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Editor’s Preface

This book is addressed to a new generation of students and researchers in algebra,
topology and category theory who are willing to learn the fundamental notions and
principles of some of the active research fields in these areas.

The content of each of the seven chapters of this book fully covers the corre-
sponding specialized course that was taught at the international “Summer Schools
in Algebra and Topology”. The schools were hosted by the Institut de Recherche en
Mathématique et Physique (IRMP) of the Université catholique de Louvain
(UCLouvain) in September 2018 and 2019.

These events were organized in the framework of a project Fonds d’Appui a
I’Internationalisation of the Université catholique de Louvain together with the
universities of Coimbra, Padova and Poitiers, aiming at strengthening the research
collaborations in mathematics among institutions of the Coimbra Group. The
speakers of the summer schools gave some introductory courses on various topics
of interest related to their own research fields, addressed to an audience including
both master’s and PhD students and more experienced mathematicians who were
interested in these subjects. The participants in the summer schools came from
many different countries in Europe, North America and Asia.

These summer schools greatly facilitated scientific discussions leading to the
development of new connections among the various concepts and theories pre-
sented during the lectures.

The main subjects in algebra and topology the reader will be introduced to in this
volume are:

— the theory of comodules and contramodules;

— the theory of topological semi-abelian algebras;

— the theories of commutative monoids and of non-commutative rings;
— regular categories and the calculus of relations;

— the categorical approach to commutator theory;

— locale theory and the point-free perspective on topology;

— the theory of non-associative algebras.
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We are very grateful to the many colleagues who have contributed in making

this project possible and successful. In particular, we would like to express our
gratitude to

Ms. Dana Samson, Prorectrice a l'international de |'UCLouvain;

Ms. Ana Fernandez-Gacio, Coordinator of the international relations of the
Science and Technology Sector of the UCLouvain;

Ms. Anne Querinjean, director of the Musée universitaire de Louvain;

Ms. Carine Baras, Secrétaire de recherche;

Ms. Martine Furnemont, Secrétaire of the IRMP;

Mr. Michel Devillers, Vice-rector of the Science and Technology Sector;

Mr. Tim van der Linden, Professor at the UCLouvain.

The editors of the “Coimbra Mathematical Texts”, Ana Paula Santana, Julio S.
Neves, Marcelo Viana, Maria Paula Serra de Oliveira and Rui Loja Fernandes.

The project leading to the publication of this book has been generously sup-

ported by the following institutions:

UCLouvain (via the Fonds d’Appui a l’Internationalisation)
The Institut de Recherche en Mathématique et Physique;
The Centre for Mathematics of the University of Coimbra;
the Coimbra Group;

the Ecole doctorale en Mathématique du FNRS;

the Erasmus+ programme of the European Union.

Sincerely,
Maria Manuel Clementino
Alberto Facchini
Marino Gran
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Coimbra, which started in 1993.
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Chapter 1 ®
Ring Epimorphisms, Gabriel Topologies I
and Contramodules

Silvana Bazzoni

Abstract During the 1960s considerable work was done in order to understand the
meaning of “epimorphism”. The notion plays an important role in categories of rings
where the abstract category-theoretic meaning is now of common use.

The notion of ring epimorphism has relations with torsion theory and localisation
theory. In particular, perfect right Gabriel topologies (in Stenstrém’s terminology)
correspond bijectively to left flat ring epimorphisms.

In these notes we will consider two classes of modules defined in terms of a
ring epimorphism: the comodules and the contramodules as introduced by Leonid
Positselski. Adding mild conditions on the ring epimorphism we will extend classical
results proved by Matlis for commutative rings by showing an equivalence between
suitable subcategories of the two classes of comodules and contramodules.

Keywords Associative rings and modules - Commutative rings * Ring
epimorphisms + Torsion modules - Divisible modules - Comodules -
Contramodules - Harrison-Matlis category equivalences - Derived categories.

Math. Subj. Classification 16E30 - 16E35 - 16D90 - 13D05 - 13D30 - 18E10

Introduction

During the 1960s considerable effort was done in order to understand the meaning of
epimorphisms in various concrete categories. The notion plays an important role in
categories of rings. Localisations of commutative rings with respect to multiplicative
subsets are important examples of ring epimorphisms which are moreover, flat ring
epimorphisms. A generalisation to noncommutative rings is accomplished by local-
isations with respect to Gabriel topologies, and flat ring epimorphisms correspond
bijectively to a particular class of Gabriel topologies.
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In Sect.2 we will present a characterisation of ring epimorphisms by means of
five equivalent conditions. Afterward in Sect.3 we will introduce Gabriel topologies
and their bijective correspondence with hereditary torsion pairs. Furthermore we will
define rings and modules of quotients with respect to a Gabriel topology and outline
some of their properties.

The purpose of our investigation is to generalise classical equivalences between
subcategories of modules over rings to the case of subcategories of modules arising
from a ring epimorphism between associative rings.

An important example of such equivalences is provided by the famous Brenner
and Butler’s Theorem: A finitely generated tilting module T over an artin algebra A
gives rise to a torsion pair (7, ), where 7 is the class of modules generated by T'.
If D denotes the standard duality and I" is the endomorphism ring of T, then D(T')
is a cotilting '-module with an associated torsion pair (X, YY) where Y is the class
of modules cogenerated by D(T). The Brenner and Butler’s Theorem states that
the functor Hom (7', —) induces an equivalence between the categories 7~ and Y
with inverse the functor — ®r T, and the functor Ext}\ (T, —) induces an equivalence
between ¥ and X with inverse the functor Torlf (-, T).

For infinitely generated modules a first example of equivalences was provided by
Harrison [6] in the category of abelian groups. One equivalence is provided by the
tensor product functor Q/Z ®z —, with the functor Homz(Q/Z, —) as inverse. In
Matlis’ memoir [8, Sect. 3], the setting was generalised to the case of a commutative
domain R and its quotient field Q establishing two kinds of equivalences between
certain full additive subcategories of the category of R-modules. The first equiva-
lence is provided by the functor of tensor product with the R-module Q/R with
inverse the functor Homg(Q/R, —). The second equivalence is given by the pair of
functors Torf (Q/R, —) and Ext}e (Q/R, —), which are mutually inverse if restricted
to suitable subcategories. Moreover, in the book [9] Matlis extended the first one of
his two category equivalences to the setting of an arbitrary commutative ring R and
its total ring of quotients Q.

Two further generalisations of the Matlis category equivalences appeared in the
two recent papers [4, 12]. In the paper [12], Matlis category equivalences were
constructed for a localisation R[S™'] of a commutative ring R with respect to a
multiplicative subset S C R. Injectivity of the map R —> R[S~'] was not assumed,
but it was assumed that the projective dimension of the R-module R[S~!] was at most
one. In the paper [4], Matlis category equivalence was constructed for certain injective
epimorphisms of noncommutative rings R —> Q, where Q is the localisation of R
with respect to a one-sided Ore subset of regular elements.

In the paper [3] the first Matlis additive category equivalence is constructed
for any ring epimorphism f: R —> U such that Torf(U, U) = 0, and the sec-
ond Matlis category equivalence is constructed under the assumption Torf (U, U) =
0 = TorX (U, U). Let us emphasize that neither injectivity of f, nor any condition
on the projective or flat dimension of the R-module U is required for these results.
Commutativity of the rings R and U is not assumed, either.



1 Ring Epimorphisms, Gabriel Topologies and Contramodules 3

In these notes we present only some of the results proved in [3]. More precisely,
in Sect.5 we give details for the construction of the first Matlis additive category
equivalence (Theorem 5.6).

Our key tools are the notions of comodules and contramodules. In Sect. 4 we intro-
duce and discuss the subcategories of comodules and contramodules associated to a
ring epimorphism. In Subsect.4.1 we justify the terminology starting with classical
definitions of coalgebras and comodules over coalgebras and show a natural way to
introduce the notion of contramodules over coalgebras.

1 Preliminaries

We will assume familiarity with basic notions on category theory like functors, natural
transformations, equivalences of categories (see e.g. [15, Ch.1] or [7, Ch.1]).

We will mostly consider categories of modules over associative rings R with
unit and we denote by R-Mod, or Mod-R the categories of left, respectively right
R-modules.

For every right, or left R-modules M and N, Homg (M, N) denotes the abelian
group of all R-linear maps from M to N.

For every right R-module M and a left R-module N, M ® N denotes the tensor
product between M and N.

We will assume that the properties of the functor Homg(—, —) and of the tensor
product functor — ® g — are well known.

A left (right) R-module P is projective if Homg (P, —) is an exact functor and a
module M has projective dimension (p. dim) at most one if it is an epimorphic image
of a projective module with kernel a projective module.

A left (right) R-module E is injective if Homg(—, E) is an exact functor.

A right (left) R-module F is said to be flat if the functor F @ — (— Q¢ F) is
exact and a module M has flat dimension (f. dim) at most one if it is an epimorphic
image of a flat module with kernel a flat module.

Moreover we will use the adjunction between the tensor product functor and the
Hom functor. More specifically, if R and § are rings, s Ex is an S-R-bimodule, the
pair of functors (E ®g —, Homg(E, —)) is an adjoint pair, that is:

E ®r —: R-Mod — S-Mod; Homg(E, —): S-Mod — R-Mod,

and for every left R-module M and left S-module N there is an isomorphism of
abelian groups, called the adjunction isomorphism

Homg(E ®x M. N) —2™™ __ Homg(M, Homg(E, N)) ,

natural in M and N.
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We recall the definition of the unit and the counit of this adjoint pair.
The unit is the natural transformation

n: idg-mod — Homg(E, =) 0 E @ —,
where for every M € R-Mod the morphism 7y, is given by:

Homg(E ® M, E ®x M) — 22 Homg(M, Homg(E., E @ M)) .

(M, EQrM)
1E®RM M-

The counit is the natural transformation
£: E Qg —oHomg(E, —) — idg.mod
where for every N € S-Mod the morphism &y is given by

H ,N),
Homg(E @z Homs(E, N), N) 20 ENN) g e (Homg (E, N), Homg(E, N))

¢(Homg(E,N),N)
9% Ltomg(E,n)-

The morphism 71, and &y will be used in Sect. 5.

For more details on all these notions see e.g. [15, Ch.1] or [1, Ch.1 and 5] or [14,
Ch. 2 and 3].

We will make use of some tools in homological algebra, namely the derived
functors. In particular, we will deal with the left derived functors Torf of the tensor
product functor, and the right derived functors Ext’, of the Homy functor.

For their construction and their properties see e.g. [16, Ch. 2 and 3].

In particular, for a right (left) R-module M, we have p.dim M < 1 if and
only if Ext?’(M,—) =0 and f.dimM <1 if and only if Torg(M, —-)=0
(Torf(—, M) = 0).

2 Ring Epimorphisms

Definition 2.1 Let € be a category and f: A — B be a morphism between two
objects of €.

f is an epimorphism if for every object C € € and morphisms g, h: B — C,
go f=ho fimplies g = h.

A category € is concrete if there is a faithful functor F from @ to the category of
sets. The functor F' makes it possible to think of the objects of the category as sets,
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possibly with additional structure, and of its morphisms as structure-preserving maps.
Examples of concrete categories include trivially the category of sets, the category
of topological spaces, the category of groups, the category of rings and the category
of modules over a ring R. Every morphism in a concrete category whose underlying
map is surjective is an epimorphism. In many concrete categories of interest the
converse is also true.

Example 2.2 Forinstance if f: X — Y is an epimorphism in the category of sets,
consider g: ¥ — {0, 1} the characteristic function of f(X) (i.e. g(f(x)) = 1, for
every x € X and g(y) =0 forevery y e Y\ f(X))andleth: ¥ — {0, 1} be the
constant function such that 2(y) = 1 forevery y € Y. Then go f = h o f, hence
g=hand f(X)=Y.

There are examples of concrete categories for which epimorphisms are not neces-
sarily surjective maps as we are going to show.

Denote by Rng the category of associative unital rings. A ring homomorphism
f: R —> U between two rings R, U is a ring epimorphism if it is an epimorphism
in the category Rng. That is, for every ring V and every ring homomorphisms
v,w: U — V,vo f =wo fimplies v = w.

Example 2.3 (1) If I is a two sided ideal of a ring R, then the natural quotient
morphism g: R — R/I is a surjective map, hence a ring epimorphism.

(2) If R is a commutative ring, S a multiplicative subset of R, consider the ring
of fractions Rg = R[S~'].

Recall that Rg = {[%] | r € R, s € S} where [%] is the equivalence class of the

r

fraction % under the equivalence relation defined by t ~ ;— if and only if there is
t € S such that ¢ (rs’ — sr’) = 0. The ring of fractions Rg becomes a ring with the
obvious ring operations (see [2, Ch 3]).

The natural localisation map ¢: R — Rg, ¥ (r) = [%], is a ring epimorphism.
Indeed, if U is aring and g, h: Ry — U are two ring homomorphisms such that
go ¥ =ho, then for every element r € R and every s € S, we have g([%]) =
g([%])g([%]il), where g([%]il) is the inverse in U of g([%]) = h([ﬂ), hence
317 = n(3]). Thus g((£]) = ~((EDA(E]™) = A([£]). Thatis g = h.

(3) The above example shows that there are many ring epimorphisms which are
not surjective. In fact, if S is a multiplicative subset of a commutative ring R such that
the elements of S are not all invertible in R, then the localisation map R — Rgisa
non-surjective ring epimorphism. This applies in particular to the inclusion Z < Q.

What do epimorphisms of rings look like? There is a list of equivalent condi-
tions for a ring homomorphism to be an epimorphism which allow to have a better
understanding of the notion.

We first note the following. Let f: R —> U be a ring homomorphism and let
M be a left U-module. Then M is also a left R-module via the scalar multiplication
rx = f(r)x forevery x € M and every r € R. Similarly, a right U-module inherits
the structure of right R-module via f.
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In this way we can define a functor
f«: U-Mod — R-Mod; yM +— f.(yM)

where f.(yM) is M viewed as a left R-module via f. The functor f, is called the
restriction functor. Similarly, for right U-modules and right R-modules.
In particular, the ring U is a left and right R-module and even an R-R-bimodule.
Consider the tensor product U @ U which becomes an R-R bimodule and the
morphisms
h:U—UQrU, u—u®l,

hh:U—UQrU, ur—~1Qu,
p:URrU — U, u®vr uv,

forevery u,v € U.

Proposition 2.4 Let f: R —> U be a ring homomorphism. The following condi-
tions are equivalent:

1. f is a ring epimorphism.

2. For every U-U-bimodule M,

(xeM|xr=rx,Yre R} ={x €M | xu=ux,VueU}

3. i =i
4. The restriction functor f, is fully faithful.
5. p:U®r U — U is an isomorphism as U-U -bimodules.

Proof (1) = (2) Let M be an U-U -bimodule. Consider the trivial extension of U by
M, i.e. the ring
U x
U0<M={< >|u€U,x€M},
Ou

with matrix operations. Fix x € M such that xr = rx, for every r € R and define
two ring homomorphisms g, h: U — U o« M by

u0 U Xxu —ux
gu) = (O u>’ h(u) = <0 } >, forevery u € U.

Then gf (r) = h(f(r)) for every r € R.

By (1) g = h, thatis xu = ux foreveryu € U.

Conversely, fixing x € M, if xu = ux for every u € U, then xr = rx for every
r € R by the way in which the R-module structure of M is defined via f.

2)=> B)Let 1@r 1 =x €U ®gU. Then, for every r € R, xr =1 Qrr =
r ®g 1 = rx. Applying (2) tothe U-U-bimodule U ® U we conclude that xu = ux
foreveryu e U,hence (1 Qr Du=1Qru=u(1®r 1) =u Qp 1.
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(3) = (4) f fully faithful means that for every left U-modules M and N there is
an isomorphism of abelian groups

Homy (M, N) —2> Homg(f.(M), f.(M)).

The morphism ¢ is easily seen to be injective and ¢ is surjective if every R-linear
morphism between left U-modules is also U-linear. Let M, N be left U-modules
and let «: M — N be an R-linear morphism. Fix x € M, u,v € U and define
B:UQ®rU —> NbyBu Qg v) =ua(vx).Itiseasy to check that 8 is well defined
since « is R-linear. By condition (3), (1 ®r u) = B(u ®r 1) which yields o (ux) =
ua(x), hence « is U-linear.

(4) = (1) Let V be aring and g, h: U — V be ring homomorphisms such
that go f = ho f. Then V can be viewed as a left U-module via #, that is for
every v € V and u € U one has uv = h(u)v; but V can also be viewed as a left
R-module via g o f, thatis rv = g(f(r))v, forevery v € V and every r € R. Then
g is R-linear; indeed g(ru) = g(f(r)u) = g(f(r))g(u) = rg(u). By condition (4)
g is also U-linear, hence g(u) = ug(1) = uh(1) and by the left U-module structure
on V via h we have uh(1) = h(u)h(1) = h(u). We conclude that g = h.

(4) = (5) The morphism i, is R-linear. Indeed, i,(ru) = 1 Qrru =r Qru =
(1 ®g u). By assumption f, is fully faithful, thus i, is also U-linear, that is i> (uv) =
1 ®guv =ui(v) = u(l ®g v) = u g v. We conclude that i, is the inverse of p.

(5) = (3) By definition p(u ®g 1) =u = p(1 Qg u). Thusu Qg 1 = 1 Qg u. O

Remark 2.5 Clearly, the equivalent conditions in Proposition 2.4 can be stated and
proved for right R-modules and right U-modules.

Definition 2.6 A ring epimorphism f: R —> U between associative rings R, U is
said to be a homological ring epimorphism if Tor,R(U ,U)=0foreveryi > 1 and
it is called a left (right) flat ring epimorphism if U is flat as a left (right) R-module.

Example 2.7 Let R be a commutative ring and Ry = R[S —11 be the localisation of
R at a multiplicative subset S of R. Then the localisation map ¥ : R —> Ry is a flat
ring epimorphism (see [2, Proposition 3.3]).

In particular, if p is a prime ideal of R and R, = R[(R \ p)~'] the localisation
map R —> R, is a flat ring epimorphism.

Thus flat ring epimorphisms can be viewed as generalisations of localisations of
commutative rings at multiplicative sets. As mentioned in the Introduction, Gabriel
topologies allow to generalise to the non-commutative setting the notion of localisa-
tion and flat ring epimorphisms correspond to localisations with respect to a particular
type of Gabriel topologies as we will explain next.
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3 Gabriel Topologies, Torsion Pairs and the Ring of
Quotients

A topological ring is a ring with a topology for which the ring operations are con-
tinuous functions. A topological ring is right linearly topological if it has a basis of
neighbourhoods of zero consisting of right ideals.

A set ¥ of right ideals of a ring R is the collection of open right ideals of the
linearly topological ring R if and only if it satisfies the following conditions:

e THIfI e Fandl C J,thenJ € ¥.
e M)IfI,J eF,thenINJ eF.
e (T3))IfIeF andr € Rthenl:r ={s € R|rs € I} belongs to ¥.

The first two conditions just say that ¥ is a filter of right ideals of R and if R is
commutative [ : r contains I, thus condition (T3) follows by (T1).

Definition 3.1 A (right) Gabriel topology on R, denoted by G, is a filter of open
right ideals of a linearly topological ring R (thus satisfying (T1), (T2), (T3) ) such
that the following additional condition holds.

e (T4) If I is aright ideal of R and there exists J € G such that /: r € G for every
reJd,thenl € G.

Example 3.2 (1) If R is a commutative ring and S is a multiplicative subset of R,
then G = {J < R | SN J # 0} is a Gabriel topology.

Indeed, (T1) is obvious and (T2) follows since for s, € S, st € S. As for (T4),
if J € Gand I is an ideal of R such that /: r € G foreveryr € J,lets € J N S.
Then there exist an element ¢t € S suchthatt € I: s,sost € I andthus I € G.

(2) If R is a commutative ring and / is a finitely generated ideal of R, then
G={J <R|J2I", 3n € N}is a Gabriel topology.

