Al Ak
lm—(m,--wm)
p Al
f

then ¢ is a regular epimorphism (or, in other words, f factors through the image of 71g).
Here, p;: A*F — A is the j* projection for 1 < j < k. We also have a description of
(M, X)-closedness in terms of generalised elements as in the following proposition.

Proposition 2.1. Let (M, X) be an extended matrix of terms in the finitary one-sorted
algebraic theory 7 as in (1). Let also r: R — A% be an a-ary relation in the regular
T-enriched category C. Then, r is (M, X)-closed if and only if for each morphism y =
(y1,...,y): Y — Al in C such that

(tlj(yb"'7yl)7"'7taj(y17"-7yl)): Y — A®

factors through r for each j € {1,...,b}, there exists a regular epimorphism p: Z — Y
and morphisms 2, 1,...,2r: Z — A such that

(ulj(ylpa sy YDy Rl41y - e Zk:)a e ’Uaj(yll% e YDy R4y - - 7Zk‘)): Z — A?
factors through r for each j € {1,...,V'}.

Proof. For the ‘if part’, it suffices to consider y = f. We then get a regular epimorphism
p: Z — P and morphisms z;41,...,2,: Z — A. Considering the morphism

(plfp>"'7plfpazl+la'-- azk’): Z — Ak?

we get a morphism z: Z — @ such that

gz = (plfp7 . 7plfp7zl+17' . '7Zk)

which implies w19z = fp. Therefore, p factors through ¢ and so t is a regular epimorphism.
Conversely, given such yi,...,y: Y — A, let, for each j € {1,...,b}, v;: Y — R be
the unique morphism such that

ij = (tlj(yl, . ,yl), . ,taj(yl, .. .,yl)).



Let also h: Y — P be the unique morphism such that fh = (y1,...,y;) and f'h =
(v1,...,vp). Eventually, we construct p as the pullback of ¢ along h

/

7 p

p

Y

T

~+

e
-
- P
h

and z; = p;jgt'p’ for j € {{+1,...,k}. It remains to see that

ii(p1fhp, .. pufhp, i gt’p's .. pegt'D')

Wig (Y1Ds - - s YIDs 21415 - - > 2k) = Ui (
wig(pLfty’, oo fty, piagt’v's - pegt'’)
i (
i (

i(mat'y’, ... prgt'D)
ij\P1y - - - 7pk)gt/p/

foralll1 <i<aand1<j<¥ and so

(Ulj(?ﬂ])» < YDy 21y - - - 7Zk‘)a s 7uaj(y1p7 <o YLDy 241y - e Zk))
- (ulj(plv e )pk?)7 s 7uaj(p17 cee 7pk))gt/p,
_ ijg/t/p/
factors through r for each j € {1,...,V'}. O

We say that the regular 7-enriched category C has (M, X)-closed relations if every
a-ary relation R — A% in C is (M, X)-closed. If X = @& and V' = 1, we recover the notion
of a category with M-closed relations from [28§].

The following theorem explains how the rows of M represent this condition as a Mal’tsev
condition on algebraic varieties.

Theorem 2.2. (Corollary 3.2 in [30]) Consider a central morphism 7 — K of finitary
one-sorted algebraic theories. Let (M, X) be an extended matrix of terms in 7 as in (1).
Then, the regular T-enriched category Algy has (M, X)-closed relations if and only if there
exist b-ary terms p1,...,py and l-ary terms qi,...,qr—; in K such that

pi(ti (@1, z), -ty (T, m)) = wg(, L xn (), g (T, 1)

is a theorem of I for each i € {1,...,a} and each j € {1,...,V'}, where t* denotes the
interpretation in IC of the term ¢ in T .

Example 2.3. If T = Th[Set] is the theory of sets and C is a regular category, then the
following equivalences hold:

OChas<(x vy u
T Ty

gory [15, 28].

x
Y

> ,@) -closed relations if and only if C is a Mal’tsev cate-

e More generally, for n > 2, C has (M, X )-closed relations for

T T z z Zn—
(MaX):<< vy ! 2 " 2),{Zla"'7zn2}>
.. Zn72 y

r T Y| zZ1 <2




if and only if C is n-permutable. Indeed, having (M, X )-closed relations is equivalent
to the condition that every binary relation R on A is such that

(14 AR)R°(14 AR) < R™!

which is equivalent to being n-permutable [25] (see Section 5 for a recall on opposite
and composition of relations in a regular category).

If 7 = Th[Set,| is the theory of pointed sets and C a regular pointed category, then
the following equivalences hold:

x 0
o(Chas<<0 .

O(Chas<<x 00
y 'y x

category |8, 28].

O(Chas<<x 0
T T

Although it seems that being a protomodular category cannot be expressed as a
Janelidze matrix condition, this still induces a Mal’tsev condition on algebraic varieties,
as attested by Theorem 2.4 below. We recall from [7] that a finitely complete category C
is protomodular when the change of base functors of the fibration of points Pt(C) — C
reflect isomorphisms, or equivalently, when for each diagram

x
x

) ,@) -closed relations if and only if C is unital |8, 28|.

T
T

> ,@) -closed relations if and only if C is a strongly unital

x

0

) ,@) -closed relations if and only if C is subtractive [27, 28].

AL A

|
Pl Pl
B?B/

with p'u = vp, s'v = us, ps = 1p, p's’ = 1p and for which the square p'u = vp is a
pullback, the morphisms u and s" are jointly strongly epimorphic.

Theorem 2.4. (Theorem 1.1 in [9]) Let K be a finitary one-sorted algebraic theory. Then,
the category Algy is protomodular if and only if K contains, for some natural number n > 0,

e 1, constants wi, ..., wy,

e for each 1 < ¢ < n, a binary operation d;(x,y) such that d;(z,z) = w; is a theorem
of IC,

e an n+ l-ary operation 7 such that 7(di(z,y),...,dn(x,y),y) = x is a theorem of K.

3 Mal’tsev conditions in essentially algebraic categories

In this section, we characterise those essentially algebraic categories which satisfy the
conditions described in Section 2.2. We separate it in two cases: first we treat the case
of (M, X)-closed relations, and then we focus on the protomodular case. We will see that
in both cases, the characterisation is expressed as the existence of terms in the theory
satisfying some identities, and can therefore be considered as a Mal’tsev condition on
essentially algebraic categories. For matrices with £ = [ and for the protomodular case,



these Mal’tsev conditions are quite closed to their algebraic version. It is however worthy
to note that, for general Janelidze matrix conditions, they are more complex than their
mere translation from the algebraic world to the essentially algebraic world.

We start by studying 7 -enrichments of essentially algebraic categories. Let T be a
finitary one-sorted algebraic theory and I' = (S,%, FE, ¥, Def) an essentially algebraic
theory. Suppose we have a T-enrichment of Mod(I') and let 7 be an r-ary operation
symbol of 7. For a given s € S, we consider the S-sorted set Y such that Y5 = {y1,...,9,}
and Yy = & for s’ # s. The T-algebra structure on Fr(Y") gives rise to an interpretation of
7 into an everywhere-defined term 7°: 5" — s of T' (7° = (77O (y1, ..., yr) € Fr(Y)s).
Given now any I-model A and aq,...,a, € Ag, let f: Fr(Y) — A be the unique I'-
homomorphism such that f(y;) = a; for each 1 < i < r. Then, since f is also an internal
T-homomorphism, the square

Fr(Y) — L Fy(Y)
| |
A" A
TA
commutes. This implies that (74)s(ay,...,a,) = 7°(a1,...,a,). Hence, these interpreta-

tions turn axioms of 7 into theorems of I', in the sense that 77 = 75 is a theorem of I'
for each axiom 71 = m of 7. Moreover, since 74: A" — A is a I-homomorphism for any
Imodel A,

(0 ((x1i)icr)s - - 0((Tri)ier)) = o (7% (T1is - - -, Tri) )icr) (3)

is a theorem of I for each operation symbol o: [[;c; s; — s of 3. These observations lead
us to the following proposition. Compare this result with the description of T-enrichments
of algebraic categories as in Section 2.2.

Proposition 3.1. Let I' = (S, %, E, ¥, Def) be an essentially algebraic theory and 7 a
finitary one-sorted algebraic theory. 7-enrichments of Mod(I') are in one-to-one corre-
spondence with assignments, for all r-ary operation symbols 7 of 7 and sort s € S, of an
everywhere-defined term 7°: s” — s of I' such that

e these interpretations turn axioms of T into theorems of I' at each s € S,

e for each operation symbol o: [[,.;si — s in 3 and operation symbol 7 of T, ¢ and
T commute, i.e., (3) is a theorem of T'.

Proof. We proved above that each T-enrichment gives rise to such an assignment. On the
other hand, given such an assignment, we define an internal 7-algebra on every I'-model
A by letting (74), = 7%: (A7), = (As)" — A, for all r-ary operation symbols 7 of 7 and
s € S. It is routine verifications to check that this yields a I'-homomorphism 74: A”™ — A,
that this gives rise to a T-enrichment on Mod(I") and that these two applications are
reciprocal inverses. O

Before characterising essentially algebraic categories with (M, X)-closed relations, let
us recall the characterisation of regular ones.