Indeed, (T1), (T2) and (T3) are obvious. Let J € G and let L < R be such that
L:r e Gforevery r € J. Thereis ny € N such that J > ["™. Let (a1, az, , ..., ax)
be a set of generators of /™. For every i = 1,2, ...,k there is n; € N such that
L: a; > I". Then there is m € N such that L > I (take e.g. m = non where n is
the supremum of the n;’s).

Definition 3.3 A right R-module over a topological ring R is called discrete if the
scalar multiplication M x R — M is continuous with respect to the discrete topology
on M and the topology on R, that is M is a topological R-module in the discrete
topology. If R is a right linearly topological ring and ¥ is the filter of open right
ideals, a discrete right R-module M is called ¥ -discrete. This amounts to have that
for every x € M the annihilator ideal of x, Anngx = {r € R | xr = 0}, belongs to

7.

Recall that a class € of R-modules is closed under extensions if for every short
exact sequence 0 > A —- B — C — Owith A, C € €, also Bisin 6.
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Proposition 3.4 Let F be a set of right ideals of R satisfying (T1), (T2) and (T3).
Then F satisfies (T4) if and only if the class of F -discrete modules is closed under
extensions.

Proof Assume that 7 satisfies (T4).
Let 0 > A — B — C — 0 be a short exact sequence of R-modules with A and
C ¥ -discrete modules. W.l.o.g. we may assume that A < B and C = B/A. Let
x € B and let I = Anngx. If x € A, then [ € F. If x ¢ A consider the element
x + A € C. The annihilator Anng(x + A) = Jisin ¥ and xJ C A. Thus, for every
r € J, xr € A and the annihilator Annzxr = J, of the element xr is in ¥. We have
I:r 2 J,,s01 € ¥ by (T4), hence B is § -discrete.

Conversely, assume that the class of 7 -discrete modules is closed under extensions
and let ] < R, J € ¥ be such that I: r € ¥ for every r € J. We must show that
I € 7. Consider the short exact sequence

0> J/INJY=U+J)/I—> R/l > R/I+J)—0.

We show that J/(I N J) and R/(I + J) are ¥ -discrete modules.

I+Je¥F,since (I +J)>JandJ € . The annihilator of an element a + (I +
J)e R/(I+J)is(I + J): awhichisinF by (T3),hence R/(I + J)is ¥ -discrete.
If r € J, then Anng(r + (I N J)) = I: r which is assumed to be in . By assump-
tion R/I is F -discrete, hence I = Anng(1 + I) isin F. O

For a right Gabriel topology G, denote by 7 the class of G-discrete modules.

Lemma 3.5 Let G be a right Gabriel topology. The class T g of G-discrete modules
is closed under submodules, direct sums, epimorphic images, and extensions.

Proof The closure under submodules follows immediately by the definition. If f:

M — N is an R-linear map, then Annzgx < Anng f(x) for every x € M, thus the
closure under epimorphic images follows by (T1). The annihilator of an element in a
direct sum @; M; of modules M; contains the finite intersection of the annihilators of
its finitely many non-zero components, hence the closure under direct sums follows
by (T1) and (T2). The closure under extensions follows by Proposition 3.4. m]

The above lemma actually says that 7 is a hereditary torsion class as we are
going to explain next. For a reference and more details on the notion of torsion pairs
in module categories see [15, Ch. VI].

Definition 3.6 A rorsion pair (7, F) in Mod-R is a pair of classes of modules
which are mutually orthogonal with respect to the Hom-functor and maximal with
respect to this property. That is,

T ={T € Mod-R | Homg(T, F) = 0 forevery F € ¥},

¥ ={F € Mod-R | Homg(T, F) =0 forevery T € 7 }.
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The class 7 is called a torsion class and F a torsion-free class.
A torsion pair (7, ) is called hereditary if 7 is also closed under submodules
(which is equivalent to ¥ being closed under injective envelopes).

We show that a torsion class is characterised by its closure properties.

Proposition 3.7 A class T of right R-modules is a torsion class if and only if it is
closed under direct sums, epimorphic images and extensions.

Proof The necessary condition follows by the properties of the Hom-functor and the
definition of a torsion class. For the sufficiency, assume that a class 7 has the stated
closure properties. Let

F =T = {F € Mod-R | Homg(T, F) = 0,VT € 7 }and
7' =2 F = {X € Mod-R | Homg(X, F) = 0,YF € F)

we show that 7' = 7.

For every X € Mod-R let H(X) ={Z < X | Z € T} be the class of the sub-
modules of X belonging to 7. Consider the submodule 7(X) of X defined as
t(X)= > Z. Then t(X) € 7 since it is the image in X of the natural map

ZeH(X)
from the direct sum @ Z to X. Clearly 7(X) is the maximal submodule of X
ZeH(X)
contained in 7.

We show now that for every X € 7, the module X/#(X) belongs to F. Indeed, if
T €7 and f: T — X/t(X)is anonzero morphism, let0 % Y/¢(X) be the nonzero
image of f. Then Y/t(X) € 7, since it is an epimorphic image of 7 € 7 and from
the short exact sequence

0—-t(X)>Y—=>Y/t(X)—0

and the closure under extensions of 7~ we conclude that Y € 7, that is ¥ = ¢(X)
contradicting the maximality of #(X). Thus f = 0 and X/#(X) € ¥ . The definition
of 77 yields that X = #(X), thatis X € 7. O

Remark 3.8 Let (7, F) be a torsion pair. For every R-module M there is a short
exact sequence
0->T—>M-—>M/T — 0,

withT € T and M/T € F. T is the torsion submodule of M, that is
T=t(M)=Z{Z§M|ZeT}.
Example 3.9 (1) Let R be a commutative ring and S a multiplicative subset of R.

Let 7 be the class of the R-modules X such that for every x € X there is an element
s € § satisfying xs = 0. Note that 7 coincides with the class of R-modules X such
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that X ® g Ry = 0.Let ¥ be the class of R-modules Y such that forevery0 # y € Y,
ys # 0 for every s € S. Then (7, ) is a hereditary torsion pair.

(2) If S is the set of regular elements r of R, that is the nonzero divisors (i.e. for
every a € R, ra = 0 or ar = 0 implies a = 0) the localisation R is denoted by QO
and called the total quotient ring of R. In case R is a commutative domain, then Q is
the quotient field of R. An R-module is simply called a torsion module if it belongs
to the torsion class 7~ in the hereditary torsion pair described in example (1) above.

Theorem 3.10 Let R be a ring. There is a bijective correspondence:

® . .
right Gabriel topologies | — }hereditary torsion{
on R v pairs in Mod-R

1. If G is a right Gabriel topology ®(G) = (7g. Fg) where 7 is the class of the
@G-discrete modules and

F5 = {Yg € Mod-R | Homg(R/J,Y) =0,¥J € G}.

2. If (77, ) is a hereditary torsion pair, W ((7,F)) ={Jg <R | R/J € T}.

Proof (1) For every Gabriel topology G, the class of G-discrete modules is a hered-
itary torsion class by Lemma 3.5 and Proposition 3.7. A module T' € 7 is an epi-
morphic image of a direct sum of copies of modules R/J, for some J € G. Hence
the description of the torsion-free class follows.

(2) Let (7, ) be a hereditary torsion pairand G = {Jg < R| R/J € T}. The
closure of 7~ under epimorphic images implies that G satisfies condition (T1). If
I,J arein G, then R/I ® R/J € 7 and Anng(1+ 1,1+ J) =1 N J; hence (T2)
is satisfied by G. As for (T3),let J e Gandr € R.ThenJ:r ={s € R |rs e J} =
Anng(r 4+ J). Since 7 is hereditary, the cyclic module (» 4+ J) R belongs to 7, thus
J: r € G. At this point (T4) follows by Proposition 3.4 since 7 is closed under
extensions.

If G is a Gabriel topology, it is clear by construction that ¥ o ®(G) = G, since
JeGifandonlyif R/J € Tg.

If (7", ) is a hereditary torsion pairand G = W((7", 7)), thenamodule N € T¢g
is an epimorphic image of a direct sum of cyclic modules of the form R/J for
some J € G, hence N € 7. Conversely, if M € 7, then every cyclic submodule
xR = R/Jof Misin7 ,since 7 ishereditary, thus J € Gandconsequently M € 7.
We conclude that ® o W (7, F)) = (7, F). m|

Remark 3.11 Note that the hereditary torsion pair defined in Examples 3.9 (1) cor-
responds under the bijection of Theorem 3.10 to the Gabriel topology defined in
Examples 3.2 (1).
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If G is a Gabriel topology with corresponding torsion pair (7g, ¥g), a G-discrete
module is also called G-forsion and a module in ¥ is called G-torsion-free.

A Gabriel topology allows to generalise localisations of commutative rings to the
case of non-commutative rings and as already mentioned, we will see that flat ring
epimorphisms are localizations of particular types of Gabriel topologies.

In this section we state some notions and results on rings and modules of quotients
with respect to a Gabriel topology. For their proofs we refer to [15, Chapter IX].

On a Gabriel topology G consider the partial order given by inclusion and for an
arbitrary R-module N consider the direct system

{Homg(J, N); fis}iecg. 1<s
where for every I < J the morphism
f]j: HOH]R(], N) —> HOH]R(I, N)

is the restriction map.
Given a module M, the module of quotients with respect to a Gabriel topology G
is defined by:
Mg = h_r)n Homg(J, M/tg(M))
JeG

where 1g(M) is the torsion submodule of M in the torsion pair (7g, Fg) correspond-
ing to G under Theorem 3.10.
Furthermore, there is a natural homomorphism

Yy M =Homg(R, M) — Mg

For each R-module M, both the kernel and cokernel of the map ¥, are G-torsion
R-modules.
If M = R, then
Rg = 1J1_)nng0mR(J, R/tz(R))
€

is a ring and is called the ring of quotients of R with respect to the Gabriel topology
G and the morphism ¥z : R —> Rg is a ring homomorphism. Moreover, for each
R-module M the module Mg is both an R-module and an Rg-module.

A right R-module is G-closed if the natural homomorphisms

M = Hompg (R, M) —> Hompg(J, M)

are all isomorphisms for each J € G.

This amounts to saying that Homgz(R/J, M) =0 for every J € G (i.e. M is
G-torsion-free) and Ext}e(R/J, M) =0 for every J € G (i.e. M is G-injective).
Moreover, if M is G-closed then M is isomorphic to its module of quotients Mg
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via ¥y. Conversely, every R-module of the form Mg is G-closed. The G-closed
modules form a full subcategory of both Mod-R and Mod-Rg. In fact, every R-
linear morphism of G-closed modules is also Rg-linear.

Remark 3.12 In general the natural ring homomorphism ¥ z: R —> Rg is not a
ring epimorphism, but in some important cases ¥ is even a flat ring epimorphism.

The following two results characterise when a ring homomorphism is a flat ring
epimorphism and describe the associated Gabriel topology.

Theorem 3.13 [15, Theorem XI.2.1] Suppose f: R —> U is a ring homomor-
phism. Then the following are equivalent.

(i) f is an epimorphism of rings which makes U into a flat left R-module.

(ii) The family G of right ideals J such that JU = U is a Gabriel topology, and the
natural ring homomorphism y: R — Rg is equivalent to f: R —> U. That
is, there is a ring isomorphism o : U —> Rg suchthato o f: R —> Rg is the
natural homomorphism Yg: R — Rg.

Proposition 3.14 [15, Proposition X1.3.4] Let G be a right Gabriel topology. Then
the following conditions are equivalent.

1. Yr: R — Rg is a flat ring epimorphismand G = {J < R | JRg = Rg}.

2. Rg is G-divisible, i.e. JRg = Rg for every J € G.

3. Forevery right R-module M, Ker(M — M ®g Rg) is the G-torsion submodule
of M.

Definition 3.15 A right Gabriel topology satisfying the equivalent conditions of
Proposition 3.14 is called a perfect Gabriel topology.

In particular, the right Gabriel topology G associated to a flat ring epimor-
phism R — U is finitely generated and the G-torsion submodule tg(M) of aright
R-module M is the kernel of the natural homomorphism M — M ®p U. Addition-
ally, K = U/u(R) is G-torsion, hence Homz (K, U) = 0.

4 Comodules and Contramodules

We first introduce the definitions of “comodules and contramodules” via ring epimor-
phisms and in the next subsection we will explain how the terminology is borrowed
from the coalgebras setting.

From now on f: R — U will always denote a ring epimorphism of associative
rings.

Recall from Sect. 2 that the functor of restriction of scalars

f«: U-Mod — R-Mod
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is fully faithful. Similar assertions hold for the categories of right modules.

We will say that a certain R-module “is a U-module” if it belongs to the image
of the functor f.

We will use the notation U /R for the cokernel of the map f: R — U,so U/R
is an R-R-bimodule.

Definition 4.1 1. A left R-module M is called a left U-comodule if
U®gM=0=TorX (U, M).
Similarly, a right R-module N is said to be a right U-comodule if
N ®g U =0=Tork(N, U).
2. A left (right) R-module C is called a left (right) U -contramodule if
Homg (U, C) = 0 = Extk (U, C).

Proposition 4.2 [5, dual of Proposition 1.1] Let € C R-Mod be the class of all left
U-comodules. Then:

1. € isclosedunder direct sums, cokernels of morphisms, and extensions in R-Mod.
2. Iff.dimg U <1 as a right R-module, then € is closed also under kernels of
morphisms.

Proof (1) The closure under direct sums and extensions of left U -comodules follows
by the properties of the tensor product functor and Tor functor.

Let g: N — L be a morphism between left U-comodules and consider the asso-
ciated short exact sequences

(a 0>Kerg—>N—>Img—>0; (b) 0—>Img —> L — Cokerg — 0

Applying the right exact functor U ® — to sequence (b) we obtain

0=U®rL— U®gCokerg — 0,
so U ®g Coker g = 0. From sequence (a) we get
0=UQ®rN — UQ®rImg — 0,

hence U ®g Im g = 0. The long exact sequence associated to (b) yields

0 = Torf(U, L) — Torf(U, Coker g) — U ®x Im g = 0.

Thus also Torf (U, Coker g) = 0 and Coker g is a left U-comodule.
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(2) The assumption f. dimg U < 1 is equivalent to Torf(U ,—)=0.Letg: N -
L be a morphism between left U-comodules and consider the exact sequences as in
part (1). From sequence (b) we get

0 = Torf (U, Coker g) — Torf(U,Im g) — Torf(U, L) = 0.
So Torf (U, Im g) = 0 and sequence (a) gives
0:T0rf(U,Img) - UQ®rKerg > U®grN=0

and
Torg(U, Img)=0— Torf(U, Ker g) — Torf(U, N)=0.

We conclude that Ker g is a left U-comodule. O

The dual situation is expressed by the following.

Proposition 4.3 [5, Proposition 1.1] Let € C R-Mod be the class of all left U -contramodules.
Then:

1. € is closed under products, kernels of morphisms, and extensions in R-Mod.
2. Ifp.dimy U < 1 as a left R-module, then € is closed also under cokernels of
morphisms.

Proof (1) The closure under direct products and extensions follows by the closure
properties of the functors Homp and Ext}e.

Let g: C — D be a morphism between left U-contramodules. The proof that
Ker g € € is analogous to the proof of Proposition 4.2 (1) applying the functors
Homp and Ext} to the short exact sequences

00— Kerg - C—->Img — 0; 0—Img — D — Cokerg — 0

(2) p.dim, U < 1is equivalent to Ext%e (U, —) = 0. Thus the proof follows sim-
ilarly to the proof of Proposition 4.2 (2). O

4.1 Coalgebras, Comodules, Contramodules

We follow the presentation developed in [13, Section 1.1].
Let k be a field. Recall that a k-algebra A is a k-vector space with k-linear maps

AR A A, k-5 A,

m is the multiplication map and e the unit satisfying associativity, i.e.:
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La®@m
mom®1l)=mo(l,®m): AQARA A A—">A
me1l,
and unitality, i.e.::
1a®e
mo(e®l)=ly=mo(lu®e): A _AQA—"=A4A
e®14

A left A-module is a k-vector space with a k-linear map (scalar multiplication)
)
ARy M — M
satisfying associativity, i.e.:

14®A

Aom@ly)=ro(la @), AQAM AM-L—=M

m®ly
and unitality, i.e.:

roe@1y) =1y, kxM2ZMEY AguM S M

Dualising the above diagrams we get the notions of coalgebras and comodules.

Definition 4.4 A coalgebra € is a k-vector space with k linear maps
€S> ExE G-k

wu the comultiplication and ¢ the counit satisfying coassociativity, i.e.:

le®n
lg®@Won=u®lg)opn: €—=FXC_ _CRExE
n®lg
and counitality, i.e.:
u le®e
e®lg)on=1lg=(lg®)op: €—=CXRC€_ =%

eQle
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Definition 4.5 A left €-comodule over a coalgebra € is a k-vector space N with a
k-linear map (coaction map)
N - @& N

satisfying coassociativity:

le®v
_

(lg@vov=(uIy)ov: N—>CxXxN € R C % N

nly

and counitality:

@1y)ov=1y: N-5 & NZEN=ke N

A right €-comodule is defined as a k-vector space with a k-linear map
N - N®

satisfying the corresponding coassociativity and counitality conditions.

Note that having a left A-module M with a scalar multiplication X is the same as
having a k-linear map

M—p>H0mk(A,M) Xt Xx:a— ax = Aa Qg x)

which satisfies the associativity:
Homy (m, M) o p = Hom(A, p) o p (via the adjunction isomorphism):

M——"  Homy(A, M) — M Home(A & A, M)

Ml=

Hom; (A, Homy (A, M))
and unitality:
Hom(e, M) o p = 1y:

M 25 Homy (A, M) "25™ M = Hom, (k, M).

The notion of a left €-contramodule over a coalgebra & is obtained by dualizing
the above description of a left A-module over a k-algebra A.

Definition 4.6 A left €-contramodule over a coalgebra € is a k-vector space B
with a k-linear map (contraaction map)
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Hom. (€, B) -2 B

satisfying the contraassociativity which means:
g o Homy (i, B) = mp o Homy (€, mp) (via the adjunction isomorphism):

Homy (¢ ®; €, B) % Hom, (¢, B) i

=l /W?

Homy (¢, Homy (%, B))

B

and contraunitality meaning:
g o Homy (e, B) = 1p:

Homy (k, B) = B *$® Hom, (%, B) =% B.

An easy way to construct a left €-contramodule is via a right €-comodule.
Let M be a right €-comodule with M M M ® € the right coaction map.

Let V be a k-vector space and let B = Homy(M, V). Then B is a left
% -contramodule with left contraaction map wp defined by the diagram:

7B

Hom; (¢, Hom;(M,V)) — — — — — > Hom;(M,V) =B .

! —i

Remark 4.7 ([13, Sections 1.3-1.4]) The k-duality functor identifies the opposite of
the category of vector spaces with the category of linearly compact vector spaces.
Thus, up to inverting the arrows, every coalgebra € can be thought as a linearly com-
pact topological algebra €*, called the dual topological algebra. Then the category
of left €-comodules is the full subcategory of discrete left €*-modules.

We illustrate now a particular example of a coalgebra %, its associated dual topo-
logical algebra and describe the categories of &-comodules and €-contramodules.

Example of a coalgebra 4.8 [13, Section 1.3] Let k be a field. Let € be a k-vector
space with countable basis denoted by the symbols 1%, x*, (x?)* ... (x")*... with
comultiplication and counit given by

€S EE: @) Y @) e @)
i+j=n

€ -k 11— 1, ")*—0,Vn>1.
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The dual topological algebra €* is isomorphic to the ring of formal power series
k[[x1].

By Remark 4.7 a €-comodule is a torsion k[[x]]-module.
Indeed a €-comodule M is a k-vector space with a locally nilpotent operator i.e. a
k-linear map x: M — M such that for every z € M there exists m € N satisfying
x™(z) = 0 so that M becomes a €-comodule via

VM — €Q M; zl—)Z(x”)*@x”(z)

n>0

A @-contramodule B is the datum of a k-vector space with a k-linear map
Hom (€, B) =% B satisfying the contraassociativity and the contraunitality which

in our case means that for every sequence by, by, ..., b, ... of elements of B, there
is an element b € B written formally as ) x"b, satisfying the axiom of linearity:
n>0

Zx"(otb,, + Bc,) = aZx"b,, —}—,BZX”C,,; Yo, €k, b,,c, €B,

n>0 n>0 n>0

the axiom of unitality:

> Xy =by, if by=by=---=0

n>0

and the axiom of contraassociativity:

S x'Y xlby =3 "x" > by, Vb eB.i.jeN.

i>0 j=0 n>0 i+j=n

Thus, a €-contramodule B is determined by a single linear operator x: B — B
such that x(b) =1-0+x-b+x2-0+x3-0... (see [13, Section1.6] or [I1,
Section 3]).

Now we justify the definitions of U-comodules and U-contramodules given
above by exhibiting an example of a ring epimorphism f: R — U such that the
U-comodules and U-contramodules correspond exactly to the €-comodules and
@ -contramodules for the coalgebra described in Example 4.8.

Example 4.9 [13, Section 1.3] Let R = k[x] be the ring of polynomials in one vari-
able over a field k, let U = k[x, x~'] be the ring of Laurent polynomials, and let
f: R — U be the natural inclusion. So U is obtained from R by inverting the
single element x.

Let & be the coalgebra constructed in Example 4.8.

Since U is a flat R-module, and the € -comodules are the torsion k[[x]]-modules,
one sees that the full subcategory of U-comodules in R-Mod is equivalent to the
category of €-comodules.
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An application of [11, Theorem 3.3] and the description of €-contramodules
illustrated in Example 4.8 yields that the full subcategory of U-contramodules in
R-Mod is equivalent to the category of €-contramodules.

5 First Matlis Category Equivalence

In this section we present some results obtained by using the notion of ring epimor-
phism as well as the notions of comodules and contramodules.

We show that these notions are useful tools allowing to achieve relevant results
like for instance, a generalisation of classical equivalences between subcategories of
the module category over commutative rings.

Indeed, by Theorem 5.6 we extend the first Matlis equivalence to a much more
general setting and under much weaker assumptions ([3]).

‘We borrow the terminology going back to Harrison [6] and Matlis [10].

Definition 5.1 Let f: R —> U be a ring epimorphism.

1. Aleft R-module A is U-torsion-free if it is an R-submodule of a left U-module,

or equivalently, if the morphism A Ly ®r U is injective.

2. Aleft R-module B is U-divisible if it is a quotient module of a left U-module,

. . Hom(f,B) . L
or equivalently, if the map Homg (U, B) om(B) B is surjective.

Remark 5.2 1Tt is easy to check that the class of all U-torsion-free left R-modules is
closed under subobjects, direct sums, and products in R-Mod. Any left R-module
A has a unique maximal U-torsion-free quotient module, which is the image of the

morphism A ey AQrU.
The class of all U-divisible left R-modules is closed under quotients, direct sums,

and products. Any left R-module B has a unique maximal U-divisible submodule,

which is the image of the morphism Homz (U, B) Hom(/B) B.

Definition 5.3 1. A left R-module A is said to be U-forsion if its maximal
U -torsion-free quotient is zero, or equivalently, if A ®g U = 0.

2. Aleft R-module B is said to be U -reduced if its maximal U -divisible submodule
is zero, or equivalently, if Homg (U, B) = 0.

We first state a useful homological result which has interest in its own and which
will be used later on.

Lemma 5.4 . Foranyassociative rings R and S, left R-module L, S-R-bimodule
E, and left S-module M such that Tor{e (E, L) =0, there is a natural injective
map of abelian groups

Exty (L, Homg(E, M)) —> Exti(E ®& L, M).
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2. Dually, for any associative rings R and S, right R-module B, R-S-bimodule
E, and left S-module C such that Torf(B, E) = 0, there is a natural surjective
map of abelian groups

Tor} (B ® E, C) — Torf(B, E ®s C).
Proof (1) Let (a) 0 — H — P —> L — 0 be a short exact sequence in
R-Mod with P a projective left R-module. Apply the functor £ @ — to sequence
(a) obtaining
(b) 0=Torf(E,L) — E®@rx H — EQgr P — E®gL —> 0.
Apply the functor Hompg(—, Homg(E, M)) to sequence (a) and the functor

Homg(—, M) to sequence (b) obtaining a diagram

Hom g(P, Hom(E, M)) —= Hom g(H, Homs(E, M)) —= Ext (L, Homs(E, M)) ———— 0

Homg(E ®g P, M) —> Homg(E ® H, M) — Extx(EQRL, M) —=Extp (EQrP, M)

where the left and central vertical arrows are the natural isomorphisms for the
adjoint pair (E ®g —, Homg(E, —)) and the morphism « exists since Ext}e(L,
Homg(E, M)) is a cokernel.

By diagram chasing the commutativity of the diagram yields that « is injective.
The details are left to the reader.

For the dual statement (2) start with a projective presentation

(¢ O—>H—>P—>B—0

of B in Mod-R with P a projective right R-module. Apply the functor — ®g E to
sequence (c) obtaining

d) TorR(B,E)=0— H®rE —> P®rE — B®g E —> 0.

Apply the functor — ®g C to sequence (d) and the functor — @z (E ®5 C) to
sequence (c) obtaining a diagram

TorR(B®g E,C) = (H®g E) ®s C = (P ®g E) ®5 C — (B®g E) ®5 C

I

O%Torf(B,E@)sC)%-H®R(E®SC)9-P®R(E®SC)9'B®R(E®SC)

1R

where the morphism S exists since Torf (B, E ®s C) is a kernel.
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By diagram chasing the commutativity of the diagram yields that g is
surjective. O

Remark 5.5 In [9] Matlis considers the flat injective ring epimorphism R — Q
where Q is the total quotient ring of a commutative ring R, that is the localisa-
tion of R at the multiplicative set of all the regular elements of R (see Examples 3.9).
In [9] a module C satisfying Homz(Q, C) = 0 = ExtkL(Q, C) is called cotorsion
and a module D such that Homg(Q, D) — D is surjective is called h-divisible.

Then in [9, Corollary 2.4] the first Matlis equivalence states that the functors
O/R ®g — and Homg(Q/R, —) induce the equivalence:

(Q/R)®r—

{torsion-free cotorsion

h-divisible torsion § |
R-modules Homg(Q/R,-)

R-modules

where the notion of torsion is the classical one. That is an R-module M is torsion if
for every element x € M there is a regular element » € R such that rx = 0.

The following theorem relaxes as much as possible the assumptions in [9, Corol-
lary 2.4] to provide what appears to be the best possible generalisation for the first of
the two classical Matlis category equivalences (going back to Harrison’s [6, Propo-
sition 2.1]).

Theorem 5.6 Let f: R —> U be a ring epimorphism, U/R = Coker f. Assume
Torf(U, U)=0.

Then the functors (U/R) @ — and Homg (U /R, —) induce mutually inverse equiv-
alences

U/R)®r—

{left U-torsion-free

} {left U-divisible} .
U-contramodules Homg(U/R,-)

U-comodules

Before proving the theorem we state alemma showing that the functors (U/R) ®r
— and Homg (U/R, —) take values in the pertinent classes.

Lemma 5.7 If Torf(U,U) = 0, then

1. Forany left R-module M, the left R-module Homg(U/R, M) is a U -torsion-free
U -contramodule;

2. For any left R-module C, the left R-module (U/R) @ C is a U-divisible
U-comodule.

Proof (1) From the surjection U — U/R — 0 one sees that the left R-module
Homz(U/R, M) is U-torsion-free as an R-submodule of the left U-module
Homg (U, M).

Furthermore, since U ®g U = U, we have (U/R)®r U =0, and therefore
Homz (U, Homz(U/R, M)) = Homg((U/R) @r U, M) = 0.
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To show that Ext}e(U, Homz(U/R, M)) = 0, observe that our assumptions
U®gU =U and Torf(U,U) =0 imply Torf(U/R, U) = 0, because the map
(R/Ker(f)) g U —> U Qg U is an isomorphism.

We apply Lemma 5.4 (1) letting L = U and E the R-R-bimodule U/R to get
that

Exth (U, Homg(U/R, M)) —> Exth((U/R) ®& U, M) =0,

hence Homg (U /R, M) is a left U-contramodule.

The proof of part (2) is dual-analogous. The left R-module (U/R) ®z C is
U-divisible as a quotient R-module of the left U-module U ®g C. Since U ®g
(U/R) =0,wehave U @z (U/R) @ C = 0.

Apply Lemma 5.4 (2) letting B = Ug and E the R-R-bimodule U/R to get

0 = Torf (U ®& (U/R), C) —> Tork(U, (U/R) ®& C) — 0.

Hence (U/R) ®¢ C is a left U-comodule. O

Proof of Theorem 5.6 By Lemma 5.7, the functor M — Homz(U/R, M) takes
U -divisible left U-comodules to U-torsion-free left U-contramodules and the func-
tor (U/R) ®g — takes U-torsion-free left U-contramodules to U-divisible left
U-comodules (in fact, they take arbitrary left R-modules to left R-modules from
these two classes). It remains to show that the restrictions of these functors to these
two full subcategories in R-Mod are mutually inverse equivalences between them.

First we consider the case of a U-divisible left U-comodule M and show that the
counit morphism

ém: (U/R) ®g Homgr(U/R, M) — M

is an isomorphism.
Since M is U-divisible, we have a natural short exact sequence of left R-modules

(1) 0 — Homg(U/R, M) — Homz(U, M) — M — 0.

Since the left R-module Homg(U/R, M) is U-torsion-free, applying the functor
— ®gr Homz(U/R, M) tothesequence R — U — U/R — 0 wealsohave anatural
short exact sequence of left R-modules

(2) 0— Homg(U/R, M) — U ®g Homg(U/R, M) - (U/R) ® g Homg (U/R, M) — 0.

Since M is a U-comodule, applying the functor U ® — to the short exact sequence
(1) produces an isomorphism

U ®g Homg(U/R, M) Z U ®g Homz (U, M) = Homg (U, M).
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Now the commutative diagram

Homg(U/R, M) — U Qg Homg(U/R, M) — U/R @ Homg(U/R, M)

= U ®r Homg (U, M)

Homgz(U/R, M) Homgz (U, M) M

shows that we have a morphism from the short exact sequence (2) to the short exact
sequence (1) that is the identity on the leftmost terms, an isomorphism on the middle
terms, and the counit morphism &, on the rightmost terms. Therefore, the counit
morphism &, is an isomorphism.
Next we consider a U -torsion-free left U-contramodule C and show that the unit
morphism
nc: C —> Homg(U/R, (U/R) ® C)

is an isomorphism.
Since C is U-torsion-free, we have a natural short exact sequence of left
R-modules

3) 0— C— U®zC —> (U/R)®x C —> 0.

Since the left R-module (U/R) ®g C is U-divisible, applying the functor
Hompz(—, (U/R) ®f C) to the sequence R — U — U/R — 0 we also have a nat-
ural short exact sequence of left R-modules

(4) 0 — Homg(U/R, (U/R)®p C) — Homg (U, (U/R) ®g C) — (U/R) ®g C — 0.

Since C is a U-contramodule, applying the functor Homg (U, —) to the short exact
sequence (3) produces an isomorphism

U ®r C =Homp(U, U ®g C) = Homg(U, (U/R) ®@r C).
Now the commutative diagram

C U®rC

|

Homz (U, U ®r C) =

|

Homz(U/R, (U/R) ®k C) —— Homz (U, (U/R) ®r C) —= (U/R) @& C

(U/R)®r C

1R

1R
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shows that we have a morphism from the short exact sequence (3) to the short exact
sequence (4) that is the identity on the rightmost terms, an isomorphism on the middle
terms, and the unit morphism 7¢ on the leftmost terms. Therefore, the unit morphism
¢ is an isomorphism. O

Further developments As noticed in the Introduction, the second Matlis category
equivalence can be constructed in case f: R — U is a ring epimorphism such that
Torf(U, U) = 0 = Tor¥ (U, U) (see [3, Theorem 2.3]).

Further results in the setting of derived categories are obtained in [3] in case f is
a homological ring epimorphism. Indeed, assuming that U has projective dimension
at most 1 as a left R-module and flat dimension at most one as a right R-module,
it is shown that there is what may be called the triangulated Matlis equivalence
in [12], that is an equivalence between the (bounded or unbounded) derived category
of complexes of R-modules with U-comodule cohomology modules and the similar
derived category of complexes of R-modules with U-contramodule cohomology
modules.

Finally, under certain additional assumptions (which hold for instance when f is
injective) the exact embedding functors of the full subcategories of U-comodules and
U -contramodules into the category R-Mod induce fully faithful functors between
the corresponding derived categories and also an equivalence between the derived
categories of the categories of U-comodules and U-contramodules.
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Topological Semi-abelian Algebras

Maria Manuel Clementino

Abstract In this text we present the fundamental results that show that both classical
topological properties of topological groups and categorical properties of the category
of topological groups and continuous homomorphisms can be extended to the more
general setting of topological semi-abelian algebras.
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Introduction

The introduction of protomodular categories by Bourn in [11] and, subsequently, of
semi-abelian categories by G. Janelidze, Marki, and Tholen in [26] are fundamental
milestones in the study of categories that ‘behave like’ the category of groups. Cit-
ing G. Janelidze, Marki and Tholen in [26], the notion of semi-abelian category... is
designed to capture typical algebraic properties valid for groups, rings and algebras,
say, just as abelian categories allow for a generalized treatment of abelian-group and
module theory. A few years later, together with Borceux, in [4] we showed that, in
addition, the algebraic properties captured by the notion of semi-abelian category are
crucial in the study of topological algebras, capturing both typical topological prop-
erties valid for topological groups and typical categorical properties of the category
of topological groups. These results have been used since then in various contexts,
and showed to be particularly interesting in the study of split extensions. Here we
invite a non-specialist reader to go through these results and, moreover, to think about
some interesting open problems. This material was presented in September 2018, in
Louvain-la-Neuve, in a course entitled Topological Algebras, for a diverse audience
including MSc and PhD students, but also senior researchers.
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We assume that the reader has a basic knowledge of category theory. Still, we chose
to postpone the use of category theory to Sect. 3 (with the unavoidable exception of
Theorem 1.6), and so one may essentially follow the first two sections without any
knowledge of categories. In Sect. 1 we start by presenting the characterization of the
varieties (in the sense of universal algebra) which are semi-abelian categories. We
proceed by presenting some auxiliary results on their algebras, and conclude with
establishing basic properties of the varieties of topological algebras. In Sect.2 we
focus on topological properties of topological semi-abelian algebras, while in Sect. 3
we focus on categorical properties of the category Top” of topological semi-abelian
algebras and continuous homomorphisms. (The categorical background needed in
this section can be found in [29].) Sect.4 studies semidirect products in TopT. First
it is shown that, as for topological groups, every split extension is isomorphic to a
split extension given by a semidirect product. (Here we avoid to use the categorical
notion of semidirect product, which would oblige us to introduce monadicity.) Next
we introduce the notion of split extension classifier [9, 8], and show that the category
of topological groups has split extension classifiers [7, 15].

We end this chapter by presenting some open problems. We point out that a
complete description of the topology on coproducts of topological algebras is a long-
standing problem, and it also constitutes the principal obstacle for solving some of
the other open problems formulated.

In this text we chose to treat semi-abelian categories very briefly. A more detailed
study of these categories would make this text longer than intended, and, mostly, the
literature on semi-abelian categories is abundant and diverse. For a reader interested
in the subject we refer to [26, 3, 12], or the short introductory text [18].

1 Semi-abelian Algebras

We start by studying the varieties (in the sense of universal algebra) which, as cate-
gories, are semi-abelian, and which we call simply semi-abelian varieties.

1.1 Semi-abelian Theories

The algebraic theories whose varieties are semi-abelian were characterized by Bourn
and G. Janelidze in [14] as those containing a unique constant 0 and, for some natural
number 7, having

(SA1) n binary operations o/, . .., o, satisfying o; (x, x) = 0,
(SA2) an (n+1)-ary operation 6 satisfying

G(Oll(x, )7), -naan(x’ )7), y) = X.

Such theories will be called semi-abelian theories.
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Remarks 1.1 1. We point out that these theories were studied by Ursini in 1972

2.

under the name BIT speciali in [32].
The theory of groups is semi-abelian: in the characterization above, let n = 1,
a(x,y) =x —y,0(x,y) = x + y.(Throughout we will use the additive notation
although our groups need not be commutative.)
A semi-abelian algebraic theory may have different data identifying it as semi-
abelian; that is, there may be different (n, («;), 0) satisfying conditions (SA)
above. We will see an example of this situation in 4.2.2.
For simplicity, we will sometimes use the abbreviations « for «y, ..., ¢, x for
X1, ...,Xy, and O for 0, ..., 0 (n times); for instance, we may write condition
(SA2) as

O(a(x, y),y) = x.

In a semi-abelian theory T the formula
px,y,2) =0(ai(x,y), ..., 00(x, y), 2) = 0(a(x, y),2)

defines a Mal’tsev operation, thatis, a ternary operation p such that p(x, z,z) = x
and p(x, x, z) = z; indeed,

p(xv Z7 Z) :9((11()(, Z)v ...,an(.x, Z)ﬂ Z) :.X,

and
p(x,x,z) =0(x(x,x),z) =00, z) =0(x(z,2),2) = 2.

In case T is the theory of groups, the Mal’tsev operation p is given by
px,y.2)=x—-y+z

For each algebraic theory T, we will denote by Set" the category of T-algebras and

T-homomorphisms, i.e. the variety of T-algebras. The category Set”is complete and
cocomplete, with limits built like in Set, with the corresponding operations. Colimits
are more difficult to build; throughout we will describe them when necessary. In
Sect. 3 we will study the categorical properties of Set" in more detail.

1.2 Semi-abelian Algebras: Examples

There are plenty of examples of semi-abelian varieties. You can find them in, for
instance, [3, 4, 7, 19]. Here we list very briefly some of the examples that will be
used throughout. We point out that more examples will appear in Sect. 4.
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1.2.1 Varieties with a Group Operation Every algebraic theory containing a
unique constant and a group operation is semi-abelian: as in the remark above,
taken = 1, a(x,y) =x — y,and 6(x, y) = x + y. In particular, abelian groups, 2-
groups [24], modules on a ring, rings or algebras without a unit, Lie algebras, Jordan
algebras are examples of semi-abelian theories.

1.2.2 Right @-Loops The theory of right 2-loops has a constant 0 and two binary
operations, + and —, satisfying the following conditions:

Q) x+0=x,
(Q2)0+x =x,
Q) x—y)+y=x
Q4 x+y) —y=nx.

Then, forn = 1, = —and 6 = +, (22) and (24) give us «(x, x) = 0, while (23)
states that 6 («(x, y), y) = x.

1.2.3 Heyting Semilattices A Heyting semilattice is a A-semilattice with top ele-
ment 1 and a binary operation = satisfying the property

aAb<cifandonlyifa < (b = ¢).
As shown in [27], Heyting semilattices form a semi-abelian variety: take n = 2,

aj(x,y)=x=y, ok y)=>(x=>y)=>y)=>x, 0x,y,20=x=2A)y.

1.3 Semi-abelian Algebras: Some Properties

First we give a very useful characterization of normal subalgebra in Set". For groups
we know that a subgroup X of A is normal if and only if it is closed under conjugation.
This property can be stated using the operation t(a, x) = a + x — a, saying that
7(a, x) € X whenever x € X. This can be generalized for algebraic theories with a
Mal’tsev operation, where, of course, by normal subalgebra we mean that X is the
kernel of some morphism f: A — B of T-algebras. We point out that in this result
we do not assume that the theory T is semi-abelian.

Theorem 1.2 Let T be an algebraic theory with a unique constant O and a Mal’tsev
operation. For a subalgebra X of A the following assertions are equivalent:

(i). X is a normal subalgebra;
(ii). for every (k + l)-operation t of the theory such that,
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if, forallay, ...,a; € A, t(ay,...,a,0,...,0) =0,
then, forallxy,...,x; € X, t(ay,...,ar, x1,...,x) € X.