Proposition 3.2. [23, 22| Let T" be an essentially algebraic theory. Then Mod(T') is a
regular category if and only if, for each term 0: [[;.; s; — s of I, there exists in I':

o aterm m: [[;c;8; — s,



e for each j € J, an everywhere-defined term o;: s — s; and

e for each j € J, an everywhere-defined term p;: [[;c; si — s;-
such that

e 7((aj(z))jes) is an everywhere-defined term s — s,

o 7((aj(z))jes) = x is a theorem of T',

o o;j(0((zi)icr)) = pj((xi)icr) is a theorem of I" for each j € J.

If T is a finitary essentially algebraic theory, it is enough to consider only finitary terms
0: 11, si — s

We can now characterise essentially algebraic categories with (M, X)-closed relations.

Theorem 3.3. Let ' be an essentially algebraic theory such that Mod(T") is regular, 7
a finitary one-sorted algebraic theory and (M, X) an extended matrix of terms in T as
in (1). Given a T-enrichment of Mod(I"), this regular T-enriched category Mod(T") has
(M, X)-closed relations if and only if, for each sort s € S, there exists in I':

o aterm m°: [, cppsu — s,

e for every v € {1,...,k} and u € U, an everywhere-defined term ¢%: s' — s,,
o for every j € {1,...,b'} and u € U, a term p}: sb — sy,
such that
e the term
pi(th (@, x), (T, @) st — sy

is everywhere-defined for all i € {1,...,a}, j € {1,...,b'} and u € U,

e the theorem

pi (@, m), (@, ) = ug () (@, o), g (@ T)
holds in T for all ¢ € {1,...,a}, j € {1,...,b'} and u € U,

e the term
(g4 (w1, 21))uer): 8" — s
is everywhere-defined for each v € {1,...,1},
e the theorem
T ((qy (@1, - -+, 21) )ueU) = T

holds in I' for each v € {1,...,1}.

Proof. Suppose firstly that such terms are given. Let R C A% be an a-ary relation on
A in Mod(T'). Let P and @ be as in the definition of (M, X)-closedness. We have to
prove that f: P — A! factors through the image of mg: Q — A!. So, let s € S and
(a1,...,a;) € Ps C AL. Thus, we know that

(tj(ar, . ar), .. toi(ar, ..., a1)) € R

10



for all j € {1,...,b}. So, for all j € {1,...,0'} and u € U,

<u‘;;(q%(a1,...,al),...,qz(al,...,al)),...,ui”j(qi‘(al,...,al),...,qg(al,...,al)))
= (p;‘( nar, )t (ar, . a), -y ( Zl(al,...,al),...,tgb(al,...,al)))
€ Rq,.
This means that
by = (¢ (a1, ..., a1),...,qr(a1,...,q1)) € Qs,
for all w € U. Therefore,

q (alv"'aal))ueU)>-"7”8((qzi(a17"'>al))u€U))
ai'(ar, ..., a), ..., q'(a1, ..., @)))uev)

(a1,...,a;) = (7

|
—~ T~

and R is (M, X)-closed.

Conversely, let us suppose that Mod(T") has (M, X)-closed relations. Let s € S and Y
be the S-sorted set such that Y5 = {y1,...,y;} and Yy = & for s’ # s. We denote by R
the smallest a-ary homomorphic relation on Fr(Y") such that

( ij(ylv"'7yl>7"'7t3j(y17~'-7yl)) S RS
for all j € {1,...,b}. It is easy to prove that for each s’ € S,

Ry = {a-tuple of everywhere-defined terms

(Tt s m)s -t ), (@ (), tap (s - )

7: s — 5 is a term of I'}

C Fr(Y)?,.

Let P and @ be as in the definition of (M, X )-closedness for R. Since (y1,...,y;) € Ps and
R is (M, X)-closed, (y1,...,y1) € Im(m1g)s. Thus, there exists a term 7°: [[,c;7 Su — S
and an element ¢ € Q)s, for each u € U such that

uelU

m(m19(q"))uev) = (Y15 -+ v1)-

By construction of @, for each u € U, we know there exist everywhere-defined terms
qiy -Gy st — s, such that

Su u

(uit(ays - @)y ugs(ats - ai)) € Rs,

for all j € {1,...,V'} and the term

T ((qy (Y15 -+ Y1) Juev)

is everywhere-defined and equal to y, for all v € {1,...,l}. The above description of
R;, gives the terms pi: s® — s, for every u € U and j € {1,...,b'} with the required
properties. O

In the case where k = [, we actually do not need to consider the term x*.
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Theorem 3.4. Let T' be an essentially algebraic theory such that Mod(T") is regular, 7
a finitary one-sorted algebraic theory and (M, X) an extended matrix of terms in T as
in (1) such that k = 1. Given a 7T-enrichment of Mod(I"), this regular 7-enriched category
Mod(T") has (M, X )-closed relations if and only if, for each sort s € S, there exist terms
Py, py: s — sin I such that

e the term
pi(ts (w1, mp), (w1, mp): st = s

is everywhere-defined for each i € {1,...,a} and each j € {1,...,V'},

e the theorem

pi(th(xr, @), (s @) = wiy(@, )
holds in T for each i € {1,...,a} and each j € {1,...,b'}.

Proof. Let us suppose first that Mod(T") has (M, X )-closed relations and let us consider the
terms given by Theorem 3.3. For s € S and j € {1,...,¥'}, we define the term p;: s* — s
as

Py, y) = (05 (Y1, -+ ) Juer)-

Let i € {1,...,a}. We already know that the term p}‘( @, @), .t (2., 1)) s
everywhere-defined for each u € U. Moreover, to prove that

WS((p;'L(tfl(xlﬂ s ,.’I?[), ceey fb(xlv cee 7xl))>u€U)
is everywhere-defined, it is equivalent to prove that
(i (@ (@1, )y @ (1, ) Juew)

is everywhere-defined. But this is the case since 7°((¢(z1,...,21))uev) 1S everywhere-
defined for each v € {1,...,1} (using the facts that £ = [ and u;; commutes with terms
of I'). Moreover, we have the following theorems in I":

pj(tfl(xlw . '71'1)7 e 7tfb(x17 cee 7371))

= ((pf (1 (@1, @), (215 21)) Juew)

=7 ((ugp (@i (T1, -y 2)s ooy @ (@1, - T0)) Juer)

= ui(m° (¢ (z1, - - 1) )uev)s - - -, T (@' (@1, - - - 1) Juer)
= ujj (21, .., 7)

proving the required properties of p;.

Conversely, suppose that, for each sort s, such terms py,...,py: s — s exist. Then,
to get the terms required by Theorem 3.3, it suffices to set 7° = 15 and ¢} (z1, ..., %) = Ty
for each v € {1,...,1}. O

Remark 3.5. Extended matrices (M, X) for which & = [ were already considered in
the first paper [28] of the corresponding series of papers. In this case, the corresponding
categorical property makes sense for an arbitrary finitely complete category (not necessarily
regular). Using a proof similar to the one used for Theorem 3.3, one can remove the
regularity assumption in Theorem 3.4. This has been done in [22].

Let us conclude this section with the characterisation of protomodular essentially alge-
braic categories. Compare it with Theorem 2.4.
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Theorem 3.6. Let I' be an essentially algebraic theory. Then Mod(T") is protomodular if
and only if, for each sort s € S, there exists in I"

e aterm m: ([[;c;8) X s— s,

e for each i € I, an everywhere-defined term d;: s®> — s;,

e for each ¢ € I, an everywhere-defined constant term w; of sort s;
such that

e d;(x,r) = w; is a theorem of T for each i € I,

e the term
T ((di(2,y))ier,y): 8> — s
is everywhere-defined,
e the theorem
™ ((di(%,y))ier, y) =
holds in T

Proof. Firstly, let us suppose the conditions in the statement hold in I and let us prove
that Mod(T") is protomodular. So, we consider a morphism of points in the fibre over B in

Mod(T"), i.e., a diagram
f A
t u
B

with pt = 1 = qu, qf = p and ft = u. We also consider a morphism v: B’ — B such
that the image f’ of f by the change of base functor along v

A

!

Axp, B d A X0 B
t! u’
B/

is an isomorphism. We have to prove that f is also an isomorphism. Let us first prove it
is a monomorphism. So, let s € S and a,a’ € As be such that f(a) = f(a’). We consider
also the terms given in the statement for s. For each i € I, we have

p(di(a,a)) = q(di(f(a), f(a)) = q(di(f(a), f(a))) = q(w;i) = w;
and (di(a,d’),w;) € (A X, B')s,. Moreover,
f(dia,d’),wi) = (f(di(a,a")),wi) = (di(f(a), f(a')),wi) = (wi, wi) = f'(wi, w;)

and d;(a,a’) = w; = d;(d’,d’) since f; is injective. Therefore, we have

a=m"((di(a,a’))icr,d’) = 7*((di(d',d))ser, a') = o

and fs is injective. Now, we show that Im(f)s = AL. So, let ¢ € A.. For each i € I, we
know that

q(di(c, ftq(c))) = di(q(c), qftq(c)) = di(q(c), q(c)) = w;

13



from which (d;(c, ftq(c)), w;) € (A’ x40 B')s,. Since fq, is bijective, there exists an element
a; € A, such that (a;,w;) € (A Xp, B')s, (e, pla;) = w;) and f(a;) = di(c, ftq(c)).
Therefore, we can say that

¢ =7 ((die, ftq(c))ier, fta(c)) = 7°((f(ai))ier, fta(c)) € Im(f)s

and f is an isomorphism.

Conversely, let us suppose that Mod(I") is protomodular and let s € S. Let also X
and Y be the S-sorted sets defined by Xs = {z1,22}, Ys = {y} and Xy = @ = Yy for all
s’ # s. We consider the diagram

Fr(X) X, Fr(2) —> Fr(2)
_

where the square is a pullback and p and t are defined by p(x1) = p(z2) = y and t(y) = x2.
Since pt = 1gy(y), t is a monomorphism and we can see Fr(Y') as a submodel of Fr(X). We
write Im(py) V Fr(Y) for the smallest submodel of Fr(X) which contains Im(p;) U Fr(Y).
It is routine to prove it is described by

(Im(p1) V Fr(Y))s =

{T((pl(zi))iebxg) | 7: (H si) x s — s is a term of T, 2; € (Fr(X) X, Fr(@))s,

il
and 7((p1(2;))ier, x2) is defined in Fr(X)}

for all s € S. We have thus a morphism of points in the fibre over Fr(Y) in Mod(T'):

Tm(py) V Fr(Y)C : Fr(X)
e

By construction, its image by the change of base functor along the unique morphism
I Fr(@) — Fr(Y) is the pullback of ¢ along p;, which is an isomorphism since p; factors
through i. Moreover, since Mod(I") is protomodular, we know that ¢ is an isomorphism as
well and x; € (Im(p1) V Fr(Y))s. In view of the description of (Im(py) V Fr(Y))s, we have

a term
s (Hsz) X 8§ — 8

el
and elements z; € (Fr(X) x,1 Fr(@))s, (for i € I) such that
7 ((p1(2i))ier, ¥2)

is defined in Fr(X) and equal to x1. Now, considering the description of the pullback
Fr(X) x,1 Fr(@), there exists, for each i € I, an everywhere-defined term d;: s> — s; and
an everywhere-defined constant term wj; of sort s; such that z; = (d;, w;) and p(d;) =!(w;).
We thus got all the terms and theorems we were looking for. 0
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Remark 3.7. In the algebraic case, the Mal’tsev condition of being protomodular seems
to be of another type than the ones corresponding to Janelidze matrix conditions. Indeed,
in Theorem 2.4, the arity of the term 7 is not fixed and the number of terms d; and w;
depends on this arity, while in Theorem 2.2 both the number of terms and the arities
are fixed. In the essentially algebraic case, this difference disappear for general Janelidze
matrix conditions and protomodularity, as we can see from Theorems 3.3 and 3.6.

4 Embedding theorems

As we did in 23] for the Mal’tsev case, we are now going to prove some embedding theorems
for the categorical conditions considered in Section 2.2. The idea is to construct a fixed
category M having the considered property, in such a way that each small category with
that property has a ‘good’ embedding in a power of M. With such an embedding theorem,
we can reduce the proof of many categorical statements for all categories with the given
property to the proof of its validity in M. We will construct M as an essentially algebraic
category using Theorems 3.3 and 3.6. The corresponding embedding theorems will be
proved using the same technique as in [23], i.e., using approximate co-operations and the
free cofiltered limit completion of a category. We will only present explicitly the parts of
the proof which cannot be adapted on the spot from the proof in [23|. Let us start with
the construction of M, for the property of having (M, X )-closed relations. We will suppose
T to be commutative.

4.1 The representing category Mod(I'(, x))

Firstly, if I' and I are two essentially algebraic theories, we will write I' C I to mean that
SCS YCY ECE, % CY, Y\ C ¥\, and Def(c) = Def'(0) for all 0 € ¥\ 4.
In this case, we have a forgetful functor U: Mod(I") — Mod(T").

Now, let us fix a commutative finitary one-sorted algebraic theory 7 and an extended
matrix (M, X) of terms in 7 as in (1). We write X7 for the set of 7-ary operation symbols
of T. We are going to construct recursively a series of finitary essentially algebraic theories

McAlc...cmc A C...
and a T-enrichment on the Mod(I'™)’s. Let us first define I'* = (5%, 29, E9 %9, Def?):
. 50— {x},
e X0 =30 ={r: %" 5 x[r>0,7€ %]},
e EY = {all axioms from T for the 7*’s}.

We consider the obvious T-enrichment on Mod(I'Y) = Algr. Now, let us suppose we have
defined

and the T-enrichment on Mod(I'™) (with I'™ = (S™, X", E™, X7, Def™)). We are going to
construct
AL — (S’n+1 2’n+1 E’nJrl E;TH_I Def’n+1)

first. Below, 5" = 5% and 5" = g» \ S Lifn > 1.

St = §m U {(s,0),(s,1) |s€ S" 2 Ss"LUS US",
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Tex] seld"}

E;”“ =Xy U {7'(8’0)2 (s,0)" = (s,0)
s,1 rex] seS"}

|7 >
U{T(S’l)l (s, )" = (s,1)|r >
U{a®:s— (s,0)|seS"}
U{p5,...,p5: 8" = (5,0)|s€ 5"}
U{Ki,... K5 8" = (50)]s€S"}
U{n®,e%: (5,0) = (s,1)|s € 5"},

0
0

it = Z"UE"HU{W (5,0) = s|s e 5"},

E™ = B U {pS(t5 (21, ), B, 1)
= ul (@ (@), 0 (@), K (@, 1), Ry (2 ) |
1<i<a,1<j<V,se8"}
U{n*(a®(z)) = e*(a’(x))|s € 5"}
U{r(a®(z)) =z|seS"}
U{e®(m*(z)) =2|se S}
U {all axioms from 7 for the 7(>%’s and the 7(>’s|s € 5"}

U{rED (@ (@), ..., 0% (z) = (75 (z1, .. 2)) [r 2 0,7 € 2] s € S}
U{T(s,O)(pj(xH,...,a:lb),...,pj(a;rl,...,:c,«b))
= (T (@11, @)y, T (T10y 5 Tip) |
i<, r>0rexl se8"}
ULrE0 (63 (@11, .. )y e ooy (@01, s 1)
=Ky (T3 (z11, .y @r1)s - T (X0 Ty)
1<v<k-1lr> OTEETSE?}
U{rCD (1), ..ot () = (O (@, . ) P2 0,7 €X) s €5}
U{T(S’l)(88($1), e (z,)) = € (7-( )(xh,,_,x ) |r>=0,7¢€ ET s Egn}

U{r*(7*(z1),. . .,T('S(QZT)) (2, )| r=0,7ex] se 5"}

and
Def "t (g) = Def(0) if o€ X"\ %P
Def "t1(7%) = {n*(z) = e5(2)} for se 3"
Hence, we have I'™ C A"+ and we consider the obvious T-enrichment on Mod(A™1).

Let now T be the set of finitary terms 0: [, s; — s of £ which are not terms
of ¥'" (where we consider ©'0 = &). We then define I as:

Sn+1 S 'n+1 U {89, 89 ’ = TnJrl} ~ g 'n41 L Tn+1 L Tn+1
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E?+1:En+1u{7-36 39%80|T‘ O TEET GETN-H}
U{r%: (s})" *)59’7' 0,7€%l,0eT}

U{ag: s — sg|0: Hsi—>seT”+1}
i=1

m m
U {pg: HSZ‘—>89|9: Hsi—>3€T"+l}

i=1 i=1
U {ng,c0: s9 — sp|0 € T"‘H},

m
yntl — s'ntl YU {mg: s — 5| 0: H‘Si —se T,
=1

B = Y {ng(ap(x)) = ep(ag(z)) |0 € T}
U {mg(ag(x)) = 2|0 € T}
U{ag(mg(z)) =z |0 € T"H}

U{ag(O(z1,...,2m)) = po(x1,. .., xm) | 0: Hsi —se Ty

i=1
U {all axioms from 7 for the 7°¢’s and the 7%’s |6 € T}
U{r%(ag(z1),...,a¢(x;)) = ag(T?(z1,...,2)) |

m
r>0,7€e EZ,H: Hsi —se T}
i=1
O{r (a1, T1m)s - (T - Tom))