(D

Proof Assume that X is the kernel of f. Then condition (1) is clearly necessary,
since

f((ay,...,ak, x1,...,x1)) =1(f(ar),..., f(x) = f(z(ai,...,a0,...,0)).

To prove the converse, we construct a morphism f: A — B whose kernel is X. First
we recall that every reflexive relation in Set"isa congruence, due to the existence of
a Mal’tsev operation in T (see [16]). Therefore the subalgebra R € A x A generated
by the pairs (a, a), fora € A, and (x, 0), for x € X, is a reflexive relation, hence a
congruence. Let f: A — B be the quotient of A by R. We will check now that the
kernel of f is X. By construction, X is contained in the kernel of f. Conversely, if
a € Aissuch that f(a) =0, then (a, 0) € R, and so it is obtained as

(@,0) =y{a1,a1),..., (ak a), (x1,0),..., (x,0))
= (y(al7""ak’xl’""xl)7y(al7""ak’()7""O))’

for some operation y, ay, ...,a; € A,and xq, ..., x; € X. Using the Mal’tsev oper-
ation p, we define then the operation t by

T(a, ..., Ay V1o oo s y) =pylag, ..., Ay V1o v yi),yag, ..., ai,0,..., 0),0).
It is easily checked that 7 satisfies the hypothesis of (1), and therefore

‘x=y(a19"'7ak1x11"'s-xl)=p(y(a1?"'1aksxls"'s'xl)30’0)

= p(y(alv "‘7ak7x17"'5-x1)7 y(alv"'9ak705 ""O)’O)
=@y, ..., 0, X1,...,X1)
belongs to X by condition (1). O
From now on, for a semi-abelian theory T, we will use the notation 0, (¢;)i=1....n,

0 for fixed operations in T satisfying conditions (SA).

Lemma 1.3 Let T be a semi-abelian theory, and A a T-algebra.

1. Thefamilya;(—, a): A — A isjointly monomorphic, thatis, forx,y € A, x =y
provided that o; (x, a) = «; (y, a) foreveryi =1, ...,n.
2. Forx,y € A, x =y provided that o;(x,y) = 0 foreveryi =1,...,n.

Proof 1. follows from the equality 9(«; (x, a), ..., o, (x, a), a) = x, while 2. fol-
lows directly from 1. O

We point out that, in general, the family («;(a, —)); does not need to be jointly
monomorphic (as, for instance, in the theory of right 2-loops).
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Finally we describe the quotient maps, i.e. the cokernels, in Set" in terms of their
kernels.

Lemma 1.4 Let T be a semi-abelian theory and X a normal subalgebra of A, cor-
responding to the quotient map q: A — A/X. With[a]l ={y € A; q(y) = q(a)},
foranya,b € A,

[al=[bl€e A/X < Vi wai(a,b) € X < Vi «;(b,a) € X.
Proof Fora,b € A,
[al=[b] & Vi) 0=«a;([a], [P]) = [ai(a, b)] & (Vi) a;j(a,b) € X.
O

Proposition 1.5 Let T be a semi-abelian theory, let X be a normal subalgebra of
A ,and q: A — A/X its cokernel. For any S C A,

g '(qS) ={acA;IseS Vi aj(a,s) e X)
=f{aeA;IseS Vi aj(s,a) € X}
={a€eA; Ix,....,x,€X O0(xq,...,x,,a) € S}
=0(X" x8);

in particular, for any a € A,
[a] = 6(X", a).

Proof We only have to check the description of ¢ ~!(¢(S)). The first two equalities
follow from the previous lemma. To show that

g gS)={acA;Ix;,....,x, € XO(x1,...,x,,a) €S},
let0(xq, ..., x,,a) € S; then

[al =00, a)] = 6([0], [a]) = O([x1], .., [x,], [a]) = [O(x1, ..., x4, @)] € (S),
and therefore a € ¢~'(¢(S)). Conversely, if a € g~'(g(S)), then [a] = [s] for
some s € S. By the previous lemma, «;(s,a) € X for each i. Therefore, with
xi =o;(s,a) € X, wegetd(xy,...,x,,a) =s € S as claimed.

It remains to show that ¢~'(g(S)) = 8(X" x S). If [a] = [s], with s € S, then
ai(a,s) € X and so a =0(ai(a,s),...,a,(a,s),s) € 0(X" x §). Conversely, if
a=06(x,...,x,,s) with x,...,x, € X and s € S, then g(a) =6(0,...,0,
q(s)) = q(s). o
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1.4 Topological Algebras

Throughout this section we do not assume that the algebraic theory T is semi-abelian.
The results presented here are valid for any algebraic theory.

A topological group A is a group equipped with a topology making both the
addition and the inversion continuous maps; that is, the maps

itA— A and f: AXA— A
ar— —a (a,b) —> a+b

are continuous (where A x A has the product topology). The right maps between
topological groups — their morphisms — are those maps which are both group homo-
morphisms and continuous.

For an algebraic theory T, topological T-algebras are defined similarly. A topo-
logical T-algebra (or simply a topological algebra) A is a T-algebra equipped with
a topology making the operations of the theory T continuous. A morphism between
T-algebras is a continuous T-homomorphism. Topological algebras and their mor-
phisms form the category Top”.

A brief analysis of the behaviour of the forgetful functor U : Top® — Set”, which
assigns to each topological algebra its underlying algebra and to each morphism its
underlying homomorphism, allows us to understand how to lift special constructions
from algebras to topological algebras. In fact, this functor is topological, that is, U
has initial lifts: for each algebra A and each family (f;: A — A;);c; of homomor-
phisms with topological algebras (A;, OA;), there is a topology OA on A making
(fi: (A,O0A) — (A;, OA))); a family of morphisms in TopT with the following
universal property: for any family (g;: (Y, OY) — (A;, OA;)); in TopT and homo-
morphism h: Y — A with f; -h = g; foreveryi € I, h: (Y,0Y) — (A,OA) is
continuous. The family (f;: (A, OA) — (A;, OA;)); is said to be the initial lift of
(fi: A— (A;,0A)));. (Here I may be a proper class; for details see [1; Chapter
211)

Theorem 1.6 The functor U : TopT — Set’ is topological.

Proof Given a family (fi: A — (A;, OA;)),, the initial topology OA on A with
respect to (f;);, that is, the topology generated by {flfl(U,-); U € OA;, i € 1},
makes A a topological algebra: for any operation t of T, the following diagram

commutes
ﬁ_n

AT s Ar
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and so the continuity of f; - T = t - f/", together with the initiality of OA, implies that
7: A" — A is continuous. Moreover, the definition of initial topology guarantees
that this is an initial lift as claimed. O

Remark 1.7 This Theorem gives immediately, via U, several important properties
of Top”. Namely:

1. The functor U has also final lifts (i.e. the dual construction).

2. U has both left and right adjoints, L and R, built via the final and initial lift-
ings of the families (f: (A,OA) — X) and (g: X — (B,OB)) of all such
homomorphisms f, g, respectively. That is, LX is X endowed with the indis-
crete topology, while RX is X endowed with the discrete topology. Note that
U-L=U-R=Idgyr.

3. From 2. it follows that U preserves both limits and colimits. Therefore a product
of topological algebras is their product as algebras equipped with the initial topol-
ogy with respect to the projections, i.e. the product topology. Likewise, a kernel
in TopT is the kernel in Set” endowed with the subspace topology. Dually, a
coproduct of topological algebras (A;, OA;); is their coproduct | | A; as algebras
equipped with the final topology for the inclusions ((A;, OA;) — [ [ A;)jes, that
is, the finest topology making these maps continuous. (We will make additional
comments on this topology in 6.1.) Analogously, the cokernel of a morphism in
TopT is the corresponding cokernel of algebras with the final topology.

4. Consequently, if A is a topological semi-abelian algebra and X is a normal sub-
algebra of the underlying algebra of A, with cokernel A/ X,

X—*oa—1.ax,

thanks to Theorem 1.6 we know that both X and A/X can be endowed with
topologies so that k and g are continuous, and, moreover, k = kerg and g =
cokerk in Top”.

5. For any algebraic theory T, in Set” every morphism f : A — B can be factorized,
essentially in a unique way, as a surjective homomorphism e followed by an
injective one m:

A—= f(A) == B.

In Set” surjective morphisms coincide with the regular epimorphisms, that is,
those morphisms which are coequalizers of some pair of morphisms. Indeed, if
f: A — B is surjective, then it can be written as f: A — A/R, where R is
the equivalence relation {(x, x’) € A x A; f(x) = f(x’)}. Then R is a congru-
ence (that is, a subalgebra of A x A), and f is the coequalizer of R — ZA.
m

Conversely, if f is a coequalizer, in the factorization above m is necessarily an
isomorphism, and so f is surjective.

This (regular epi, mono)-factorization system lifts to TopT: for each morphism
f:(A,OA) — (B,0B) in TopT, take the (regular epi, mono)-factorization of
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the underlying homomorphism f: A — B in Set’, A —> f(A) —"> B ;
it is easily checked that, equipping f(A) with the final topology O f(A) with
respect to e,

(A,0A) —— (f(A),0f(A)) —— (B,OB)

is the (regular epi, mono)-factorization of f in TopT.

2 Topological Semi-abelian Algebras

Contrarily to the last section, here we only deal with topological T-algebras, where
T is a semi-abelian theory.

Topological groups are topologically very well behaved, mostly due to the fol-
lowing facts.

e They are homogeneous spaces, that s, for each pair of points x, y in the topological
group A, there is an homeomorphism #: A — A with k(x) = y; indeed, defining
hby h(a) =a — x + y forevery a € A, as a composition of continuous maps

A A3 Ixix1 A3 Ox1 A2 6 A

ar——(a,x,y) ——>(@a, —x,y) > (a —x,y)——a —x + Yy

it is continuous, and it has a continuous inverse g, defined by g(a) =a — y + x.
e The Mal’tsev operation p defined by p(x, y,z) = x — y + z is continuous and,
moreover, it is preserved by any morphism, since they preserve both i and 6.

In this Section our goal is to study the topological properties of fopological semi-
abelian algebras, with topological groups as our main inspiration. From now on T
is a semi-abelian theory, and A is an object in the category TopT. We will say that A
is a topological semi-abelian algebra.

Remarks 2.1 1. Most of these results can be extended to the more general setting of
protomodular varieties (where there may be more than one constant). For details
see [5].

2. Some of the results presented are valid in varieties with a Mal’tsev operation, as
shown in [28].
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2.1 How to Overcome Lack of Homogeneity

The underlying space of a topological semi-abelian algebra is in general no longer
homogeneous, although the neighbourhoods of any point are still determined by the
neighbourhoods of 0. Indeed, foranya € A,themapso,: A — A"andf,: A" — A,
with a,(x) = (¢1(x, a), ..., a,(x,a)) = a(x,a) and 6,(x) = 6(x, a) are continu-
ous and make the following diagram

A2 An

D

A

commute. Therefore «, describes A as a subspace of A”, mapping a into 0. Later
it will be useful to consider also 8,: A — A" defined by 8,(x) = «(a, x). We note
that, like «,, also B, is continuous and B, (a) = 0; however, g, does not need to be
injective in general (e.g., in right -loops).

Denoting by O(a) the open subsets of A containing the point a € A, one has:

Lemma 2.2 The following sets are neighbourhood bases of a € A:

1. {a'(U™); U € 0(0)};
2. {6,(U"); U € O(0)}.

Proof 1. Every embedding preserves neighbourhood bases under inverse images.

Therefore, since o, is an embedding and {U" ; U € O(0)} is a neighbourhood basis
of 0, its inverse image is a neighbourhood basis of &, 1 (0) = a.

2.Foreach U € 0(0), a;l(U") = 0,(a, (aa’l(U"))) C 6,(U™), therefore 6, (U™)

is a neighbourhood of a. Moreover, if W € O(a), then 6, (W) € O(0), and so it

contains U" for some U € O(0). Therefore W = 6, (Ga" (W)) 2 6,(U") as claimed.

O

Lemma 2.3 For every topological semi-abelian algebra A, p: A’ — A,
defined by

px,y,2) =0 (x,y),...,a(x, y),2)
is a continuous Mal’tsev operation.

Proof As a composition of continuous maps, p is continuous. O

2.2 The Closure on Subalgebras

For each semi-abelian topological algebra A, the topology on A assigns a closure S
to each subset S of A, defining an endomap in the powerset of A, (): PA — PA.
Next we show that this map (co)restricts to subalgebras and to normal subalgebras.
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Proposition 2.4 Let X be a subalgebra of A. Then:

1. X is a subalgebra of A. .
2. If X is a normal subalgebra, then X is a normal subalgebra.
3. If X is open, then it is closed.

Proof 1. This is in fact valid for any topological algebra (not necessarily semi-
abelian). Continuity of any operation t: A" — A gives

t(X") =t(X") Ct(X") C X.

2. To show that X is a normal subalgebra, we use Theorem 1.2. Let 7 : A 5 A
be an operation such that t(ay, ..., a, 0, ...,0) = 0. Since 7 is continuous and X
is a normal subalgebra of A,

T(A* x X') € 7(AF x Xh) C X.

3. We show that X C X. For everya € A, U = ﬁ;l(X") is an open subset of A
containing a, since @ = B, '(0) and X" € O(0). If U N X # ¢, that is, if there exists
yeUNX,thena =0(x(a, y),...,a,(a,y),y) € 0(X"!) C X. Therefore X is
closed. O

2.3 Quotient Maps

Thanks to Theorem 1.6, regular epimorphisms (which we will call quotient maps as
it is usual for topological algebras) f: A — B in Top" are regular epimorphisms in
Set” (that is, surjective homomorphisms) with B equipped with the topology

OB ={U C B; f~1(U) € OA}.

Proposition 2.5 Every quotient map f: A — B between topological semi-
abelian algebras is open.

Proof For U open in A, we want to show that f~!(f(U)) is open. Let x €
FUfWU)), sothat f(x) = f(u) forsomeu € U. Since p(x, x,u) =u € U and U
is open, there exists V € O(x) such that p(V,x,u) CU. For all v eV, f(v) =
p(f(), f(x), f(w) = f(p(v,x,u)) € f(U), hence v e f~'(f(U)). Therefore
f‘l(f(U)) is open. |

Corollary 2.6 IfT is a semi-abelian theory, then regular epimorphisms are pullback
stable in Top”.

Proof Pullbacks in Top" are formed just like in Top and it is well known that in Top
open surjections are stable under pullback. O
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2.4 Separation Properties

We recall that a topological space X is said to be regular if, for every closed subset
S and point x € X \ S, there exist disjoint open subsets U, V such that § C U
and x € V. Regular spaces are also characterized as the topological spaces having
a basis of closed neighbourhoods at every point. We will use this characterization
throughout.

Proposition 2.7 Every topological semi-abelian algebra A is a regular space.

Proof We will show that the closed neighbourhoods of 0 form a neighbourhood
basis of 0, and therefore, using the embedding «,, we may conclude that the closed
neighbourhoods form a neighbourhood basis of a.

Due to continuity of 6, for each U € O(0), there exists V € O(0) such that
6(V™*1) C U. We will show that V C U.Leta € V. Then ;' (V") € O(a), and so
it intersects V. Givenx € V N ,Ba‘l(V”), ar(a, x),...,a,(a, x)belong to V, and so
a=0(a(a,x),...,a,(a,x),x)belongs to U as claimed. O

Proposition 2.8 Fora topological semi-abelian algebra A, the following conditions
are equivalent:

(i). A is a TO-space,
(ii). {0} is closed,
(iii). A is a Hausdorff space.

Proof Since A is regular, A is a Hausdorff space if, and only if, it is a T1-space. To
show that A is T1, provided that it is a TO-space, is equivalent to showing that {0}
is closed, thanks to the embedding «,. Let A be a TO-space, a € m, and let V be a
neighbourhood of 0. By Lemma 2.2 we may take V = 6,(U") for some U € O(0).
Then 8, 1(U™) € O(a), and therefore, by our assumption, contains 0. Now we can
write a = 0(a(a, 0),0) € §(U") = V, and s0 0 € {a}, which impliesa =0. O

Lemma 2.9 For a topological semi-abelian algebra A, the following conditions are
equivalent:

(i). A is discrete;

(ii). {0} is open.
Proof With {0} open, also {0} is open in A". Therefore {a} = o' ({0}) is open in
A, for every a € A. O
Proposition 2.10 Let X be a normal subalgebra of A.

1. The following conditions are equivalent:

(i) X is closed;
(ii) A/X is Hausdorff.
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2. The following conditions are equivalent:

(i) X is open;
(ii) A/X is discrete.

Proof 1. Noting that X = ¢~'([0]) and ¢ is a quotient map, we get
X isclosed <= [0]isclosed <= A/X is Hausdorff.
2. Analogously,

X isopen <= [0]isopen <= A/X is discrete.

2.5 (Local) Compactness

Next we study the behaviour of compact and locally compact topological semi-
abelian algebras. In neither of these concepts we assume Hausdorffness: a space is
compact if every open cover has a finite subcover, and it is locally compact if every
point has a neighbourhood basis consisting of compact subsets.

2.5.1 Proper Maps First we recall that a space X is compact if, and only if, for
any space Y, the projection X x ¥ — Y is a closed map. Moreover, we recall that a
continuous map f: X — Y is said to be proper (a la Bourbaki [10]) if it is closed
and has compact fibres, or, equivalently, if it is closed and inverse images of compact
subsets are compact. This is also equivalent to being stably closed, that is, if f' is
the pullback of f along a continuous map, then f” is closed.

Proposition 2.11 If X is a compact subalgebra of A, then the quotientqg: A — A/ X
is a proper map.

Proof Given a closed subset C of A, g(C) is closed if, and only if, g~!(g(C)) is
closed. We consider the continuous maps

At 8 g

L

A< X x A
where ¢ is the inclusion and p,4 the projection, and note that, by Proposition 1.5,

g ' qC)={acA;Ix,....,xn€X O(x1,...,%,,a) € C}
= patH(O7(O)));

since X" is compact, py is closed, and therefore g ~'(g(C)) is closed.
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Moreover, with X compact all the fibres of g are compact, since ¢~'(¢(a)) =
[a] = 6,(X") is the continuous image of the compact subset X". m|

Remark 2.12 Tt is worth to note that the classical proof of this result — in the special
case of topological groups — is much more elaborate than this one.

Corollary 2.13 Let X be a normal subalgebra of A. If X and A/ X are compact,
then A is compact as well.

Proof The map g is proper and A/ X is compact, hence A = ¢~ (A/X) is compact.
O

Corollary 2.14 Compact Hausdorff semi-abelian algebras have the 2-out-of-3
property.

Proof If X and A/ X are compact and Hausdorff, then A is compact and X is closed
in A. Therefore {0} is closed in A because it is closed in X, and so A is Hausdorff.
If A and A/ X are compact and Hausdorff, then X is a closed subalgebra of A,
hence compact and Hausdorff.
If X and A are compact and Hausdorff, then A/X is compact because it is the
image of a compact space under a continuous map, and it is Hausdorff because X,
being compact, is closed in A. O

Proposition 2.15 Foratopological semi-abelian algebra A the following conditions
are equivalent:

(i). 0 has a compact neighbourhood;
(ii). every point has a compact neighbourhood;
(iii). A is locally compact.

Proof Obviously (iii) = (ii) = (i)

For (i) = (ii) it is enough to observe that, if U is a compact neighbourhood
of 0, then, for every a € A, 6,(U") is a compact neighbourhood of a.

(ii) = (iii) is valid for any regular topological space. Indeed, let U be a
compact neighbourhood of a. For V' an arbitrary neighbourhood of a, let U’ € U
and V' C V be closed neighbourhoods of a. Then U’ N V" is a closed neighbourhood
of a, it is closed in U, hence compact, and it is contained in V. O

The result below is the algebraic version of the property that locally compact
subspaces of Hausdorff spaces are intersections of closed and open subsets.

Proposition 2.16 If A is a Hausdorff topological semi-abelian algebra, then every
locally compact subalgebra X of A is closed.