= po(T (11, s 1)y ey T (T1my -+ oy Tym) |

m
r}O,TGZZ—,H: Hsi—>s€T”+1}

=1
U {0 (ng(x1),- .., mo(zr)) = mo(T% (z1, ..., %)) |7 > 0,7 € T, 0 € T}
U {783(59(:701), o ep(my) =ep(m (21, .. x) | r 20,7 € 2] 0 e T
U{r*(mg(x1),...,mo(xr)) :71',9(7'39(x1,... r)) |

and , ) ,
Def" (o) = Def "tl(g) if o€ X7\ Bt
Def" ™ (mg) = {ng(2) = g(2)} for 6 € T+

Thus, we have A" C I'™*! and we consider the obvious 7T-enrichment on Mod(I'*1).
We have constructed

rcatcrtc
Let I'(p7,x) be the union of these finitary essentially algebraic theories. By that we obviously

mean S(M,X) = Un>0 Sn E(M X) Un>0 ¥ E(M X) Un>0 E" Et (M, X) Un>0 2? and
Def (51, x)(0) = Def" (o) for all n > 0 and o € ¥ \ ¥. We pr0v1de Mod(I' (5, x)) with the
T-enrichment coming from the 7-enrichments on the Mod(I'"™)’s.
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Proposition 4.1. Let 7 be a commutative finitary one-sorted algebraic theory and (M, X)
an extended matrix of terms in 7. Then the T-enriched category Mod(I'(5/ x)) is regular
with (M, X)-closed relations.

Proof. 1t is the ‘T' ingredient’ of the construction which makes Mod(I'(5,x)) a regular
category. Indeed, each finitary term 6 of ¥y x) is in T+ for some n > 0, which makes
the conditions of Proposition 3.2 hold.

On the other hand, the ‘A part’ of the construction ensures that Mod(T'(ys x)) has

(M, X)-closed relations. To see that, it suffices to use Theorem 3.3 with the terms

% (5,0) = 5, &’ opr,...,a° opy KT, .. KL st — (5,0) (where py,...,p: 88 = s

are the projections), and pf,..., p}: sb — (s,0). O
4.2 The embedding C — Lex(C, Set)°P

Asin |4, 23], a key ingredient to prove the embedding theorem is to consider (the restriction
of) the Yoneda embedding i: C < Lex(C, Set)°P for a small finitely complete category C.
Here, Lex(C, Set) is the category of finite limit preserving functors C — Set and its dual
Lex(C, Set)°P is denoted by C as in [4]. Due to the embedding i: C < C, we treat C as a
full subcategory of C.

Theorem 4.2. [2, 18] Let C be a small finitely complete category. The following state-
ments hold.

1. Cis complete and cocomplete.
2. In (ﬁ, cofiltered limits commute with limits and finite colimits.
3. The embedding i: C — C preserves all colimits and finite limits.
4. For all A € C, the span (A, (¢)(C,e)e(Ali)) 18 the limit of the functor
(Ali)—C
c: A—i(C) —i(C).
5. The embedding i: C — C is the free cofiltered limit completion of C.

Now, if we are given a 7-enrichment on C for a finitary one-sorted algebraic theory 7T,
we construct a 7-enrichment on C in the following way. If A is an object of C and 7 an
r-ary term of T, we define 74: A” — A as the unique morphism which makes the diagram

A" T A
4
i(C) —=i(C") —=1i(C)

= i(r9)
commute for all (C,¢) € (A | 7). This morphism exists and is unique by Theorem 4.2.4.
This makes C a 7-enriched category and ¢ a T-enriched functor.

In [4] and [23], the embedding C < C was used because, in a regular context, each
object of C has a regular C-projective cover. This has been proved in [21] in the abelian
context and in [4] in the regular context.
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Theorem 4.3. [4] Let C be a small regular category. Then C is regular and each object
X € C admits a regular C-projective cover, i.e., a regular epimorphism X — X where X
is a regular C-projective object.

We thus have an embedding of C in a larger categoryN(E with a regular C-projective
covering. To be able to use it, we need to prove that this C shares the same properties as
C. In particular, in [23], a crucial step was to prove that if C is a small regular Mal’tsev
category, then C is also a regular Mal’tsev category. We now prove the corresponding result
for the property of being a regular 7-enriched category with (M, X)-closed relations. This
has been (or will be respectively) proved in [22] and [24] using the theory of unconditional
exactness properties. Since this is a central ingredient in the proof of our embedding
theorem, we sketch a direct proof here.

Proposition 4.4. [24, 22| Let 7 be a commutative finitary one-sorted algebraic theory,
(M, X) an extended matrix of terms in 7 and C a small regular 7-enriched category with
(M, X)-closed relations. Then, C is also a regular T-enriched category with (M, X)-closed
relations.

Proof. We already know from [4] that C is a regular category. To prove it has (M, X)-closed
relations, it is equivalent to show that for any family of a parallel maps

T1

R——=A

in C, the morphism ¢: T — P constructed as in the definition of (M, X )-closed relations
from r = (r1,...,74): R — A% (see diagram (2)) is a regular epimorphism. From [34], we
know that this family of parallel maps (r1,...,7,) in C is a cofiltered limit of diagrams of
the same shape from C.

i(R) T i(An) © S iRw) T i(Aw)

Since (cofiltered) limits commute with limits, the morphism ¢: 7" — P constructed from
the original diagram in C as in diagram (2) is the cofiltered limit of the morphisms
i(tn): i(Ty) — i(Ppn) constructed from the diagrams in C. But C has (M, X)-closed rela-
tions, so these ¢,,’s are all regular epimorphisms. Since cofiltered limits in C commute with
finite colimits (Theorem 4.2.2), this implies that ¢ is also a regular epimorphism and C has
(M, X)-closed relations. O

4.3 Approximate co-solutions and the embedding theorem

The last ingredient used in the proof of the embedding theorem in [23] was to use the
approximate Mal’tsev co-operations in C introduced in [10]. This concept has been gener-
alised in [36] for n-permutable categories and in [31] for simple Janelidze matrix conditions,
i.e., the one corresponding to an extended matrix (M, X) with £ =1 and & = 1. In order
to prove our embedding theorem in full generality, we generalise here this concept to the
case of any extended matrix.

Let (M, X) be an extended matrix of terms in the finitary one-sorted algebraic theory
T as in (1) and C a regular T-enriched category with finite coproducts. An approzimate
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co-solution for (M, X) on'Y € C is a span

Z
(pl,...y i (1,0 qk—1)
d
(bY)¥' Y (1Y)

satisfying

ti1(e1yeeet1)
( )pj:uij(éldw"abldaQM"'an—l):Z—>ZY

Lip(L15enstt)

for all i € {1,...,a} and j € {1,...,V'}, where t1,...,4: Y — Y are the coproduct
injections. The morphism d: Z — Y is then called the approzimation of the approximate
co-solution. For each Y € C, there is a universal approximate co-solution on Y. Let L be

the following product,

L=0Y)Y xY x (IY)+?

(PP l , w
d

(bY)Y Y (1Y )kt

consider the equaliser

t’il(Lly"'7Ll)
: P}
tib(Lly-nybl) iE{l,...,a}
e Jje{1,..,b'} ,
W(Y)—1L (ly)axb
(uij(ad’,oud' @04 0)) e, a)
je{1,...,0'}

and let & = d'e, (p¥,....p0) = (Wie,...,ppe) and (¢F,...,q ;) = (qle,...

Then
W(Y)
(p}/,-..,pf,/) l K,qkl)
AS
(bY)¥ Y 1Y)kt

) q],g—le>'

is the wuniversal approximate co-solution for (M,X) on Y, in the sense that any other

factorises uniquely through it.

Theorem 4.5. Let T be a finitary one-sorted algebraic theory, (M, X) an extended matrix
of terms in 7 and C a regular T-enriched category with finite coproducts. The following

statements are equivalent:

1. C has (M, X)-closed relations.

2. For each Y € C, there is an approximate co-solution for (M, X) on Y for which the

approximation d is a regular epimorphism.

3. For each Y € C, the universal approximate co-solution for (M, X) on Y is such that

the approximation d¥ is a regular epimorphism.
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Proof. 3 = 2is obvious and 2 = 3 follows from the universality of W (Y"). Let us prove
1 = 2. Solet Y € C and consider the pullbacks

fl

P (bY)?
_
f R A
g™ tap®
l b
(1Y) T, ()
11 1b
(tf}; té:)
Q : (bY)”
J /
e e i)
g .
tg™ ot
1Y)k 1y)sY
(1Y) ) (1Y)
el
and
T L Q
_
g
¢ (IY)F = (1Y)l x (1Y)+
-
P ).
7 (1Y)

Since the image of the morphism

bY 1b tal; (lY)a

is an (M, X)-closed relation, ¢ is a regular epimorphism. In addition, the diagram

v (L15eeertp) (bY)b
tﬁ"p tZiop b
(Ll,.‘.,l,l)
Lk (Gobk

Yy 1y
(f/u tlb)
Yy Yy
tal tub
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commutes and (1, ...,¢;) factors through f. Hence, if we consider the pullback

S = Q

_ lg
s (IYV)k = (1Y)l x (1y)+
Y (1Y)}

(Lly"'vbl)

s is a pullback of ¢t and is thus a regular epimorphism. Therefore, we have the expected
approximate co-solution for (M, X) on Y

S
g's' i ngjl
S
(bY)¥' Y (1Y )k
It is actually an approximate co-solution for (M, X) on Y since, for each i € {1,...,a}

and j € {1,...,b'},

ti1(e1,e-500)
(s = o
tin(L1yeeesty)
= uij(gls’, s gkS)
=ui; (118, .- uS, g1+, GrS’)
by definition of the pullback @, where g = (g1,...,9%) and ¢’ = (¢,...,4)-
It remains to prove 3 = 1. Let r: R »— A® be an a-ary relation on A in C. We are

going to use Proposition 2.1 to prove that r is (M, X)-closed. So, we consider a morphism
y=(y1,...,y): Y — Al such that

(tlj(yly . 7yl)7 . 7taj(y17 C. ,yl)): Y — A°

factors through r for each j € {1,...,b}. By assumption, we have a regular epimorphism
d¥: W(Y) - Y and morphisms

Y1
2y = < : >QK—IZW(Y)_>A

o
forve{l+1,...,k}. Now, for each j € {1,...,V'},

Y Y % Y
(ulj(yld 7"'7yld aZl+17'"azk)""auaj(yld a"'vyld 7Zl+1a---azk))
Y1 Y1
= <( : >Ulj(bldy,---,deY,Q¥a-~-7qi§_z),---, ( : )Uaj(bldyw--;bldYﬂ%/w--aqz—l)>
Yi Yi

Y,o

Y1 17" Y1 tai?
() : pj,--~7(f) : | py
Y t}/éop Y taYl;op
t11(Y1,-9) - ta1(Yi,u1)
= : : pj
t1o(Y1,-y) o tan(Y1,U1)
which factors through r by assumption on yi,...,y;. This proves that r is (M, X)-closed.
O
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We can now state our embedding theorem. What remains to be done to prove it is
just a mere translation of the proof in [23] for the Mal'tsev case. Therefore, we omit it (a
detailed proof can still be found in [22]).

Theorem 4.6. Let 7 be a commutative finitary one-sorted algebraic theory, (M, X) an
extended matrix of terms in 7 and C a small regular T-enriched category with (M, X)-
closed relations. We denote by Sub(1) the set of subobjects of the terminal object 1 of C.
Then, there exists a faithful 7-enriched embedding ¢: C — Mod(F(Mx))S“b(l) which
preserves and reflects finite limits, isomorphisms and regular epimorphisms. Moreover, for
each morphism f: C'— C’ in C, each I € Sub(1) and each s € Sy x),

(Im ¢(f)1)s = {(&(f)1)s(x) |z € (#(C)1)s}-

4.4 Embedding theorem for regular protomodular categories

We now turn our attention to the protomodular case. In a similar way than we did for
Janelidze matrix conditions, we are going to prove an embedding theorem for regular pro-
tomodular categories and for homological categories [5] (i.e., pointed regular protomodular
categories). Unfortunately, this time we will need to assume the existence of some colim-
its. In order to treat both cases (pointed and non-pointed) simultaneously, we are going
to consider regular T-enriched protomodular categories. The non-pointed case then cor-
responds to 7 = Th[Set] while the pointed case corresponds to 7 = Th[Set,]. So let T
be a commutative finitary one-sorted algebraic theory and let us construct the essentially
algebraic theory Fg;om Again, X7 represents the set of r-ary operation symbols of 7.

We are again going to construct recursively a series of finitary essentially algebraic
theories

McAlc...crmmcarttc...

and a T-enrichment on the corresponding categories of models. Let us first define I'® =
(89,50, E°, 329, Def?):

. 59— {x},
e Y0 =30 ={r: %" = x|[r>0,7€ %]},
e E° = {all axioms from T for the 7*’s}.

We consider the obvious T-enrichment on Mod(I'") = Algr. Now, let us suppose we have
defined

and the T-enrichment on Mod(I') (with I'™ = (S™, X", E™, X7, Def™)). We are going to
construct
An+1 — (S n+17 ) nJrl7 E nJrl7 Ztn—i—l’ Def n+1)

first. Below, S = 5% and 5" = S\ S"Lif n > 1.
S = 57 U {(5,0), (s,1)|s € S} = S"US" LS,

rexl seS"}

B = 2p U {0 (5,007 = (5,0) [ >
>0,rex,seS"}

U{reD: (5,1)" = (s,1) |7
U{6%: s = (5,0)|s € S"}
U {w®? constant operation symbol on (s,0)|s € S}
U{n®, e (5,0) x s — (s,1)|s € S},

0
0
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yrtl = E"UE”HU{W (5,0) xs —s|selS"},

E™"H = Eru{6*(z,2) = w0 | s € 5"}
U{n*(8°(z,y),y) = £°(6°(2,y),y) [ s € S}

U{r®(8%(z,y),y) == |s € S"}
U{6°(w*(z,y),y) =x|s € S}
U {all axioms from 7 for the 7¢*%’s and the 7(>V’s|s € §"}
U@ (@1, 3), -, 8 (s )

=6 (%21, -y ), T (1, - ..,yr)) lr>0,7ex] seS"}
U{rE0 (&0 w0y = G0 | > 0,7 e BT s € 8"}
U (@), - (s yr))

= (702, .. x), Ty, y))| e 20,7 €S se S}
U{rD (e (@r,m), .. e (@ )

= (7w, ), () [P 20,7 ex) s e S}
U{r* (7 (@1, 91) - - 7 (0, r))

= @y, ), () [P 20,7 ex) s e S}

and

Def ™ (¢) = Def"(0) if o € X7\ X
Def’n—‘rl(ﬂ.s) — {ns(x) = 5S(x)} for s € S".

Hence, we have I C A"*! and we consider the obvious 7-enrichment on Mod(A"*1).
Let now 7" be the set of finitary terms 6: [[/2; s; — s of »'7+1 which are not terms
of ¥'" (where we consider X0 = @). We then define It as:

Sl = S (g, 85 |0 € Ty =2 gL et

DIARRIES En+lU{T89.89—>89|T 0,7 %’ 0ecTm}
U{r%: (s})" —>39]7° 0,7 %’ 0eTm}

U{ag: s — sg|0: Hsi—>S€T"+1}
=1

m m
U {pe: Hsi—>59|9: HS¢—>SET”+1}
i=1 i=1

U{ng,c0: s9g — sp|0 € T"‘H},

m
yntl — yntl Ef“ U{mg: sg — s|6: Hsi — s T,
i=1
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E™ = BT U {ng(ag(x)) = eglag(x)) |0 € T}
U {mg(ap(x)) =z |0 € T"H}
U{ag(mg(z)) =z|0 € T"H}

U{ap(O@r, .. 2m) = pol@r, . wm) |0: [ 5 = s € T

i=1
U {all axioms from T for the 7°¢’s and the 7%0’s |6 € T"*1}
U{r% (awp(x1),-..,a0(xr)) = ag(75(z1,...,20)) |

m
r>0,7eX!,0: Hsi —se Ty
i=1
U {7 (to(@11s - s T1m)s - s 100(Tr1s - - s Tpm))
= (T (x11y ey 1)y ey T (T1my -+ o Tem)) |
m
r>0,1rex 6: Hsi —se T}
i=1
U{r% (ng(21), .., no(xr)) = no(7° (w1, ..., 21)) |
r>0,7rexl 6eT!}

U {783 (eg(z1),...,e0(xr)) = €p(T% (21, ..., 2)) |
r>0,7exl 0T}
U{r*(mg(x1),...,me(xy)) = mp(7°0 (21, ..., 2;)) |

r>0,7€ ETT,Q: Hsi — s € T"‘H}
i=1
and / / !
Def" (o) = Def "*1(0) if 0 € X7\ B2
Def" ™ (mg) = {ng(z) = g(2)} for § € T"1.

Thus, we have A" C I'™*! and we consider the obvious 7-enrichment on Mod(I'*1).
This ends the recursive definition of the series

McAlcrtc...

and we set T'7

proto
Mod(F;rroto) with the T-enrichment coming from the 7-enrichments on the Mod(I'"™)’s.
Th[Set]

proto

to be the union of these finitary essentially algebraic theories. We provide

Since they will be the most important cases, we denote I’

Th[Set.
1_‘pm[toe } by Ihomo-

simply by I'proto and

Proposition 4.7. Let 7 be a commutative finitary one-sorted algebraic theory. The
T-enriched category MOd(FZ);oto) is regular and protomodular.

Proof. The ‘A part’ of the construction makes Mod(Fg;Oto) protomodular. Indeed, con-

sidering 7°: (5,0) x s — s, d; = 0° and w; = w0, Fg;oto
Theorem 3.6.