Proof Leta € X and let Z be a compact neighbourhood of 0 in X. Then Z is closed
in A and Z 2 U N X, with U open neighbourhood of 0 in A. The set ,8;1 (UM isa
neighbourhood of a, and therefore it meets X. Let x € X be such that ;(a, x) € U
foreveryi € I. Then, since X is also a subalgebra, o; (a, x) € U N X:butUNXC
U N X because U is open, U N X C Z because Z is closed, and Z C X by our
assumption. Therefore a = 0(«;(a, x), ..., a,(a, x), x) € X as claimed. |
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Proposition 2.17 Locally compact topological semi-abelian algebras are stable
under quotient maps.

Proof This is valid for any locally compact space, since they are stable under open
surjections. O

Proposition 2.18 If X is a normal subalgebra of A, then A is locally compact
provided that X is compact and A/ X is locally compact.

Proof By Proposition 2.11, g: A — A/X is proper. Hence the inverse image
of a compact neighbourhood of [0] in A/X will be a compact neighbourhood of
Oin A. O

2.6 Connectedness and Total Disconnectedness

Recall that a space X is connected if it cannot be written as a disjoint union of two
non-empty subsets; or, equivalently, any subset of X which is both closed and open
(shortly clopen) is either empty or X. A space is fotally disconnected if its only
connected subsets are the points (and @f). Since the union of connected subsets with
non-empty intersection is connected, for each x € X there is a largest connected
subset containing x, I'(x). So, X is connected if, and only if, I'(x) = X for every
x € X, and totally disconnected if I'(x) = {x} for every x € X.

Proposition 2.19 If A is a topological semi-abelian algebra, then, for every a € A,
['(a) = 6,(T'(0)").

Proof Asaproductof connected subsets, I"(0)" is connected, and therefore 6, (I" (0)")
is a connected subset containing a. To prove the converse inclusion, first note that
a;(T'(a), a) is connected and contains 0. Thus, for y € I'(a), «;(y, a) € I'(0), and
soy =60(x1(y,a),...,a,(y,a),a) € 0,(I'(0)"). O

Corollary 2.20 For a topological semi-abelian algebra A, the following conditions
are equivalent:

(i). T'(0) = {0},
(ii). A is totally disconnected. U

Proposition 2.21 I'(0) is a closed normal subalgebra.

Proof Any connected component is closed, hence I"(0) is closed. To show that I" (0)
is a normal subalgebra, we check condition (1) of Theorem 1.2 via induction on [:

— When ! =0, (1) means 0 € T'(0).

— Assuming (1) for [-1, and considering the operation t(ay,...,ax, yi,---,
yi—1, 0), our assumption guarantees that, foralla;, ..., a;r € A, x, ..., x; € '(0),
w(a, ..., Ay X5 - e s x;—1,0) € T'(0), and then t(ay,..., Ay X5 v s xi—1, =)(I(0))
is the image of a connected subset under a continuous map, hence it is connected,
and therefore contained in I"(0).
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O

Lemma 2.22 [f X is a connected normal subalgebra of the topological semi-abelian
algebra A, with quotient q: A — A/ X, then:

1. [a] is a connected subset of A, for every a € A.
2. IfU C Ais open and closed, then ¢~ (q(U)) = U.

Proof 1. By Proposition 1.5, for every a € A, [a] = 6,(X"), hence connected.
2. For all a € A, if [al N U # @, then [a] must be contained in U, since [a] is
connected and U is clopen. O

Proposition 2.23 Let X be a normal subalgebra of the topological semi-abelian
algebra A. With X and A/ X connected, A is connected as well.

Proof If U is clopen in A, then U = ¢~ (¢(U)), and so g (U) is also clopen. Hence
q(U) is either empty or A/ X, and then U = g~'(g(U)) is either empty or A. O

Proposition 2.24 Let X be a normal subalgebra of the topological semi-abelian
algebra A. With X and A/ X totally disconnected, A is totally disconnected as well.

Proof The set ¢ (I"(0)) is connected and contains 0, hence ¢ (I"(0)) = {0}. Therefore
I'(0) € X. The only non-empty connected subsets of X are the singletons, hence
I'(0) = {0}. O

3 The Categorical Behaviour of Topological Semi-abelian
Algebras

3.1 Properties of the Category TopT

3.1.1 Top"” Is Pointed Since T has a unique constant, the singleton T-algebra is a
zero object of TOpT, that is, it is both an initial and a terminal object.

3.1.2 TopT Is Complete and Cocomplete Thanks to Theorem 1.6, we know that
TopT is both complete and cocomplete, with limits and colimits built as in Set”, and
equipped with the initial and final topologies, respectively.

3.1.3 Top” Is Regular but Not Exact In Remark 1.7 we proved that Top” has
the (regular epi, mono)-factorization system, and in Proposition 2.5 we showed that
regular epimorphisms, being open surjections, are pullback stable. Since it is in
particular finitely complete, we conclude that Top” isa regular category. (For more
information on regular categories see [21].)
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We point out that Set" is Barr-exact (for any theory T), that is, it is regular and
every internal equivalence relation R i; A in Set" is a kernel pair (i.e. there is
r
a T-homomorphism f: A — B so that (r, rp) is the pullback of f along f). This

. . . . 4 .
is no longer the case of Top”: for every internal equivalence relation R —= A in
r

TopT there is a continuous morphism f: A — B so that
R A

1
A B

is a pullback in Set”, but R may not have the initial topology with respect to
(r1, rp). For instance, let A be the additive group of real numbers with the Euclidean
topology, and let R be the group A x A equipped with the topology 7~ generated by
the Euclidean topology and the sets

r
N

R

f

O, ={(x,y) e R*; x —y =},

where s € R. Then the projections R % A are continuous, as well as the diago-
r
nal A — R. Moreover, 7 makes R a topological group, since i,;l(OX) = 0_,, and,

fors,s’ € R, Oy + Oy = O,y .Since T is not the initial topology for the projections
r

ry,r, R —= A is not the kernel pair of its coequalizer.
rn

We chose to refer only briefly to this exactness property, but we suggest our reader
to consult [2, 3] for more information on this topic.

3.1.4 Top" Is Homological A category is said to be homological [3] if it is pointed,
regular, and protomodular, while itis said to be semi-abelian [26] if it is pointed, exact,
and protomodular. Since here we are dealing only with pointed regular categories,
we chose not to define protomodularity [11] in full generality, but instead to use the
following characterizations of homological categories, which relate directly to the
forthcoming topics of this text.

Proposition 3.1 [f€ is a regular category, then the following assertions are equiv-
alent:

(i). € is protomodular;
(ii). In the following commutative diagram, with g a regular epimorphism,



44 M. M. Clementino

A——B——C

| o @ |

A/ B/ C/

if and | 1 | are both pullback diagrams, then |2 |is also a pullback.

The characterizations we want to focus on use the notion of short exact sequence.
In a pointed category, a sequence of morphisms

0—sx-—*sa_top_ 0 ©))

is said to be a short exact sequence if k = ker f and f = cokerk. A short exact
sequence (2) where f is a split epimorphism, together with a section s of f

O—>X—k>AiB—>O

f

sothat f - s = 1, is called a split short exact sequence (also called split extension).
A morphism of split short exact sequences is a triple (¢, u, v) as in the commutative
diagram

0— >X—Foa="—pB_— .9 3)
Pk
O*>X/7>A’$B/*>O

(that is, its three squares commute: u -k =k’ - ¢, f'-u=v- f,u-s=s"-v).
Theorem 3.2 [f G is a pointed regular category, then the following conditions are
equivalent:

(i). € is protomodular;
(ii). The Short Five Lemma holds, that is, given a commutative diagram, where
the horizontal rows are short exact sequences

0 x— o4 p 0
\Lt \Lu \LU
0 X’ A B 0
¥ r

if t and v are isomorphisms, u is an isomorphism as well.
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(iii). The Split Short Five Lemma holds, that is, given a commutative diagram (3),
where the horizontal rows are split short exact sequences, if t and v are isomor-
phisms, u is an isomorphism as well.

More information on protomodularity, and the proofs of these results, can be
found in [3, 4].

3.2 Special Subcategories of TopT

We recall that a full subcategory &/ of a category € is said to be reflective if the
inclusion functor G: & — € has aleft adjoint. This is equivalent to giving, for each
object C of €, a universal arrow n¢: C — GAc from C to G, i.e., a €-morphism
nc: C — GAc, with Ac an object of &, such that every such morphism C — G A’
factors through 7n¢ in a unique way. If the morphisms 7¢ are (regular) epimorphisms,
one says that & is (regular-)epireflective.

3.2.1 Haus” and TotDisc” are Homological

Proposition 3.3 The following full subcategories of TopT are regular-epireflective
subcategories:

1. Haus® of Hausdorff topological algebras;
2. TotDisc” of totally disconnected topological algebras.

Proof Let A be a topological algebra. L L
1. Consider the quotient morphism 4: A — A/{0}. Then A/{0} is Hausdorff by
Proposition 2.10, and 14 has the required universal property: if f: A — B, with B

Hausdorff, then in its (regular epi,mono)-factorization A —*= f(A) —~= B, e
is aquotient map and f(A) is Hausdorff. Hence the kernel of e is a closed subalgebra
of A containing {0}. This implies that f factors through 74, necessarily in a unique
way because 74 is an epimorphism.

2. Consider the quotient morphism p4: A — A/I'(0). By Proposition 2.21, I"(0)
is a closed normal subalgebra of A. If B is totally disconnected, given any morphism
f: A— B, f(I'(0)), as a connected subset of B, must be {0}, and so f factors
through A/ I'(0). It remains to show that A/ I"(0) is totally disconnected, that is,
'([0]) = {[0]}. If we pullback ps: A — A/T(0) along the inclusion I'([0]) —
A/ T(0), we obtain a new short exact sequence

r©0) — ¢ —2=r(0)

.

() —= A——= A/T(0)
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since regular epimorphisms are pullback stable and p(I"(0)) = {0}. Then, by Propo-
sition 2.23, C is connected because both I'(0) and I"([0]) are. Therefore C = I"(0),
and so I'([0]) = {[0]} as claimed. O

Observing that any regular-epireflective subcategory of a homological category
is homological (see [6] for details), we conclude:

Corollary 3.4 The categories Haus™ and TotDisc” are homological. O

3.2.2 HComp" and HLocComp" are Homological Let HComp” and HLocComp™
be the full subcategories of Hausdorff compact and of Hausdorff locally compact
topological algebras, respectively. First of all, if € is any of these two subcategories
and f: A — B belongs to €, then its (regular epi, mono)-factorization in Top”

A e f(A) m B

belongs to €, since f(A) is (locally) compact provided A is, and Hausdorff pro-
vided B is. Moreover, this gives again a (regular epi, mono)-factorization in & for
every open surjectione: A — f(A) between Hausdorff (locally) compact topologi-
cal algebras, its kernel is a Hausdorff (locally) compact topological algebra. Since €
is closed under finite limits in Top”, we may conclude that € is regular. To conclude
that & is protomodular it is enough to observe that, given (2) in €, it is a short exact
sequence in @ if and only if it is a short exact sequence in TopT, therefore the Short
Five Lemma holds in €.

(We point out that HCompT is in fact semi-abelian, as shown in [4].)

4 Split Extensions: Semi-direct Products

4.1 Semidirect Products of Groups

In the category of groups, it is well known that split extensions of B by X correspond
toactions§: B x X — X of B on X. Moreover, each such action defines a particular
split extension, usually called the semidirect product X x¢ B of X and B with respect
to the action &, which is isomorphic to the original split extension. Let us recall these
correspondences.

Given a split extension

X—t-A=<B )

f

where, for simplicity, we consider k: X — A an inclusion, define

E:BxX—> X
b, x) = EMb, x) =s(b) +x — s(b).
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Then £&(e,x)=x and &b, x+x")=&0b,x)+EWD,x"), &Eb+Db,x)=
&b, &', x)), that is & is an action of B on X as claimed. Given such a &, we
define the semidirect product of X and B as the group

X x¢ B= (X x B,+¢), with (x,b) +¢ (¢'.b) = (x + (b, x'), b+ b).

Then
(1,0) 0.1)
X——=XXsgB=—<B
B

is a split extension and, moreover, the homomorphisms

Yv:A—> X x¢B and ¢: X X¢ B — A
ar (a—sf(a), f(a)) (x,b) = x +s5(b)

are inverse to each other and make the following diagram commute

X— K _Aa<——8

f
||V
(1,0) .1)

X—=XxsB=—<B
B

We will say that the two split extensions are isomorphic.

The action &, external to the category of groups, is completely determined by an
internal morphism, which we also denote by &, defined in the sequel. Consider the
split extension

L
BbX s X+B="——B
[0,1]

where X + B is the coproduct of X and B in Grp, i.e. the free product of X
and B, with coprojections tx and ¢, and [0, 1] is the unique morphism such that
[0,1]-tx = 0and[O0, 1] - t3 = 1p.Inthe following diagram the existence of a unique
such &: BbX — X follows from the equalities f - [k, s] - ko = [0, 1] - ko = 0.

BX "~ X4B=<——B (5)

| [0.1]
£l l[k’ﬂ
V s

X4k>A<:>B

This morphism £: BbX — X is called the internal action associated to the split
extension (4). This construction is part of a monad on Grp which allows for a cat-
egorical definition of semidirect product encompassing the one we described for
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groups. Considering that the study of this monad would go beyond our purpose here,
we chose to describe directly semidirect products in semi-abelian varieties and in
the corresponding categories of topological algebras. For the categorical study of
semidirect products see [13], and for the proof that Top” has semidirect products see
[4]; our description of semidirect products of semi-abelian algebras is based on [19]
and [23].

4.2 Semidirect Products of Semi-abelian Algebras

Let G be a semi-abelian variety, and fix n, o;, i = 1, ..., n, and 0 satisfying condi-
tions (SA). First we note that, given a split extension (4) in €, as in groups it defines
amorphism & : BbX — X as in diagram (5). Moreover, mimicking the maps ¥ and
¢ above, we may consider the following diagram in Set

k

A<=——B (6)

X
f
") b
(1,0) (0,1)

X" —— X"x B=—=<B,
B

where ¥y (x) = a(x,0), ¥(a) = (ala, sf(a)), f(a)), and ¢(x,b) = 6(x, s(b)).
Then the three squares in the diagram commute, i.e. ¥ -k = (1,0) - ¥x, ¥ -5 =
(0, 1), and f - ¢ = mp. Moreover, ¢ - ¥ = 14, and

(Y - @)(x,b) = (x,b) ifand only if a(0(x, s(D)),s(b)) = x.

(We leave the proof of this assertion as an exercise.)

Theorem 4.1 Given a split extension (4) and & : BbX — X as in (5), consider
Y ={(x,b) € X" x Bla®(x,sb)),sb)) = x}. (7

Then, in the following commutative diagram

X—>A=—<B (8
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the bottom row is a split extension and  and ¢ are isomorphisms of T-algebras if,
and only if, for each m-ary operation t of the variety, the operation ty is defined,
foreach (x;,b;),i =1,...,m, by:

(&"ap,x (Teox Opox (X1, b1), ..., Opox (X,,, b)), Toox (D)), T5(D)). )

Proof From the definition of Y and our remark above it follows that ¢ and ¢ are
inverse to each other. It remains to show that the operations defined via (9) are the
right ones to make the bottom row of (8) a split extension in Set”. Given (x;,b)eY,
fori =1,...,m,let

u=71a0a(xy, s(b1),...,0a(x,,, s(bw))).
Then

Ty (X, b1), ooy (X0 b)) = Y Ta(P (X, 1), ooy (X, b)) = ()
= (2, (u, sf W), f(u)).

Assuming that f and s are morphisms (and so they preserve the operations):

f) =1p0p(f"(x)), fsbD),....08(f"(x,,), fs(bn))),

and, since f - s = 1 and X is the kernel of f,

fw) = w300, by),...,05(0,b,)) = 13(b).

Thus, sf(u) = t4(s™ (b)), and we obtain:

(X1, b1), -y (X, b)) = (o, (u, TaA(s™ (D)), T8(D))
= (a4 (ta@ax;, s(b1), ..., 04(x,,, 5(bp))), Ta(s™ (b)), T5(D))
= ([k,s]"ap,x (Teox Opox (X1, b1), ..., Opox (x,,, D)), Tox (D)), TB(D)).

Since & is the restriction of [k, s] to BbX, we finally obtain (9).
The proof that the operations ty make Y a T-algebra and the bottom row a split
extension in Set” is straightforward. O

Remark 4.2 'We observe that:

1. When € is the variety of groups, then n = 1 and we recover the description of
the classical semidirect product. For a general semi-abelian variety the algebra Y
is the categorical semidirect product induced by & . Therefore Theorem 4.1 shows
that every split extension is isomorphic to a split extension given by a semidirect
product.

2. As we observed in Remarks 1.1, a semi-abelian theory may have more than one
choice for n, & and 6. Different choices will give distinct isomorphic descriptions
of the semidirect product. We will present such an example in 4.2.2.
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The Theorem above gives us a description of the semidirect product of X and B,
for a given action &, as a subset Y of X" x B equipped with the operations induced
by the operations in X, B, and BbX through the action £. Below we will analyse
instances of this construction, but before that we characterize the setting where Y is
the all product X" x B.

Corollary 4.3 If € is a semi-abelian variety, with n, (¢;), 0 satisfying (SA), then
semi-direct products in € as described in (7) are all the X" x B if, and only if, the
a;’s verify the following extra condition, for xi, ..., X, y,

o (0(x1, .oy Xn, ¥), Y) = Xi (SA3)

foreveryi =1,...,n.

Proof If this condition is satisfied, then the description (7) of the semidirect products
gives immediately ¥ = X" x B.
To prove the converse, consider diagram (6) for the split extension below:

(L)

A%AXA:A

5
(0,1)

,0
A An A== A
T

Under our assumption, i - ¢ = 1, which translates into condition (SA3). m|

Theorem 4.4 Let G be a semi-abelian variety.

1. If6 is avariety of right Q-loops, that is, if € has a unique constant 0 and, among
the operations of €, there are binary operations + and — satisfying conditions
(21) — (24) of 1.2.2, then the semidirect product X x;z B is X x B.

2. Moreover; if the semidirect products are described as X" x B as in Corollary
4.3, then € is a variety of right Q-loops.

Proof 1.If € is a variety of right 2-loops, in its description as semi-abelian variety
we may use n = 1, « = —, and 6 = +. Then condition (24) is exactly condition
(SA3) of the Corollary above, and therefore Y = X x B in (7).

2. Under these conditions we define 4+ and — by:

)C+y :9@()6’0)9 y)v X =Yy :9@()65 )’)70)
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Then + and — verify equations (21) — (224):
x+0=0(x(x,0),0) = x,

(SAD) (542)

0+ x = 0(a(0,0), x) 0(0, x)
x=y+y=0@x,y),0)+y=

= 0(a@((x, y).0),0),y) "2 0alx, y). y) 2" x

x+y)—y=0(x,0),y)—y=

= 0(a(@(a(x,0), ), ).0) "2 0 (x,0),0) 2 x

O

We note that assertion 1 was first proved by E.B. Inyangala in his PhD thesis [25].

Remark 4.5 As shown in Corollary 4.3, condition (SA3) assures us of the existence
of an isomorphism ¥y : X — X".If n > 2, this implies that all the non-trivial alge-
bras of such variety are infinite.

4.2.1 When X2 x B works Let € be the variety defined by:

— aunique constant 0,
— two binary operations «; and oy,
— aternary operation 6

satisfying conditions (SA1)—(SA3). By Corollary 4.3 we know that the semidirect
product of X and B with respect to & is given by the split extension

0 0.1
x U x2 B=—=B

B

with the operations described in Theorem 4.1.

As an example of an algebra of %, consider the set R of real sequences. (We may
in fact replace R by any non-trivial right Q-loop.) We equip R with the following
operations:

ap(x,y) = (X2n—1 — Y2n—1neNn = (X1 — Y1, X3 — ¥3,...),
az(x, y) = (X2n — Y2n)neN = (X2 — Y2, X4 — Y4, ...),

O0(x,y,2) =1 +zi, 1 +z22,x2+23, Y2+ 24,...).