On the other hand, the ‘I" ingredient’ of the construction ensures that Mod(FZ);otO) is
a regular category since each finitary term 6 of Eg—rom is in T"*! for some n > 0, which

makes the conditions of Theorem 3.2 hold. O

satisfies the conditions of
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Similarly to what we did for Janelidze matrix conditions, we still need some approxi-
mate co-operations. This has been treated in [11].

Theorem 4.8. (Theorem 6.4 in [11]) Let C be a finitely complete category with finite
coproducts. Then C is protomodular if and only if, for each X € C, the morphism

():DX)+X > X +X

L2
is a strong epimorphism where the square

dX

D(X)*“=X+X
A7 o
0

is a pullback, 0 the initial object and t2: X — X + X is the second coproduct injection.

Finally, we also need to prove that, under some assumptions, regular protomodularity
is also a property which lifts from C to C. This is where colimits are needed.

Proposition 4.9. Let C be a small regular protomodular category. Suppose either that
C has binary coproducts or that C has pushouts of split monomorphisms along arbitrary
morphisms. Then C is also a regular protomodular category.

Proof. This has been (or will be) proved in [22, 24| using the theory of unconditional
exactness properties. A direct proof also exists using a similar technique to what we did
in Proposition 4.4. It uses here the fact that a finitely complete category is protomodular
if and only if, for each morphism of points (u,v): (p,s) — (p/,s") for which the square
p'u = vp is a pullback,

AL A

I ol

B——DB
v

the morphisms v and s’ are jointly strongly epimorphic. If binary coproducts exist and
in a regular context, this means that the factorisation (5 ): A+ B’ — A’ is a regular
epimorphism. If the pushout of s along v exists and in a regular context, this means
that the factorisation of the upward commutative square above through this pushout is a
regular epimorphism. In both cases, a similar technique than in Proposition 4.4 can be
applied. O

Putting together all these ingredients, we have an embedding theorem for regular pro-
tomodular and homological categories (assuming the existence of some colimits). The
proof is again similar to the one in [23| and we omit it. The small differences for the
protomodular case can be found in [22].

Theorem 4.10. Let 7 be a commutative finitary one-sorted algebraic theory and C a
small regular protomodular T-enriched category. Suppose also either that C has binary
coproducts or that C has pushouts of split monomorphisms along arbitrary morphisms. We
denote by Sub(1) the set of subobjects of the terminal object 1 of C. Then, there exists a
faithful 7T-enriched embedding ¢: C — Mod(F;)rrotO)SUb(l) which preserves and reflects finite
limits, isomorphisms and regular epimorphisms. Moreover, for each morphism f: C — C’
in C, each I € Sub(1) and each s € ST

proto»

(Im &(f)1)s = {(&(f)1)s(x) |2 € (H(C)r1)s}-
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Remark 4.11. The assumption about colimits in Theorem 4.10 is only used to prove
that Lex(C, Set)°P is also protomodular. If one has another condition on the small regular
protomodular category C which also implies that C is protomodular, such an embedding
will also exist.

In the pointed context, Sub(1) is reduced to a singleton. We thus have the following
corollary.

Corollary 4.12. Let C be a small homological category with binary coproducts or pushouts
of split monomorphisms along arbitrary morphisms. Then, there exists a regular conser-
vative embedding C < Mod(I'homo)-

Proof. Let T = Th[Set,] in Theorem 4.10. O

5 Applications

Analogously to the metatheorems of [5], our Embedding Theorem 4.6 for Janelidze matrix
conditions gives a way to prove some statements in regular T-enriched categories with
(M, X)-closed relations in an ‘essentially algebraic way’ as follows. Besides, our Embedding
Theorem 4.10 for protomodular categories cannot be used in that way, unless the existence
of coproducts or pushouts is assumed.

Let (M,X) be an extended matrix of terms in the commutative finitary one-sorted
algebraic theory 7. Consider a statement P of the form ¢ = w, where ¢ and w are
conjunctions of properties which can be expressed as

1. some finite diagram is commutative,
2. some finite diagram is a limit diagram,

3. the equality 7(f1,..., fr) = g holds for an r-ary term 7 of 7 and parallel morphisms
fla--' 7f7‘agv

4. some morphism is a monomorphism,

5. some morphism is a regular epimorphism,

6. some morphism is an isomorphism,

7. some morphism factors through a given monomorphism.

Then, this statement P is valid in all regular 7-enriched V-categories with (M, X)-closed
relations (for all universes V) if and only if it is valid in Mod(T'(7,x)) (for all universes).
Indeed, in view of Proposition 4.1, the ‘only if part’ is obvious. Conversely, if C is a regular
T-enriched category with (M, X)-closed relations, we can suppose it is small up to a change
of universe. Therefore, by Theorem 4.6, it suffices to prove P in Mod(I(yy, X))SUb(l). Since
every part of the statement P is ‘componentwise’, it is enough to prove it in Mod(I'(5/ x))-

At a first glance, one could think this technique will be hard to use in practice, in view
of the difficult definition of Mod(I"(5/ x)). However, due to the additional property in our
Theorem 4.6, we can suppose the homomorphisms f: A — B considered in the statement
P have an easy description of their images, i.e.,

(Im f)s = {fs(a) [ a € As}
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for all s € S(prx). In particular, if f is a regular epimorphism, fs will be a surjective
function for all s € Sy x). Therefore, in practice, it seems we will never have to use the
operations ay, fig, 19, €9 and mg. They were built only to make Mod(I'(ys x)) a regular
category.

We now show on concrete examples how to use the embedding theorem and prove
some results using elements and operations. A first example can be found in [23] in the
Mal’tsev case and a second one in [25] in the n-permutable case. Let us give here one
in the subtractive case and one in the Goursat case. We recall from our Example 2.3
that a pointed (i.e., Th[Set,]-enriched) regular category is subtractive if and only if it has

<< z 0l ) ,@) -closed relations.
T T

0
Lemma 5.1. [12] Let C be a regular subtractive category and d an approximate subtrac-
tion in C (i.e., a morphism d: A x A — B such that d(1,1) = 0).

A

(m)l 0

AxA——>DRB
d

Let also z,y,z,w: C — A be four morphisms in C such that d(x,y) = d(z,t). Then
d(z,z) =d(y,t).

Proof. By our embedding Theorem 4.6, it is enough to prove this lemma in Mod(F(MX))

with (M, X) = (( i 2

x

0

) ,@). So, let s € S(p,x) and ¢ € Cs. We can compute:

a®(d(z(c), 2(c))) = pi(d(z(c), 2(c)), 0%)
= pi(d(z(c), z(c)), d(2(c), 2(c)))
= d(pi((z(c), 2(c)), (2(c), 2(c))))
= d(pi(z(c), 2(c)), pi((c), 2(c)))
= d(p} (z(c), 2(c)),07)
= d(pi(x(c), z(c)), pi(y(c), y(c)))
= d(pi((z(c), y(e)), (2(c),y(c))))
= pi(d(z(c),y(c)), d(z(c), y(c)))
= pi(d(z(c), t(c)), d(2(c), y(c)))
= d(pi(z(c),2(c)), pi(t(c),y(c)))
= d(pi(y(c),y(c)), pi(t(c), y(c)))
= pi(d(y(c), t(c)), d(y(c),y(c)))
= pi(d(y(c),(c)),0%)
= a’(d(y(c), t(c)))-

Since 7°(a®(z)) is everywhere-defined and 7°(a*(z)) = x holds for each x € B, a®: By —
By, 0) is injective. We can thus deduce from the above calculation that d(z(c), z(c)) =
d(y(c),t(c)), which concludes the proof. O

Notice that this proof is directly inspired from the proof of the same lemma in subtrac-
tive varieties. For a general extended matrix (M, X), this will often be the case. Indeed,
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many (but not all) proofs for 7T-enriched algebraic varieties with (M, X)-closed relations
can be transposed into a proof in Mod (T, x))-

The same phenomenon appears again in the next example, in the 3-permutable context.
Example 2.3 tells us that a regular category is Goursat (i.e., 3-permutable) if and only if
it has ((x y |z 2

T T y|lz y
for n-permutable categories, but we set n = 3 in order to keep computations simple. Let
us recall that in a regular category, the composition of the relations (r1,r2): R — A x B
(represented as R: A — B) and (s1, s2): S = BxC (represented as S: B — C) is denoted
SoR=SR: A— C and is defined as (t1,t2): So R — A x C where (t1,t2)q is the image
factorisation of (r1p1,s2p2): P — A x C' and (p1, p2) is the pullback of s; along 7.

> ,{z}> -closed relations. Next lemma admits a generalisation

R SoR
1
T2

S
% 2 52
51
A B C

We also denote by R° the opposite relation (rg,71): R — B x A.

Lemma 5.2. (Theorem 3.5 in [13]|) Let R — A x B be a relation in a regular Goursat
category C. Then, R°PRR°R < R°R.

Proof. By our embedding Theorem 4.6, it is enough to prove this lemma in Mod(I'(5/ x))
with (M, X) = (( Ty oy

T T ylz y
of images of morphisms on the form ¢(f); in Theorem 4.6 and the above definition of R°R,
we can assume without loss of generality that

) ,{z}> Let s € S(pr,x)- Considering the description

(R°R)s = {(a,a’) € Ag x As|3b € By such that aRb,a’ Rb}.
In the same way, we can assume without loss of generality that
(R°RR°R)s = {(a,a") € Ag x As|3a’ € Ag,b,b' € By such that aRb,a’Rb,a’ RV ,a" RV'}.

So, let (a,a”) € (R°RR°R); and we want to prove that (a,a”) € (R°R)s. Since (a,b) € Ry,
(@',b) € Rs and (d’,b') € Ry (for some a’,b,b"), we know that

(pi(a,d’,d'), pi(b,b,1)) = (a’(a), K1 (b, V) € Ry p)-
Moreover, since (a/,b) € R, (a/,b') € Rs and (a”,b') € R, we also know that
(p3(d,d’,a”), p3(b, b, b)) = (a®(a”), k(b b)) € Rs0).
Therefore, a®(a,a"”) = (a’(a),a’(a")) € (R°R)(sp) and (a,a") = 7°(a’(a,a”)) € (R°R)s.
O
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We warn the reader here that all algebraic proofs cannot be rewritten as they are in an
essentially algebraic way (and in particular in Mod(I‘( M, X))). For instance, let us consider
the following ‘ad hoc’ property (Psyp,) of a pointed regular category:

Given five parallel morphisms

we consider the limits L and L’ of the diagrams made of plain arrows below:

L L
P o . p3 ‘11 4
A“ A ~ 4 A“ S
! h
fle 1 B flnjt_ - B 9|h|k fl9 & p1
l \ l/l | l Bl \B%(V) B<~—A4

Then (Pyyp,) requires that ¢s is a regular epimorphism.

Lemma 5.3. Let K be a finitary one-sorted algebraic theory such that Algy is a subtractive
category. Then Algy- satisfies the property (Piup).

Proof. From [27] or from Theorem 2.2, we know there exists a binary term d in K such
that

d(z,0) ==z

d(z,z) =0

are theorems in K (where 0 is the unique constant of K). The property (Ps,p) means that
for each triple (x,v, z) € A3 satisfying the identities

f(z) = g(2) 9(y) = f(2)
k(z) = k(y) 9(z) = h(z) = k(2) =0
fly)=nh(y)=1(y) =0 l(z) = (=),

there exists an element a € A such that f(a) = g(a), k(a) =1(a) = 0 and h(a) = h(z). In
the subtractive variety Algy, it suffices to consider a = d(d(z,y), z). Indeed, we have

f(a) =d(d(f(z), f(y)), f(2))
= d(d(g(),0),9(y))
=d(g(z),9(y))
= d(d(g(r),9(y)),0)
= d(d(g(z),9(y)),9(2))
= g(a)
k(a) = d(d(k(z), k(y)), k(2)) = d(d(k(z), k(x)),0) = d(k(z), k(z)) = 0
l(a) = d(d(I(z),1(y)),1(2)) = d(d(I(z),0),(z)) = d(I(z),l(x)) =0
and
h(a) = d(d(h(z), h(y)), h(2)) = d(d(h(z),0),0) = d(h(z),0) = h(x) O



Although this property (Psup) holds for subtractive varieties, it seems it is not true for

all regular subtractive categories. In particular, the direct translation of the above proof
in Mod(T'(pr,x) for (M, X) = (( i 2 g > ,@) does not work. The reason is that the

equality

should become

o (91 (9(2),0%), 0 (9()) = o1 (@ (g9(2)), @ (9 ()
() (s,O)(

=

(s,0)

ri(g(x),9(v)))
=p; (pi(g(z), g(

)
y)),00)

where the equality (*) does not seem to hold. The morphisms h, k and [ from prop-
erty (Psup) where constructed only to prevent the existence of another easy proof of the
same property in Mod(I'(a,x))-

Intuitively, this counter-example tells us that the order in which we apply the operations
matters. In the algebraic proof above, the term with d applied non-trivially first (i.e.,
d(d(g(x),9(y)),0)) was equal to the term with d applied non-trivially in second position
(i.e., d(d(g(z),0),9(y))). As we can see this kind of equality seems to be impossible to
transpose in Mod(I"(a7 x)-

6 The exact context

We recall that a regular category C is ezact (in the sense of Barr [3]) if every equiva-
lence relation is a kernel pair. The aim of this section is to prove similar results than
Theorems 4.6 and 4.10 for exact T-enriched categories with (M, X)-closed relations and
for exact T-enriched protomodular categories. Now, the ‘representing categories’ are
Mod(T'(ar,x))ex /reg and Mod(I'T, Jex /reg, the exact completions of Mod(I'(ss x)) and

proto
Mod(T" Z);Oto) respectively. We recall here the exact completion of a regular category, which

first appeared in [33].
Let C be a well-powered regular category. Its exact completion Cey /req is defined as
the following category:

e objects of Cey /1eg are pairs (A, R) where A is an object of C and R an equivalence
relation on A.

e arrows a: (A, R) — (B, S) are relations a: A — B such that

1. SaR =«
2. aa® < S
3. R<o®a

e The identity on (A4, R) is R: A — A.
e Composition is the composition of relations.
We then get a functor

I:C—)Cex/reg
Ar— (A Ay)
ftA—> B+ (1a4,f): A— AXx B
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where A4 is the discrete equivalence relation on A, i.e., (14,14): A— A x A.

Proposition 6.1. [33] Let C be a well-powered regular category. Then, Cey /e is exact,
I': C < Cey /reg 1s fully faithful and preserves finite limits and regular epimorphisms. It is
the exact completion of C in the sense that, for each functor F': C — D which preserves
finite limits and regular epimorphisms for an exact category D, there exists a unique
(up to isomorphism) functor F: Cex /reg — D which preserves finite limits and regular

epimorphisms and such that FI=F.

(CC—I>

x -
s F

D

ex / reg

Now, if we consider a T-enrichment on C for a finitary one-sorted algebraic theory T,
we can build one on Cey /yeq- Indeed, for each r-ary term 7 of 7 and each object (A, R) of
Cex /reg, We consider the map

RO(lA’I‘,TA)
—_—

(A,R)" = (A",R") (A, R)

where R" denotes here the equivalence relation given by the product
Rx- - xR A x - x A22 A" x A"

It is easy to see that this defines a T-enrichment on Cgy /g such that i: C — Cey /eg is a
T-enriched functor. Moreover, this makes Cey /ep the T-enriched exact completion of C,

in the sense that, with the notation of Proposition 6.1, if D and F are T-enriched, Fis
also T-enriched. We now need a few results in order to get our embedding theorem.

Lemma 6.2. Let (M, X) be an extended matrix of terms in the finitary one-sorted alge-
braic theory 7 asin (1). Let also r: R — A% be an a-ary relation in the regular 7-enriched
category C. If p: B — A is a regular epimorphism and if we consider the pullback

S— Yo R

o
BY— At
p

then, r is (M, X)-closed if and only if s is (M, X)-closed.

Proof. We are going to use Proposition 2.1. Let us suppose firstly that r is (M, X)-closed
and let (y1,...,4): Y — B! be such that

(i), tai(yn, - ) = svj: Y — BY
for some vy,...,vp: Y — S. Thus,

(ti;(pyt, - 0y)s - s taj (YL, - py)) = P (b (Y, - 0n),s -+ tai (Y1, - mn)
= p“sv;

= rqu;
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factors through r. Since r is (M, X)-closed, there is a regular epimorphism p’: Z — Y and
morphisms z;41,...,2,: Z — A such that

(ulj(pylp,a LI apylplv Zl41lye ey Zk?)) cee )uaj(pylplv cee ,P?/lp,7 Zl41y--y Zk)) — T/wj

for some wq,...,wy: Z — R. Now, we consider the pullback
7 (Z1410-28) Bl
/L - i k—1
q p
7 Akz—l
(ZH»la'“»Zk)

and we prove that the required property is satisfied with the regular epimorphism p'q’ :
Z' —Y and the morphisms 27, ,...,2;: Z" — B. In view of the definition of s, we only
have to notice that

pa(ulj (ylp,q/a v 7ylp/q,a Zl,+17 SRR lec)a v 7Uaj(ylp/q/> v 7ylp,q/7 22-1-17 ER) Z],c))
= (uii(pyid'ds - oup'd s 2d s - 2y uai (o' s puid'd s 2 d s )

— o
=Trw;q

factors through r for all j € {1,...,b'}.
Conversely, let us suppose s is (M, X)-closed and consider a morphism (yi,...,¥;) :
Y — Al such that

(tlj(yh- . -;yl)7- .. ;taj(yh .. .,yl)) SRAYE Y — A®

for some vy,...,vp: Y — R. We also consider the pullback

v (Y15-97) Bl
_
q/i ipl
Y Al
(Y15-591)