We remark that, by the Theorem above, as an algebra in €, RY is a right Q-loop; the
corresponding operations are, as expected:

X+ Yy = (X + Yn)nen,
X—=y= (x, — yn)nEN~
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4.2.2 When there are Different Choices of n Let € be a variety with

— aunique constant 0,

a binary subtraction o,
a binary sum p,

— aternary operation ¢,

such that o and p satisfy the usual group equations, and

t(o(x,y),0(x,y),y) =x.

Then @ is semi-abelian, and we have two different choices of operations satisfying
conditions (SA):

(H)nrn=1a=0,andfd = p;
Qn=2,01=ap=0,0=2¢.

An example of such an algebra is the group of rational numbers (Q, +), with

x+y+2z

G(Xay)ZX_y’ p(X,y)=X+y, ;()C,y,Z)Z 2

In this variety, for each X, B, and action &, there are two ways of describing the
semidirect product X X B: as in groups, using the first description, or as

(¥x.0) 0.1y
X—=XxXxB=—<8B

B
in case we use the second description. For x € X,

Vx(x) = (0(x,0),0(x,0)) = (x,x),

that is, the inclusion (¥x,0): X — X x X x B is given by the diagonal map
(1,1,0).

4.3 Semidirect Products of Topological Semi-abelian
Algebras

In [4] it is shown that topological semi-abelian algebras have semidirect products.
Here we show how they are built. They rely on the construction of semidirect products
in the algebras, equipping them with a suitable topology.

A split extension in Top"

X—*-A<"—B (10)

f
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induces once more an internal action £ : BbX — X as in the diagram

L
BX - X4+ B=<——B (11)

[ [0.1]
&l l[kﬁ]
| s

X4k>A<:>B

f

where the entire diagram is built in TOpT. We point out that, applying the forgetful
functor into Set”, i.e., forgetting the topologies involved, the rows of the diagram
are again split extensions. Then we can form the semidirect product X x¢ B in the
variety and note that, equipping X x¢ B with the product topology (as a subspace
of X" x B),
Yv:A— X x¢B
a > (a(a,sf(a), f(a))

is continuous because its compositions with the projections, into X; (i = 1,...,n)
and B, are continuous; and

¢: X XgB— A
(&, b) = O(x, 5(b))

is continuous because it is the composition of the continuous maps
n k" xs n (4
XXeB——X"xB——A"xA——A.

Moreover, with this topology, in the diagram below all the homomorphisms are

continuous

X—k>AiB

;
o ||V
(¥x.0) 0.1

X % X 1 B=—= B,

and so this construction provides a split extension — the semidirect product in TopT—
isomorphic to the former one.
5 Split Extensions: Classifiers

In this section we focus on another facet of split extensions of Grp, its categorical
formulation, and its validity for topological groups.
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5.1 Groups have Split Extension Classifiers

In the category of groups split extensions

X—*-A="——B (12)
f

correspond bijectively to homomorphisms ¢: B — Aut(X), where Aut(X) is the
group of automorphisms of X. Indeed, given (12) and considering X C A for sim-
plicity, we define ¢ : B — Aut(X) by ¢(b)(x) = s(b) + x — s(b). Then ¢ induces
a morphism between the split extensions

X4>A<7B

N

X —— Hol(X) =——= Aut(X)

where Hol(X) is the semidirect product of X and Aut(X) with respect to the evalu-
ation action (that is, the classic holomorph of the group X).

Conversely, every homomorphism ¢: B — Aut(X) defines an action £: B x
X — X with £(b, x) = ¢(b)(x), and so a split extension

(0,1)
x M X . B=—<B

B

isomorphic to the former one. This property is shared by some semi-abelian varieties,

but not all. One remarkable example is the variety of Lie algebras, as we will mention
in the last section. Here we chose to concentrate on the case of groups. A detailed
study of this property for different semi-abelian varieties can be found in [7].

Definition 5.1 If € is a pointed protomodular category, an object X is said to have
a split extension classifier if there exists an object Aut(X) in € and a split extension

X —“ > Hol(X) =—= Aut(X)
such that, for each split extension
X—*oa<=—8

there exists a unique morphism ¢: B — Aut(X) such that the following diagram
commutes
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X%A%B

l@“ f lw

X — = Hol(X) =—= Aut(X)

where ¢ is determined by ¢ and 1. If every object X of € has split extension
classifier, one says that & has split extension classifiers (or € is action representative;
see [8,9, 7).

5.2 A Digression through Split Extension Classifiers for
Internal Groups

Let € be a category with finite products. An internal group in &€ is a €-object X
together with morphisms my: X?> — X, ix: X — X, and ex: 1 — X making the
following diagrams commute,

exxly 1x xex Iy xmy

1xX X x X X x1 X3 2= x?
;/ mxxlxl lmx

X XZWX

X
Ix

XxX—XxX
ixxly

where dy: X — X x X is the diagonal map. Given two internal groups X, Y, an
internal homomorphism f: X — Y is a €-morphism such that

1 -2 x ™ x? X X x

Y <L y?2 Y ——>Y
ly
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(as expected, the commutativity of the second diagram follows for free). They form
the category Grp(%) of internal groups in €. When & = Set (resp. Top) we recover
the category of (topological) groups and (continuous) homomorphisms as Grp(%).

Remark 5.2 Clearly one can define internal T-algebra, for any algebraic theory T,
in a similar way.

The other ingredient needed in this digression is a special adjunction. It is well
known that, for every triple X, Y, Z of sets, maps Z x X — Y correspond bijectively
tomaps Z — YX. This bijection is in fact natural, that is, it induces a natural isomor-
phism, due to the fact that the Set-endofunctors ( ) x X and ( ) are adjoint. In a gen-
eral category € with finite products, one says that an object X is exponentiable if the
endofunctor () x X: € — € has a right adjoint, which we will denote by ( )X:

O

€ T € (13)
~_ 7
OxX

The counit of this adjunction is usually denoted by evy : YX x X — Y (or simply by
ev). If every object of € is exponentiable, one says that & is a cartesian closed cate-
gory.

Our aim here is to prove the following

Theorem 5.3 If € is a finitely complete category and X is an exponentiable object
of € equipped with an internal group structure, then X has a split extension classifier

in Grp(%).
The proof of this Theorem is based on the Lemma we prove next.

Lemma 5.4 Let € be a category with finite products, and X an internal group in
6. If X is exponentiable in G, then:

1. XX has a natural structure of internal monoid, which, in case € = Set, is given
by the composition of maps.

2. XX has a distinct submonoid, Hom(X, X), which, in case € = Set, recovers the
endomorphisms of the group X.

Proof Throughout this proof we will use often the natural bijection
(ZxX—X) <« (Z— X%,

given a morphism Z x X — X, we will call the corresponding one from Z to X*
its mate, and vice-versa.

1. The morphism px: X* x XX — XX we want to define is equivalently deter-
mined by its mate X* x X* x X — X. Having in mind the particular case of sets,
the latter morphism is defined by the composite
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XX XX 5 x 2% xX o x — . .

The unit nyx: 1 — X* of the monoid is the mate of the identity 1 x X = X — X.

We leave as an exercise to complete the proof that this defines an internal monoid
structure in €.

2. Let us first build the object Hom(X, X), which will be denoted simply by HX
(to save space in our diagrams below). As stated in the Lemma, we know how it
looks when € = Set. This means that we want to select those maps f that equalize
two possible calculations, f(x;)f(x;) and f(x;x;), for x;, x, € X, which can be
mimicked as:

XX x x

XX xXxX X

sx1 %

XX XA x X xX —=X¥xXxX¥xX——=XxX
Ixtwx 1 evxev

(14)
where § = (1, 1) is the diagonal morphism and tw the twisting isomorphism. There-
fore, we consider the mates u, v of these composites and define HX as their equalizer

HX "o xX —— xXxX_

In particular, diagram (14) commutes when we replace XX by HX and consider the
restriction of ev to HX. Then, from u - nx = v - nx it follows that the unit factors
through £, and to check that px can be restricted to HX we verify that the composite

HX x HX 20 xX 5 xX M xx

equalizes u and v, that is, we check the commutativity of the following diagram.
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IxIxmy Ixev ev

HX xHX x X x X HX x HX x X HX x X X

Ix8x1x1

HX x HX x HX x X x X

IxIxtwxl

I xevxev Ixmy e

HX x (HX x X) x (HX x X) ——— > HX x X x X HX x X il X
Sx1Ix1 éxlxll
HX x HX x (HX x X) x (HX x X) HX xHX x X x X
Ixtwx1 llxthl
(HX x HX x X) x (HX x HX x X(%Xm-ev()HXx X) x (HX x X) P XxX ey X

Diagrams |2 |and | 3 | are trivially commutative, while commutativity of | 1 |and

follows from the commutativity of (14) when X* is replaced by HX. O

Proof of the Theorem Let HX be the internal monoid built in the Lemma. Then
split extensions with kernel X will be classified by the internal group Aut(X) of
invertible elements of HX, defined by the pullback diagram

Aut(X) - 1
(tﬂlqwz)l \L(ﬂanx)
HX x HX HX x HX,

X, Hy)

(where u$ = uyx - tw), with the monoid structure induced by HX, and the unit
n: 1 — Aut(X) and the inversion ¢: Aut(X) — Aut(X) given by the pullback uni-
versal property.

|
Aut(X) %— 1 Aut(X) ——— 1
(nx, nx (p2.91) ‘ ‘
<ﬂ1¢‘ﬂ2 (UXJIX) \ <<ﬂ1¢<p2) MXVX)
HXXHXﬁHXXHX HXXHXﬁHXXHX
Hx Hx

To show that py defines a multiplication in Aut(X) needs extra calculation, which
we leave to the reader.

It remains to show that, for every split extension (12), there is a unique morphism
¢: B — Aut(X) inducing a morphism of split extensions
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X—k A<———8 (15)

f
@ @
(0,1)

X -1 ¥ s Aut(X) === Aut(X)

where £ is the internal action induced by the evaluation

(pr.92)x 1x T xly

Aut(X) x X —"F S HX x HX x X — > HX x X —> X.

Now we outline the construction of the morphism ¢: B — Aut(X).
(a) In the case of groups (in Set), f(s(b) + x — s(b)) = f(—s(b) + x + 5(b)) = 0;
in the general case, one can check that the composites o and p, given respectively by

dx1 2 Ixtw sx1xs 1xkxi 3 mxl 2 m
BxX Bs x X BxXxB — AxXxA A’ A A

§x1 2 I xtw sxIxs ixkx1 3 mx1 2 m
BxX B x X BxXxB —— AxXxA A A A,

when composed with f give the zero morphism, and therefore they factor through
X, defining morphisms ¢/, p’: B x X — X, which induce ¢”, p”: B — XX.

(b) Both o” and p” factor through HX, since diagram (14) is commutative when we
replace X* by B and ev by ¢’ or p'.

(c) Finally one needs to check that the diagram

B !

Aut(X) — =1

(a”,0") ‘ ‘
(p1.92) (nx.nx)
v v
HX x HX —— HX x HX
(x,m%)

is commutative, obtaining then the claimed morphism ¢: B — Aut(X).
Now straightforward calculations show that ¢ induces diagram (15). O

Corollary 5.5. If € is a finitely complete and cartesian closed category, then
Grp(%) has split extension classifiers. (I

Although Top is not cartesian closed, the exponentiable topological spaces are
characterized as the core-compact (or quasi-locally compact) spaces, that is, those
spaces X such that, for each x € X and each neighbourhood V of x, there is a
neighbourhood U relatively compact in V; by U relatively compact in V we mean
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that every open cover (V;);c; of V has a finite subcover of U. Every locally compact
space is core-compact, and the two conditions coincide when X is Hausdorff.

If X is core-compact and Y is any topological space, then the topology of YX is
generated by the sets

(U,V)={f eYX; every open cover of f~!(V) has a finite subcover of U},

where U € OX and V € OY. When X is compact and Hausdorff, this topology is
exactly the compact-open topology, that is, the topology generated by

(K,V)y={feY*; f(K)CV},

where K is a compact subset of X and V € OY. (See [20] for details.)
Therefore from the Theorem we may conclude that

Corollary 5.6. If X is a topological group whose topology is core-compact, then X
has a split extension classifier. (I

Recently it was shown that all topological groups have a split extension classifier.
This will be the subject of the next section.

5.3 Topological Groups have Split Extensions Classifiers

In this section we outline the arguments used in [15] to show that Corollary 5.6 can
be extended to all topological groups. These arguments are essentially topological.
The only property of topological groups used is that every 70 topological group is
a Tychonoff space, that is, it is a dense subspace of its Stone-Cech compactification,
via the embedding Bx: X — BX.

We recall that, although Top is not cartesian closed, it can be nicely embedded
in a cartesian closed category, the category PSTop of pseudotopological spaces and
continuous maps. A pseudotopological space is a set X endowed with an ultrafilter
convergence structure, i.e. a relation R € UX x X such that the principal ultra-
filter induced by x converges to x, for every x € X. A map f: X — Y between
pseudotopological spaces is said to be continuous if it preserves convergence. The
convergence structure of topological spaces is clearly pseudotopological, and maps
between topological spaces preserve convergence if, and only if, they are continuous;
therefore we get a full embedding

Top —— PsTop.
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It is shown in [31] that, when exponentials exist in Top, they are built as in PsTop.
Therefore, to conclude that we can perform in Top the construction described in the
proof of Theorem 5.3 we only need to perform it in PSTop and then check that the
pseudotopological space Aut(X) is in fact topological. The space Aut(X) is defined
as a subspace of HX x H X, which in turn is a subspace of X* x X*. Our argument
in Corollary 5.6 is that Aut(X) is topological provided that X¥ is, but in fact it is
enough to assure that the convergence structure in

Iso(X) ={f: X — X; f is an homeomorphism}

is topological, since Aut(X) is clearly a subspace of Iso(X) x Iso(X).
The arguments of [15] can be stated as in the following theorem, whose proof we
omit because it is rather technical (for details see [15]).

Theorem 5.7. Let X be a topological space, and XX the pseudotopological space
obtained via the adjunction (13). Consider Iso(X) as a subspace of XX. Then:

1. Denoting by RX the reflexion of X into Top,, if Iso(RX) is topological, then so
is Iso(X).

2. If X is a Tychonoff space, then 1so(X) is a subspace of Iso(BX). In particular; it
is a topological space.

Corollary 5.8. Topological groups have split extension classifiers.

Proof. The first assertion of the Theorem reduces the problem to 70 topological
groups, which are immediately Tychonoff spaces (see [30; Section 19, Theorem 10]).
Hence, by the second assertion we conclude that Aut(X), as a subspace of Iso(X) x
Iso(X), and therefore also a subspace of Iso(8X) x Iso(8X), is topological. This
also says that the topology of Aut(X) is inherited from the compact-open topology
in pXPX, i

6 Some Open Problems

6.1 Coproducts of Topological Algebras

As stated in Remark 1.7, coproducts of topological algebras are built as in the corre-
sponding category of algebras, equipped with the largest topology making both the
inclusions of the summands and the operations continuous. Although this topology
is easily defined, it is very difficult to describe in a handy manner, reason why we
pose the following open question.
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? Given topological groups A and B, how can we describe the topology on
the free product C = A [] B?

We can pose a similar question for infinite coproducts of topological groups, or,
more generally, for (infinite) coproducts of (semi-abelian) topological algebras.

So that the reader gets an idea of the nature of the obstacles, we list the properties
that characterize a neighbourhood basis U for O (in a topological group X):

YVUeUl IVeld : V+V CU,;
YVUeUYIV el : -V CU,
VUeUVxe XAV el : x+V CU,
YU eUVxeXIVeld : x+V+x1CU;
YU,VeUIWeU : WCSUNV.

BAEEIR ol

In the case of a coproduct, the (most) weird condition is (4). Indeed, since an ele-
ment of C is of the form a,b; . ..a,b,, with a; € A, b; € B, (4) says that, for every
neighbourhood U of 0, and for every element a,b; ...a,b, of X, there exists a
neighbourhood V of 0 so that, for every element a|b] ...a;b; of V,

/1 rpr—1 _—1 -1 -1
arby ...aybyaib ...y b, a, ... by a; € U.

This problem — of not being able to describe this topology in a workable way —
causes serious difficulties on the study of some categorical features of TopT.

6.2 Split Extension Classifiers of Topological Algebras

Although it has been proven that topological groups have split extension classifiers,
the known proof is quite complex and gives no clue on how to deal with the same prob-
lem for other (semi-abelian) topological algebras. Hence, a more categorical proof of
this fact could be a great contribution to this study. In [7; Section 6] some steps towards
this direction were made, but we reached a step where it was essential to know how to
handle coproducts of topological groups. It is proved there that a sufficient condition
for the existence of split extension classifiers for topological algebras is the normal
amalgamation property, meaning that, for any pushout in TopT

XLA]

Ay ——C
f

with ki, k, normal monomorphisms, fi, f> are monic, and, moreover, f-k; =
f> - ky is a normal monomorphism.
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? Is the normal amalgamation property valid in TopGrp?

We can pose the same problem for Top”, with T a semi-abelian theory.

6.3 Split Extension Classifiers: Topological Lie Algebras

Still regarding the existence of split extension classifiers, the case of topological
Lie algebras is of particular importance. Indeed, like groups, Lie algebras have split
extension classifiers. They are given by the Lie algebra of derivations. Moreover, as
shown in [7], an adaptation of the proof of Theorem 5.3 shows that in the category of
internal Lie algebras every exponentiable internal Lie algebra has a split extension
classifier. Therefore, as for topological groups, we can conclude that:

Theorem 6.1. Inthe category of topological Lie algebras over a commutative ring R
with unit, every core-compact topological Lie algebra has a split extension classifier.

But the following problem still needs an answer.

? Does every topological Lie algebra (over a topological commutative ring R
with unit) have a split extension classifier?

As we have said before, the existing proof for topological groups [15] does not
seem to give any clue for the solution of this problem.

6.4 Algebraic Coherence for Topological Groups

For an object B of a category €, the category Ptg(€) of points over B in €
has as objects triples (A, f: A — B,s: B — A) where f is a split epimorphism
with a chosen splitting s; morphisms «: (A, f,s) — (A’, f’, s’) are €-morphisms
a:A— A'suchthat f/-a= f,a-s =y

Definition 6.2 A category € is said to be algebraically coherent [17] if, for every
morphism p: X — Y in €, the change-of-base functor

p*i Pty((g) —> Ptx(%)

is coherent, meaning that p* preserves strong epimorphisms and the comparison
morphism

Pr(A, £ (A, f.s") — p*((A, f.UA ', s)
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is a strong epimorphism.
As shown in [17, Proposition 3.13],

Proposition 6.3 A homological category is algebraically coherent if, and only if,
for every diagram of (vertical) split extensions of the form

L]
]

the induced arrow H || L — K is a strong epimorphism.

? Is TopGrp algebraically coherent? And HausGrp?

6.5 Local Algebraic Cartesian Closedness for Topological
Groups

Finally, in case the answer to Question 6.4 is positive, one can ask
? Is TopGrp a locally algebraically cartesian closed category?

By locally algebraically cartesian closed category (usually called (lacc)) [22] we
mean a finitely complete category € where, for every p: X — Y in €, p* is a left
adjoint.
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Chapter 3 ®)
Commutative Monoids, Noncommutative |2
Rings and Modules

Alberto Facchini

Abstract These are the notes of a non-standard course of Algebra. It deals with ele-
mentary theory of commutative monoids and non-commutative rings. Most of what
is taught in a master course of Commutative Algebra holds not only for commutative
rings, but more generally for any commutative monoid, which shows that the additive
group structure on a commutative ring has little importance.

In the rest of the notes of the course presented here, we introduce the basic
notions of non-commutative rings and their modules, stressing the difference with
what happens in the case of commutative rings.