Since

pa(tlj(yL R )yl/)7 e 7taj(yia o 792)) = (tlj(qu/7 s 7qu/)7 e 7taj(y1q/7 e 7qu/))

=rv;q,
the morphism
(i YLs - U)o taj(Y1s - yp)): Y — B
factors through s for all j € {1,...,b}. But s is (M, X)-closed, so there exists a regular
epimorphism p’: Z — Y’ and morphisms 2,1, ..., 25: Z — B such that
(ulj(yﬁp,? s 7y£p,7 Zl41lyeves Zk): cee 7Uaj(y/1p/a v 7y£p,7 241500y Zk)) = Swj
for some wy,...,wy: Z — S. Now, the required property is satisfied with the regular
epimorphism ¢'p’: Z — Y and the morphisms pz;,1,...,pzi: Z — A. Indeed,
(uij (s ud' Vs pzigas - p2), e (nd'Ds - ud Y 2 D)

= pa(ulj(y/lp/7 o 73/1,]9/7 Zl41y--- 7Zk)7 .. 7Uaj<y1p/7 R y;p/7 Zl41s--- ,Zk))

= p”sw;

= rqwj

factors through r for all j € {1,...,0'}. O
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Lemma 6.3. Let (M, X) be an extended matrix of terms in the finitary one-sorted alge-
braic theory T as in (1). Let also 7: R — A% be an a-ary relation in the well-powered
regular T-enriched category C. This gives an a-ary relation I(r): I(R) — I(A%) = I(A)®
in Cex /reg- Then, ris (M, X)-closed if and only if I(r) is (M, X )-closed.

Proof. This comes from the fact that I: C < Cgy /g is T-enriched and preserves and
reflects finite limits and regular epimorphisms. O

It is proved in [19] that if C is a regular well-powered Mal’tsev category, then its exact
completion Cey /e is also a Mal’tsev category. We now generalise this result for Janelidze
matrix conditions.

Theorem 6.4. Let n > 0 and (M, X1),...,(M,,X,) and (M, X) be extended matrices
of terms in the finitary one-sorted algebraic theory 7 (with the same number a of lines).
Let also C be a well-powered regular 7T -enriched category. If every a-ary relation of C
which is (M;, X;)-closed for all i € {1,...,n} is also (M, X)-closed, then the same occurs

n Cex/reg-

Proof. Let r: R — A® be an a-ary relation of Cey /e which is (M;, X;)-closed for all
i € {1,...,n}. It is proved in [37] that there exists an object B € C and a regular
epimorphism p: I(B) = A in Cey /yeq- S0, we can consider the pullback

° } R
|
1(113)& —- A%,

Moreover, it is shown in [37], that under the embedding I: C < Cg /1eg, C is closed
under subobjects in Cey /reg (up to isomorphisms). Hence, we have the following pullback
in Cex/reg

I(S) —*=R

I1(B%) — A

(B) —;

for some a-ary relation s: S — B® in C. Now, by Lemma 6.2, I(s) is (M;, X;)-closed for
all i € {1,...,n}. By Lemma 6.3, s is (M;, X;)-closed for all i € {1,...,n}. Thus, by the
assumption on C, s is (M, X)-closed. Again by Lemma 6.3, I(s) is (M, X )-closed and by
Lemma 6.2, r is (M, X)-closed. O

Corollary 6.5. Let T be a commutative finitary one-sorted algebraic theory and (M, X)
an extended matrix of terms in 7. Then, Mod(I'(as,x))ex / reg 18 €xact with (M, X)-closed
relations.

Proof. 1t is standard to prove that Mod(I" (s, x)) is well-powered. Then Mod(I' (a7, x))ex / reg
is exact from Proposition 6.1 and has (M, X)-closed relations by Propositions 4.1 and 6.4.
O

Proposition 6.6. Let 7 be a commutative finitary one-sorted algebraic theory. Then,
Mod(T" Z);Oto)ex /reg 15 an exact T-enriched protomodular category.

34



Proof. Again, MOd(Fg;oto) is well-powered and regular, so Mod(I‘IZroto)ex /reg 18 an exact
T-enriched category. To conclude, we use Proposition 5.2 in [19] which says that the exact
completion of a well-powered regular protomodular category is also protomodular. O

In the pointed context (i.e., 7 = Th[Set]), this also follows from Theorem 6.4 and
from the fact [29] that a finitely complete pointed category is protomodular if and only if

v > ,@)—closed and << 01y > ,@)—closed is also
x y |0

each binary relation which is << Y
With this in mind, we can state our embedding theorems in the exact context.

(( Ty > ,@)—closed.
Y| x

Theorem 6.7. Let 7 be a commutative finitary one-sorted algebraic theory, (M, X) an
extended matrix of terms in 7 and C a small exact 7-enriched category with (M, X)-closed
relations. We denote by Sub(1) the set of subobjects of the terminal object 1 of C. Then,
there exists a faithful T-enriched embedding ¢: C — (Mod(F(MX))eX/reg)SUb(l) which
preserves and reflects finite limits, isomorphisms and coequalisers of equivalence relations.

Proof. We just have to compose the embedding of Theorem 4.6 with the embedding
[5ub() MOd(F(M,X))Sub(l) — (MOd(F(M,X))eX/reg)SUb(l)' [

Remark 6.8. Theorem 6.7 is stated in such a way that it characterises small exact cate-
gories with (M, X)-closed relations among all small 7-enriched categories with finite limits
and coequalisers of equivalence relations. In an analogous way, Theorem 4.6 characterises
small regular categories with (M, X)-closed relations among all small T-enriched categories
with finite limits and coequalisers of kernel pairs.

Theorem 6.9. Let 7 be a commutative finitary one-sorted algebraic theory and C a small
exact T -enriched protomodular category. Suppose also either that C has binary coproducts
or that C has pushouts of split monomorphisms along arbitrary morphisms. We denote by
Sub(1) the set of subobjects of the terminal object 1 of C. Then, there exists a faithful 7-
enriched embedding ¢: C — (Mod(FZ}OtO)eX /reg)S“b(l) which preserves and reflects finite
limits, isomorphisms and coequalisers of equivalence relations.

Proof. We just have to compose the embedding of Theorem 4.10 with the embedding
JSub(1). MOd(FT )Sub(l) N (MOd(FT )ex/reg)sub(l)- 0

proto proto

Let us particularise this result in the case 7 = Th[Set,]. We recall from [26] that a
semi-abelian category is an exact homological category with binary coproducts.

Theorem 6.10. The category Mod(Thomo )ex /reg 18 exact and homological. Moreover, each
small semi-abelian category C admits a faithful embedding

C— MOd(Fhomo)ex/reg

which preserves and reflects finite limits, isomorphisms and coequalisers of equivalence
relations.

However, this is not yet a good embedding theorem for semi-abelian categories since
we do not know whether Mod(I'yomo)ex /reg has binary coproducts.
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7 Future work
To conclude, we list some questions raised by this research and left for future investigations.

e This paper treats about the properties of having (M, X )-closed relations (which in-
clude many categorical properties as examples) and being protomodular; both of
them giving rise to Mal'tsev conditions in the (essentially) algebraic world. Can one
find a common framework to these properties? A first step in that direction can
be found in [29] where pointed protomodularity has been characterised via a Horn
formula of extended matrices.

e In view of the quite complex constructions of Mod(T'(y,x)) and Mod(FZ;roto), one
could want to try to prove similar embedding theorems involving simpler categories.
As shown at the end of Section 5 with the property (Psyp), it seems no algebraic
categories will fit our needs. We can however try to get simpler essentially algebraic
categories or categories of another kind. We remind the reader here that we wanted
our representative categories Mod(I' (57 x)) and Mod(Fg;Ow) to share the same prop-
erties as the categories we want to embed in. In particular, we wanted Mod(I'(y, x))
to be regular with (M, X)-closed relations.

e As they are stated, Embedding Theorems 6.7 and 6.9 cannot be used in an easy
way to prove results in a exact context. To achieve that, one needs to have an easy
description of Mod(I' (37, x))ex / reg, OF, in general, of the exact completion of a regular
essentially algebraic category. If one achieve to describe these completions, we could
then decide whether Mod(I'homo)ex /reg has binary coproducts and then have a good
embedding theorem for semi-abelian categories. One could also try to characterise
in the same style as in Proposition 3.2 the essentially algebraic theories which has
an exact model category. This would give another perspective to Theorem 19 in [16]
which states that for a small finitely complete category C, the essentially algebraic
category Lex(C, Set) is exact if and only if C°P is ‘pro-exact’.

e The Embedding Theorem 4.10 embeds only regular protomodular categories with
some colimits in the representative category. Colimits are only required to prove
that the free cofiltered limit completion is also protomodular. Is it possible to get
rid of this assumption about colimits? One could try for instance to express regular
protomodularity in an ‘unconditional” way in the sense of |24].
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