Keywords Commutative monoid - Preordered abelian group - Associative ring -
Module over a ring
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Introduction

These are the notes of a course I gave in Louvain-la-Neuve in September 2018. It
is a non-standard course of Algebra. It contains some topics that are not usually
taught in master courses in Mathematics. The first topic is the elementary theory of
commutative monoids. It is very standard to teach a course of Commutative Algebra,
teaching commutative rings and modules over them (localization at prime ideals, and
so on). But most things taught in those courses hold not only for commutative rings,
but more generally for any commutative monoid. This occurs from the most elemen-
tary things (prime ideals, localizations, spectrum of the ring), to more “advanced”
topics (valuations, Krull domains/monoids, divisorial ideals, class group). In other
words, the additive group structure on a commutative ring is of little consequence.
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The promoter of this idea was Chouinard [5]. In this topic, what I present is very
easy, but not so much known among mathematicians.

Then I pass to a quick introduction to the theory of non-commutative rings, their
modules, and Grothendieck group. My main aim, as far as non-commutative rings
and their modules are concerned, is to stress the points where their properties differ
from those of modules over commutative rings. The path I follow explaining the
various topics is also partially non-standard, and relies on my personal taste.

I don’t give most proofs. The interested reader can find them in several text books.
For examples, for further notions about commutative monoids, one can see the books
[6] and [13]. For non-commutative rings the best text books are [2] and [14]. My
books [7] and [8] are also a possible reference.

1 Commutative Monoids

One of the structures in which we can come across most frequently in Algebra is the
structure of monoid.

1.1 Commutative Monoids and Their Morphisms

An (additive) monoid M 1is a set with an operation (addition)
+ MxM—> M, x,y) = x+y,

which is associative (that is, x + (y + z) = (x + y) 4+ z for every x, y, z € M) and
has a zero element, usually denoted by 0, that is, an element 0 € M suchthatx + 0 =
0+ x = x forevery x € M. In these notes, all the monoids we will consider will be
commutative, that is, x + y = y + x for every x, y € M. In other words, “monoid”
and “commutative monoid” will have the same meaning for us.

A monoid morphism is a mapping f of a monoid M into a monoid N such
that f(0) =0 and f(x +y) = f(x) + f(y) for every x, y € M. The composite
mapping of two monoid morphisms is a monoid morphism. Thus we have a category
of commutative monoids, which we will denote by CMon.

Monomorphisms in the category CMon (that is, the morphisms f: M — N such
that, for every pair g, h: P — M of monoid morphisms, fg = fh implies g = h)
are exactly the monoid morphisms that are injective mappings. This is not the case for
epimorphisms: not all epimorphisms in CMon (that is, the morphisms f: M — N
such that, for every pair g,h: N — P of monoid morphisms, gf = hf implies
g = h) are necessarily onto mappings. It is sufficient to consider the inclusion of the
monoid Ny of non-negative integers into the additive monoid Z of integers, which is
a non-surjective epimorphism.
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A subset N of a commutative additive monoid M is a submonoid of M if it is
closed under the addition of M and contains the zero element of M. For a monoid M,
the set of all elements a € M with an opposite in M will be denoted by U (M), that is,
UM) :={x € M | thereexistsy € M withx + y = 0}. If such an elementy € M
exists, it is unique, is denoted by —x, and is called the opposite of x. The subset
U (M) turns out to be a submonoid of M, and is an abelian group, often (improperly)
called the group of units of M. The monoid M is reduced if U(M) = {0}, that is, if
x+y=0impliesx =y =0 forevery x,y € M.

1.2 Preorders

A preorder on a set A is arelation on A that is reflexive and transitive. We will denote
by Preord the category of all preordered sets. Its objects are the pairs (A, p), where
Ais asetand p is a preorder on A. The morphisms f: (A, p) — (A’, o) in Preord
are the mappings f of A into A’ such that apb implies f(a)p’ f(b) foralla, b € A.
As usual, when there is no danger of confusion, that is, when the preorder is clear
from the context, we will denote the preordered set (A, p) simply by A.

The main examples of preordered sets (A, p) are those in which the preorder
p is a partial order (i.e., p is antisymmetric) or an equivalence relation (i.e., p is
symmetric). The full subcategories of Preord whose objects are all preordered sets
(A, p) with p a partial order (an equivalence relation) will be denoted by ParOrd
(Equiv, respectively).

Proposition 1.1 Let A be a set. There is a one-to-one correspondence between the
set of all preorders p on A and the set of all pairs (~, <), where ~ is an equivalence
relation on A and < is a partial order on the quotient set A/ ~. The correspondence
associates with every preorder p on A the pair (~=,, <,), where >, is the equivalence
relation defined, for every a, b € A, by a >, b ifapb and bpa, and <, is the partial
order on A/, defined, for every a,b € A, by [al~, <, [b]:p if apb. Conversely,
for any pair (~, <) with ~ an equivalence relation on A and < a partial order
on A/ ~, the corresponding preorder p~ <) on A is defined, for every a, b € A, by
ap~,<b iflal~ < [b]~.

The objects of Preord that are objects in both the full subcategories ParOrd and
Equiv are the objects of the form (A, =), where = denotes the equality relation on
A. The pair (Equiv,ParOrd) is a pretorsion theory in Preord in the sense of [9].

The category of finite preordered sets is isomorphic to the category of finite topo-
logical spaces, the full subcategory of Top whose objects are the topological spaces
with only finitely many points. (If X is a finite topological space, the corresponding
preorder < on X is defined by x < y if and only if x belongs to the closure of the
subset {y} of X. Every closed set in a finite topological space X is a union of closures
of points.)

More generally, the category of preordered sets is isomorphic to the category of
Alexandrov topological spaces, the full subcategory of Top whose objects are the
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topological spaces whose topology is an Alexandrov topology. A topology is Alexan-
drov if the intersection of any family of open subsets is an open set (equivalently, if
the union of any family of closed subsets is a closed subset).

If M is acommutative additive monoid, a preorder < on M is translation-invariant
if, forevery x, y, z € M,x < yimplies x 4+ z < y + z. There is a natural translation-
invariant preorder on any commutative additive monoid M, called the algebraic
preorder on M, defined, for all x, y € M, by x < y if there exists z € M such that
x +z = y. If x is an element of a monoid M and n > 0, we can inductively define
the n-th multiple nx of x setting Ox := 0 and nx := (n — 1)x 4+ x. An element u of
a commutative monoid M is an order-unit if for every x € M there exists an integer
n > 0 such that x < nu. For example, let M be the monoid Nj of all n-tuples of
non-negative integers. The algebraic preorder on M is the component-wise order,

that is, (x1,...,%,) < (V1,...,yy) if and only if x; <y; foreveryi =1,...,n,
and an element (uy, ..., u,) of Nj is an order-unit if and only if u; > O for every
i=1,...,n.

A submonoid N of a monoid M is said to be divisor-closed if x € M, y € N,
and x <y in the algebraic preorder < of M, implies x € N. The term “divisor-
closed” becomes clear if we move on to the multiplicative notation. More precisely,
if the operation in the commutative monoid M is denoted as multiplication instead of
addition, then the algebraic preorder on M is the relation | (divides), and a submonoid
N of M is divisor-closed if, for every element y € N, it contains all divisorsof yin M.
The group of units U (M) of an arbitrary commutative monoid M is a divisor-closed
submonoid of M contained in all divisor-closed submonoids of M.

Let X be a subset of a monoid M. Let ¥ be the family of all submonoids of M that
contain X. The family ¥ is always non-empty, because M € ¥ . The intersection of all
the submonoids in ¥ is the smallest submonoid of M that contains X. It is called the
submonoid of M generated by X and is denoted by [ X]. Itis easily seen thatif X = (,
then [X] = {0}, the zero submonoid of M. If X # @, then [X] = {x; + -+ x, |
n>0andx; € X fori =1,...,n} (sums of finitely many elements of X, possibly
with repetitions). Conventionally, the sum of zero elements of M, that is, the sum of
no element of M, is the zero element of M.

A subset X of a monoid M is a set of generators of M if [X] = M. A monoid
M is finitely generated if it has a finite set of generators, and cyclic if it has a set of
generators with one element.

1.3 Congruences

If f: M — N is amonoid morphism, the kernel pair of f is the equivalence relation
~ ¢ on the set M defined, forevery x, y € M,by x ~, yif f(x) = f(y).

A congruence on a monoid M is an equivalence relation ~ on the set M such that
x ~ yand z ~ wimplies x + z ~ y + w forevery x, y, z, w € M. Equivalently, an
equivalence relation ~ on a monoid M is a congruence if x ~ y implies x + z ~
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y + zforevery x, y, z € M.lItis easily verified that the kernel pair ~ ; of any monoid
morphism f: M — N is a congruence on the monoid M.

If M is a monoid and ~ is a congruence on M, the factor monoid M/~ is the set
of all congruence classes [x]~ :={y € M | y ~ x }, where x ranges in M, with the
addition inherited from that of M:

[x]~ + [y]~ ;=[x + y]~ foreveryx,y e M.

This operation on M/ ~ is well defined, as is easily verified. It is the unique operation
on the quotient set M/~ which makes the canonical projection w: M — M/ ~,
defined by 7 (x) = [x]~ for every x € M, a monoid morphism. Every congruence
on a monoid is the kernel pair of a monoid morphism.

A subset P of M x M is a set of generators for a congruence ~ of the monoid
M if the intersection of all congruences of M that contain P is ~. A congruence ~
on a monoid M is finitely generated if it has a finite set of generators.

An element x of a monoid M is said to be idempotent if x + x = x. A monoid
M 1is archimedean if for every pair (x, y) of elements of M with y £ O there exists
a positive integer n such that x < ny. Equivalently, this means that M is either {0}
or has exactly two divisor closed submonoids. More generally, for any x, y in a
commutative monoid M, define x < y if there exist positive integers n and m such
that x < ny and y < mx. It is easy to prove that < is the smallest congruence on M
such that every element in the quotient monoid M/ < is idempotent. The equivalence
classes of M modulo =< are additively closed subsets of M, called the archimedean
components of M.

Here is another important example of congruence. Recall that, for any monoid M,
U (M) denotes the abelian additive group of all the elements of M with an opposite
in M. The relation ~ on M, defined, for every x, y € M, by x ~ y if there exists
z € U(M) withx = y + z, turns out to be a congruence on M. The congruence class
[x]~ is the coset x + U(M) :={x +z |z € U(M) }. We will denote by M.q the
factor monoid M/ ~. The monoid M, is always a reduced monoid, i.e., does not
have non-zero elements with an opposite element. Thus every commutative monoid
M 1is an extension of the reduced monoid M4 by the abelian group U (M). Again,
we have a pretorsion theory in the category CMon. The torsion class is the class of
abelian groups. The torsionfree class is the class of all reduced commutative monoids.

As a further example of congruence, define an equivalence ~ on any commutative
monoid M, setting, for every x, y € M, x = y if there exists z € M with x +z =
vy + z. It is easily seen that = is a congruence on M, called the stable congruence,
and that the factor monoid M/ = is a cancellative monoid. Recall that a monoid N
is cancellative if x + z = y + z implies x = y for every x, y, z € N. Hence = is the
smallest congruence on M with M /= cancellative.
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1.4 The Additive Monoid Ny of Natural Numbers

Consider the additive monoid Ny whose elements are the natural numbers 0, 1, 2, ...
Fix k and n in Ny with n > 1, and define the relation ~ , on Ny setting, for every
x,y € Ny,
X =y
X~ yif Jor

x>k, y>kandx =y (mod n).

Here x = y (mod n) means that x and y are integers congruent modulo , that is, n
divides x — y in Z. It is easily verified that ~ , is a congruence on Ny. In the factor
monoid

No/~kn = {lx]~,, | x € No},

the elements are [0]~,,, [1]~,,, ..., [k +7n — 1], . They are pairwise distinct ele-
ments. Therefore Ny/~; , is a monoid with exactly k + n elements. Notice that

[0]~,, = {0},
[I]Nk‘n = {1}’
[2]’\‘;@” = {2}9

[k —2].,, = {k -2},

k= 1], = {k—1},

[kl~,, = (k. k+nk+2n,k+3n,...},

k410, ={k+ 1 k+1+nk+1+2nk+1+3n,...},

k+n-2].,={k+n—-2k+n—-2+nk+n—-2+2n,...},
k+n—-1].,=k+n—-1k+n—-14+nk+n—-142n,...}.

1.5 Congruences in the Monoid N

In the additive monoid Ny, the congruences are exactly the equality = and the con-
gruences ~ ,, where k > 0 and n > 1. To see it, notice that if = is a congruence
on Nj different from the equality, then there are natural numbers a < b witha = b.
Let k be the smallest a € Ny such that a = b for some b # a, let by be the smallest
natural number b > k with k = b, and set n := by — k. The congruence ~ , is the
principal congruence generated by the relation (k, k + n).
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Fig. 2 The cyclic monoid No/~ ,

The monoid Ny is cyclic generated by 1. The monoids Ny/~y ,, are cyclic gen-
erated by [1]~,,. Conversely, every cyclic monoid is isomorphic to either Ny or
No/~k.n forsome k,n € No,n > 1.

Recall that finite cyclic groups are isomorphic to Z/nZ for some n and that the
most natural representation of Z/nZ is that in Fig. 1. Finite cyclic monoids have a
slightly different behavior. The representation of Ny /~ ,,, analogous to that of Z/nZ
in Fig. 1, is that in Fig.2, i.e., Ny/~ , consists of a cycle of length n with a tail of
length k that begins in [0]

kot

1.6 Prime Ideals and Localizations

An ideal of a commutative monoid M is a subset / of M suchthatx € T andy e M
imply x +y € I. A prime ideal of a commutative monoid M is a subset P of M
such that M \ P is a divisor-closed submonoid of M. That is, P is a proper subset of
M and, for any x, y € M,one has x + y € P if and only if eitherx € Pory € P.
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The union of any family of prime ideals of a commutative monoid M is a prime
ideal, so that the set Spec(M) of all prime ideals of M, partially ordered by set
inclusion, is a complete lattice whose greatest element is the prime ideal M \ U (M)
and whose least element is the empty ideal . In particular, a commutative monoid
has one prime ideal if and only if M is an abelian group. The spectrum Spec(M)
of a commutative monoid M is a commutative monoid. The monoid structure in
Spec(M) is given by the union | J of prime ideals, and the zero is the empty ideal.
The spectrum Spec(M) is also equipped with a topology, where a basis of open sets
is given by the sets

D(a) :={P eSpec(M)|a¢ P}, aeM.
For any monoid morphism f: M — N, there is a continuous map

f*: Spec(N) — Spec(M), Q> f'(Q)

(notice that the inverse image of a prime ideal via a monoid morphism is a prime
ideal). The operation |_J on Spec(M) and the topology of Spec(M) are compatible,
i.e., the mapping | J: Spec(M) x Spec(M) — Spec(M) is continuous [16]. Thus
Spec(M) is a topological monoid. For any commutative monoid M, there is a natural
isomorphism of topological monoids

Spec(M) = Homemon (M, {0, 1})

[16]. Here the monoid {0, 1} is endowed with multiplication and is a topological
monoid with respect to the topology in which the open subsets are ¢, {1} and
{0, 1}. For instance, the topological monoids Spec(N) and {0, 1} are isomorphic.
Observe that the set Homgmon (M, {0, 1}) is contained in {0, 1}*. The topology on
Homcmon (M, {0, 1}) is the subspace topology induced by the product topology on
{0, 1}M.

One has that Spec(M) = Spec(M /=), where < is the smallest congruence on
M for which every element in the quotient monoid M/ < is idempotent (see 1.3).
More precisely, the canonical morphism g : M — M/ =< induces an isomorphism of
topological monoids g*: Spec(M /<) — Spec(M). See [16].

There is a relation between monoids and semilattices. A join-semilattice (or upper
semilattice) is a partially ordered set in which every nonempty finite subset has a least
upper bound. Dually, a meet-semilattice (or lower semilattice) is a partially ordered
set in which every nonempty finite subset has a greatest lower bound. A semilattice
with 1 is a meet-semilattice with a greatest element 1. A morphism of semilattices
with 1 is a mapping that respects the greatest lower bound of two elements and the
greatest elements 1. If M is a commutative additive monoid in which 2x = x for all
Xx € M, that is, every element is idempotent, one defines y < x if x + y = y. In this
way, M becomes a semilattice with 1. Conversely, if L is a semilattice with 1, then
L is a monoid with respect to the operation A. The category of monoids satisfying
the identity 2x = x turns out to be equivalent to the category of semilattices with 1.
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There is a notion of tensor product of commutative monoids, and one finds the iso-
morphism M /=< = M ® {0, 1}. For all finitely generated semilattices L with 1, there
is an isomorphism ev: L — Hom(Hom(L, {0, 1}), {0, 1}), defined by ev(x)(f) =
f(x) forevery x € L and f € Hom(L, {0, 1}).

The localization of a commutative monoid M at a prime ideal P is similar to that
of commutative rings. If P is a prime ideal of M, consider the cartesian product
M x (M \ P), thatis, the set of all pairs (x, s) withx,s € M and s ¢ P. Define an
equivalence relation = on M x (M \ P) setting (x, s) = (x/, s') if there exists an
element r € M \ P such thatx +s" + ¢ = x’ + s + t. Let x — s denote the equiva-
lence class of (x, s) modulo the equivalence relation = (notice here that the minus
sign in x — s is just suggestive notation). The localization Mp of M at P is the
monoid whose elements are all x — s withx € M and s € M \ P, and in which the
addition is defined by

=)+ —-s)=x+x)—=(s+5).

There is a canonical morphism f: M — Mp, defined by f(x) = x — 0 for every
xeM.

For instance, we have already seen that every monoid M has a unique least prime
ideal ¥ and a unique greatest prime ideal P := M \ U(M). The localization My
of M at its empty prime ideal ¢ is an abelian group, which is usually called the
Grothendieck group of M, or the group of differences, or the enveloping group of
M, and denoted by G(M). If M is cancellative, Mp C My for every prime ideal P
of M (more precisely, there is an embedding of monoids Mp — My for each prime
P). The localization M5 of M at P := M \ U(M) is isomorphic to M.

Proposition 1.2 Let M be a commutative monoid and P a prime ideal. For every
prime ideal Q of M containedin P, set Qp :={x —y e Mp |x € Q,ye M\ P}.
Then the prime ideals of M p are in one-to-one correspondence (Q <> Q p) with the
prime ideals of M contained in P.

And now we present an operation that does not have an analogue for commutative
rings. For every prime ideal P of a commutative monoid M, the monoid (Mp)q =
Mp /U (Mp) is called the reduced localization of M at P.If x,x’ € M and s, s’ €
M\ P,then x —s + UMp) =x" — 5"+ U(Mp) in (Mp)yq if and only if there
exist elements z, ' € M \ P suchthat x +¢ = x" +1¢'.

For every prime ideal P, there is a canonical morphism ¢ : M — (M p)eq, defined
by ¢(x) = x — 0+ U(Mp), which is surjective. Its kernel pair is the congruence ~ p
on M defined, for every x, y € M, by x ~p y if there exist z,# € M \ P such that
x + z = y +t. Hence we could have equivalently defined the reduced localization
(M p)req of a commutative monoid M at a prime ideal P as the factor monoid M/ ~p.
For instance, the largest prime ideal of a commutative monoid M is M \ U (M), and
the smallest one is . We leave to the reader to show that the reduced localization of
M at the prime ideal M \ U (M) is M4, and the reduced localization of M at the
prime ideal ¢ is the trivial monoid with one element.
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Proposition 1.3 Let M be a commutative monoid and w: M — Mg = M /U (M),
w: x> x + U(M), the canonical projection. Then w*: Spec(Mq) — Spec(M)
is a homeomorphism.

The proofs of all these results are easy. Possible references for the results presented
here about commutative monoids are [10] and [13].

2 Preordered Groups, Positive Cones

A structure often useful to describe factorizations of elements in an integral domain
or direct-sum decompositions in particular classes of modules is the structure of
preordered abelian group.

If G is an abelian group, a translation-invariant preorder < on G is completely
determined by the set of elements x € G with x > 0, because for any x, y € G, we
have that x < y if and only if y — x > 0. (To see this, notice that x < y implies
0=x+ (—x) <y+ (—x), and conversely y — x > 0, that is, 0 < y — x, implies
x=0+x < (y—x)+x =y.) More precisely:

Lemma 2.1 There is a one-to-one correspondence between the set of all submonoids
of an abelian group G and the set of all translation-invariant preorders on G. This
correspondence associates with every translation-invariant preorder < on G the
positive cone Gt :={x € G | 0 < x }. Conversely, if M is a submonoid of G, the
corresponding preorder <, on G is defined, for every x,y € G, by x <y y if y —
xeM.

A preordered abelian group (G,+, <) is an abelian group (G, +) with a
translation-invariant preorder < on G. Equivalently, a preordered abelian group
can be defined as a pair (G, C), where G is an abelian group and C is a sub-
monoid of G. Preordered abelian groups form a category in which the morphisms
f:(G,+,<) = (H, +, <) are the group morphisms f: G — H for whichx <y
implies f(x) < f(y)forevery x, y € G (equivalently, such that f(G*) € H™"). For
a very nice introduction about preordered abelian groups, a very nice reference is
a chapter in the book [12], where most of the proofs about preordered groups we
present here are given.

A partially ordered abelian group is a preordered abelian group (G, +, <) in
which < is a partial order, that is, the preorder < is antisymmetric.

A submonoid of an abelian group G is sometimes called a cone in G. A reduced
submonoid of an abelian group G is sometimes called a strict cone in G. Thus a strict
cone is a submonoid C with the property that x € C and —x € C imply x = 0.

It is easily seen that, for a preordered abelian group (G, +, <), <is a partial order
if and only if the positive cone G of G is a reduced submonoid of G. Thus the one-
to-one correspondence of the previous lemma induces a one-to-one correspondence
between the set of all reduced submonoids of the abelian group G and the set of all
translation-invariant partial orders on G.
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In the category of preordered abelian groups there is also a pretorsion theory very
similar to the pretorsion theory we met in Sect. 1.2. The torsionfree objects are now
the partially ordered abelian groups. The torsion objects are the preordered abelian
groups for which the preorder is an equivalence relation, as follows.

Recall that for any preorder < on a set S, the equivalence relation >~ < associated
with < is defined, forall x, y € S,by x >~ yif x < y and y < x (Proposition 1.1).
In the case of preordered abelian groups, we have the following.

Proposition 2.2 Let G be a preordered abelian group. Set H .= {x € G |x <0
and 0 < x }. Then:

(a) H isa subgroup of G.

(b) Define a relation < on G/H byx+ H <y+ H ifx <y, foreveryx,y € G.
This definition is independent of the choice of the representatives x and y of
x + H and y + H, that is, the relation < on G/H is well defined.

(¢) The relation < defined in (b) is a partial order on G/H, and G/H, with this
partial order, turns out to be a partially ordered group.

Conversely, if G is an abelian group, H is a subgroup of G and < is a translation-
invariant partial order on G/ H, the relation < on G, defined by x <y ifx + H <
y 4+ H, is a translation-invariant preorder on G. There is a canonical one-to-one
correspondence between the set of all translation-invariant preorders on G and the
set of all pairs (H, <) with H a subgroup of G and < a translation-invariant partial
orderon G/H.

Proposition 2.2 is the analogue of Proposition 1.1 for abelian groups. The pre-
torsion theory is therefore the following. For any preordered abelian group G, the
torsionfree quotient of G is G/H with the induced partial order. The torsion subob-
ject is G endowed with the equivalence relation for which two elements g, g’ € G
are equivalent if and only if g — ¢’ € H.

Notice that, in Proposition 2.2, if G is the positive cone of the preordered group
G, then the positive cone of the corresponding partial group G/H is GT/H =
(G™)ea. Therefore the pretorsion theory on the category of preordered abelian groups
corresponds to the pretorsion in the category of commutative monoids CMon, in
which the torsion objects are abelian groups, and torsionfree objects are reduced
commutative monoids.

For any commutative monoid M, endow the Grothendieck group G (M) of M with
the structure of preordered group given by G(M)" = {[m] | m € M}, where [m] is
the image of m € M under the canonical map ¥y : M — G(M). Every monoid
morphism ¢: M — N induces a morphism of preordered groups G(¢): G(M) —
G(N). Hence G is a functor of CMon into the category of preordered abelian groups.
For every monoid morphism ¢: M — N, there is a commutative diagram



78 A. Facchini

It follows that if F is the forgetful functor of the category of preordered abelian
groups into the category CMon that sends a preordered abelian group (G, +, <) to
the commutative monoid (G, +), then ¥ is a natural transformation of the identity
functor CMon — CMon into the composite functor FG: CMon — CMon. The
functor FG is the functor “localization at the empty prime ideal ¢J”.

For the proofs and related results we refer the reader to the paper [3].

3 Some Set Theory

Some students ask me what the difference is between sets and classes. This will be
needed in the sequel. For instance, in Lemma 4.1 we will deal with a monoid V (%)
that is large in the sense that it can be a class and not a set. To this end, we need some
notions of axiomatic set theory.

3.1 ZFC

The most popular and accepted form of axiomatic set theory is ZFC, the Zermelo-
Fraenkel set theory with the axiom of choice. It has a single primitive ontological
notion, the notion of set. That is, it treats only sets (and not classes): all individuals in
the universe of discourse are sets. Sets are denoted with lower case letters. The only
binary relations are equality and set membership, denoted by €. Thus the formula
x € yindicates that x and y are sets and that x belongs to y (or x is an element of y, or
x is amember of y). We can only use the logical symbols (—, A, V, — , < ,V,3), =
(equality), parentheses, lower case letters (variable symbols) and the symbol €. (One
must follow the rules studied in any course of mathematical logic to get well-formed
formulas!) Here is a list of the axioms of ZFC. Notice that the axioms are formulas,
to which we have added some comments for clarity.

1. Axiom of extensionality. Two sets are equal if they have the same elements, that
is, a set is determined by its elements:

VaVy(Vz(z €x & z7€y) = x =Y).

2. Axiom of regularity. Every non-empty set x contains an element y such that x
and y are disjoint sets.

Vx[Ja(a € x) = Iy(y e x A—Tz(z € y Az € x))].

3. Axiom schema of specification (also called the axiom schema of separation).
If z is a set, and ¢ is a property that the elements x of z can have or not have,
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then there exists a subset y of z containing the elements x of z which satisfy the

property ¢.
VzVw; ... w,IyVx(x € y & (x € Z A @)).

Here ¢ is a formula in the language of ZFC in the variables
xayaz7w17"'5wl’l
with free variables among x, z, wy, ..., w, and y not free in ¢.
4. Axiom of pairing. If x and y are sets, then there exists a set whose elements are
exactly x and y.

VxVydzVw(w e z & w=x Vw =y).

5. Union axiom. For any set x there is a set whose elements are exactly the elements
of the elements of x:

Vx3IyVz(z € y & Jw(z € w A w € x)).

6. Axiom schema of collection. If ¢ is a formula in the language of ZFC with free
variables among x, y, z, wy, ..., w, and with a non-free variable w, then

VzVwi, ..., w,((Vx € zAly¢p) = JwVx € zIy € w ¢).

Here 3!y means “there exists a unique y such that...”. The axiom essentially says
thatif f: z — 7’ is a function, then the image of f is set. A function f: z — 7’
is a triple (f, z, z’) of sets, where f C z x 7’ and for every x € z there exists a
unique y € 7/ with (x, y) € f.

7. Axiom of infinity. The axiom essentially states that there exists a set with
infinitely many members.

Ix@exAVy(yex=>yU{y}ex)).

8. Axiom of power set. For any set x, there is a set y whose elements are exactly
the subsets of x.

VxIyWz(z € y & (Vq(g € 7 = q € x))).

9. Axiom of choice. For any set X, every equivalence relation on X has a set of
representatives.

The axiom of choice AC is independent from the other axioms of ZFC, and ZFC
is independent from the continuum hypothesis 2™ = K.
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3.2 Grothendieck’s Universes

The idea is: fix a set, which we call a universe, big enough because we put in it all
what we need, but not too big because we want it to be a set and not a class. The
formal definition is the following:

A universe is a set U satisfying the following properties:

@ XeYelU— XeU.

(b) X, YeU—~> {X,Y}eU.

© X, YeU—> XxYeUlU.

d XelU—->PX)eU.

© X eU—Uyex Y €U,

(f) The set w of natural numbers is an element of U'.

(g) f XeUand f: X - Uisamapping,then{ f(Y)|Y e X} e U.

Important: the axioms of ZFC do not guarantee the existence of a universe. Fol-
lowing Grothendieck, we adjoin a further axiom to the axioms of ZFC:

Axiom of Universes: Every set is a member of a universe.

Given any universe U, if the axioms of ZFC are satisfied by the class of all sets
with the relation €, then they are also satisfied by the set of all sets belonging to U
with the relation € between them. Hence we can argue remaining in the universe U,
which we suppose fixed once for all. In the universe, we find all what we need, and
if we do not find it, we can always adjoin it to the universe thanks to the Axiom of
universes. In other words, we decide to work in a set that we possibly expand.

But the problem remains: it is not possible to deal with the category Set of all
sets in our universe, in this universe in expansion.

3.3 NBG

For the notion of class, we must introduce NBG.

The Von Neumann-Bernays-Gidel set theory (NBQ) is a conservative extension
of ZFC. The ontology of NBG includes proper classes. The members of both sets
and proper classes are sets. Classes cannot be members. “Conservative extension”
means that a statement in the language of ZFC is provable in NBG if and only if
it is provable in ZFC, that is, any theorem in NBG which speaks only about sets is
a theorem in ZFC. In NBG, quantified variables in the defining formula can range
only over sets.

Let us try to be more precise. The characteristic of NBG is the distinction between
proper classes and sets. NBG is a two-sorted theory, that is, two types of variables are
used in NBG. Lower case letters will denote variables ranging over sets, and upper
case letters will denote variables ranging over classes. The atomic sentences a € b
and a € A are defined for a, b sets and A aclass,but A € a or A € B are not defined
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for any two classes A, B. Equality can have the forma = bor A = B.a = A stands
for Vx(x € a <> x € A) and is an abuse of notation.

NBG can also be presented as a one-sorted theory of classes, with sets being those
classes that are members of at least one other class. That is, NBG can be presented
as a system having only one type of variables (class variables) with a unary relation
M(A) (M stands for the German word Menge, set), and M(A) indicates that A is a
set. Thus M(A) <> 3B(A € B). Notice that NBG admits the class V of all sets, but
it does not admit the class of all classes or the set of all sets.

Here is a list of the axioms of NBG. Notice that the first five ones coincide with
five axioms of ZFC and deal only with sets, not classes.

1. Axiom of extensionality. Two sets are equal if they have the same elements:
VaV¥b(Vz(z € a & z € b) = a = D).

2. Axiom of pairing. If x and y are sets, then there exists a set whose elements are
exactly x and y.

3. Union axiom. For any set x there is a set whose elements are exactly the elements
of the elements of x.

4. Axiom of power set. For any set x, there is a set y whose elements are exactly
the subsets of x.

5. Axiom of infinity.

x@WexAVy(yex=yU{ylex)).

The remaining axioms are primarily concerned with classes rather than sets.
6. Axiom of extensionality for classes. Two classes are equal if they have the same
elements:
A=B & Vx(x € A< x € B).

7. Axiom of regularity for classes. Every non-empty class A contains an element
disjoint from A.

Ix(x € A) = Iy(y e AN—Iz(z € y Az € A)).

Finally, the last two axioms are particular to NBG:
8. Axiom of limitation of size: For any class A, there exists a seta such thata = A
if and only if there is no bijection between A and the class V of all sets.

This is really a powerful axiom. By this axiom, every proper class is equipotent
to the class V of all sets. Moreover, the axiom of choice for classes holds, because
the class of ordinals is not a set, so that there is a bijection between the ordinals and
any proper class, and any class can be well ordered. Equivalently, if A is any class
and ~ is an equivalence relation on A, a class of representatives exists.
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9. Class comprehension schema: For any formula ¢ containing no quantifiers over
classes (it may contain class and set parameters), there exists a class A such that
Vx(x € A < ¢(x)).

It can be proved that NBG can be finitely axiomatized. What is important for us,
is that in NBG, which is a conservative extension of ZFC, we can deal with classes
and have the axiom of choice for classes. Thus every category has a skeleton, we
have a class of representatives for any equivalence relation on any class, and we can
define an equivalence between two categories either as a functor with a quasi-inverse
or as a fully faithful essentially surjective functor.

4 The Monoid V (%), Discrete Valuations, Krull Monoids

4.1 The Monoid V (%)

We will denote by Ob % the class of objects of any category €. Recall that a terminal
objectinacategory € is an object T of ¢ with the property that, forevery A € Ob(%),
there is a unique morphism A — T in % Similarly, / is called an initial object of €
if for every A € Ob(¥) there is exactly one morphism / — A. Finally, an object Z
of ¥ is called a null object (or a zero object) if it is both initial and terminal. Thus an
object I is initial if and only if Home (1, A) has cardinality 1 for every object A, and
T is terminal if and only if Home (A, T') has cardinality 1 for every A. Obviously,
an object is an initial object in a category % if and only if it is a terminal object in
the dual category €°P.

Let % be a category and let 0 be a zero object of %’. Then there exist exactly one
morphism A — 0 and exactly one morphism 0 — B for every pair A, B of objects.
Their composite morphism A — B is called the zero morphism of A into B. In fact, it
is easily seen that, in a category € with a zero object, there is a unique zero morphism
A — B for every pair A, B of objects of €. (One must prove that if 0, 0" are two
zero objects, then the composite morphism A — 0 — B is equal to the composite
morphism A — 0" — B.)

Let ¥ be a category. For every object A of ¥, let Iso(A) denote the isomorphism
class of A, that is, the class of all objects of % isomorphic to A. The class Iso(A)
is a subclass of the class Ob(%) of all objects of ¥, and the isomorphism classes
Iso(A) form a partition of Ob(%’). Let V(%) denote a skeleton of €, that is, a class
of representatives of the objects of 4 modulo isomorphism. Notice that V (%) exists
by the axiom of choice for classes (see Sect.3.3, Axiom 8§). For every object A in
@, there is a unique object (A) in V(%) isomorphic to A. Thus there is a mapping
€ — V(¥), A — (A), that associates with every object A of ¢ the unique object
(A) in V(%) isomorphic to A. Assume that a product A x B exists in € for every
pair A, B of objects of %". Define an addition + in V(%) by A + B := (A x B) for
every A, B € V(%). In this way we get a monoid that is large, in the sense that it is
a class and not a set when the category % is not skeletally small:
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Lemma 4.1 Let € be a category with a terminal object and in which a product
A x B exists for every pair A, B of objects of €. Then V(€) is a large reduced
commutative monoid.

Notice that if % is an arbitrary category, so that the product A x B does not
necessarily exist for any pair A, B of objects of &, then the skeleton V(%) turns out
to be a class in which the operation induced by product is only partially defined, that
is, it is a mapping +: S — V(%) for a subclass S of V(%) x V(%).

4.2 Discrete Valuations, Krull Monoids

Let M be a monoid. A discrete valuation on a monoid M is a non-zero monoid
morphism v: M — Ny. Here Ny is the additive monoid of nonnegative integers.
Every discrete valuation M — Ny induces a non-zero group morphism G(M) — Z
that maps ¥y (M) into Ny. Here ¥y, : M — G (M) is the canonical map that sends
each x € M to x — 0. Conversely, every non-zero group morphism f: G(M) — Z
with f (¥ (M)) € Ny induces a discrete valuation M — Ny. Thus discrete valu-
ations can be also seen as those non-zero group morphisms G (M) — Z that map
Yy (M) into Ny, i.e., non-zero morphisms of preordered groups, where G (M) is the
preordered group whose positive cone is the image ¥y, (M) of M in G(M), and Z is
endowed with its usual linear order.

A monoid morphism f: M — M’ is called a divisor morphism if, for every
x,ye M, f(x) < f(y) implies x < y. Here < denotes the algebraic preorder. A
monoid M is a Krull monoid if there exists a divisor morphism of M into a free
commutative monoid. Equivalently, a monoid M is a Krull monoid if and only if
there exists a set {v; | i € I } of monoid morphisms v;: M — Ny such that: (1) if
x,y € M and v;(x) < v;(y) for every i € I, then x < y; (2) for every x € M, the
set{i € I | vi(x) # 0} is finite.

Our main application of Krull monoids will be to the reduced monoid V (¢). We
leave to the reader the proof of the following elementary Lemma.

Lemma 4.2 A commutative monoid M is a Krull monoid if and only if the reduced
monoid Meq is a Krull monoid.

Reduced Krull monoids are characterized among Krull monoids in the next ele-
mentary Lemma.

Lemma 4.3 Let f: M — F be a divisor morphism of a commutative monoid M
into a free commutative monoid F. The following conditions are equivalent:

(@) The monoid M is reduced and cancellative.
(b) The monoid M is reduced.
(¢c) The morphism f is injective.

Proposition 4.4 Let M be an additive, cancellative, commutative monoid with
Grothendieck group G(M). The following conditions are equivalent:
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(a) M is a Krull monoid.
(b) There exists a set {v; | i € I} of non-zero group morphisms

vi:GM) > 7Z

such that: 1) M = {x € G(M) | v;(x) > 0 for everyi € I}; and (2) for every
x € G(M), the set {i € I | vi(x) # 0} is finite.

(c) There exist an abelian group G, a set I and a subgroup H of the free abelian
group Z9 such that M = G & (H NN{).

For the proofs, see [8] and [11].

5 Modules

We will always suppose in these notes that our rings R are associative rings with an
identity 1 g (unless explicitly stated, like in the next paragraph). Ring morphisms are
assumed to preserve identities.

5.1 Left Modules

Let R be aring. It is possible to define left modules over the ring R in two equivalent
ways. For every abelian group M, we denote by End(M) the endomorphism ring
of M.

Definition 5.1 A left R-module (or left module over the ring R) is a triple (M, +, ),
where (M, +) is an additive abelian groupand -: R x M — M, -: (r, m) — rm, is
a mapping, called left scalar multiplication, with the following properties for every
r,r’' € R,and every m,m’ € M:

@ r(r'm) = (rrm,;

G) r+r'"Ym=rm+r'm;
i) rm+m')y=rm—+rm';
iv) 1zgm =m.

Definition 5.2 A left R-module (or left module over the ring R) is a triple (M, +, A),
where (M, +) is an additive abelian group and A: R — End(M) is a ring morphism
of R into the ring End(M) of all endomorphisms of the abelian group (M, +).

These two definitions are equivalent in the following sense. Assume that (M, +, -)
is a module defined as in Definition 5.1. Let A: R — End(M) be the mapping
defined by A(r)(m) = rm for every r € R, m € M. Then X is a ring morphism
of R into the ring End(M) of all endomorphisms of the abelian group (M, +).
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To see it, we must check four conditions: that A(r) € End(M) for every r € R,
Ar+r) =A@) + 10", A@rr')y = A(r)A(r"), A(1g) = lgnam). These four condi-
tions follow from properties (iii), (ii), (i), (iv) of Definition 5.1 respectively. Thus
(M, +, A) becomes a left module as defined in Definition 5.2.

Conversely, let (M, 4, 1) be amodule as in Definition 5.2. Define a scalar multipli-
cation-: R x M — M setting -: (r, m) > rm := A(r)(m) foreveryr € R,m € M.
Then from the fact that A maps R into End(M) and respects addition, multiplica-
tion and the identity, we get the four properties (iii), (ii), (i), (iv) of Definition 5.1
respectively, that is, (M, +, -) is a left module in the sense of Definition 5.1.

Thus the two definitions of a left module are logically equivalent, and we will use
both, depending on the convenience.

Definition 5.3 Let R be aring and let M, N be left R-modules. A module morphism
(or module homomorphism) of M into N is a mapping f: M — N such that, for
everyx,y € Mandeveryr € R, f(x +y) = f(x)+ f(y) and f(rx) =rf(x).

We can be very precise and describe the logical equivalence of the two defini-
tions 5.1 and 5.2 of left R-modules in categorical terms. Define a category R-Mod,
in which: the objects are all modules (M, +, -) defined as in Definition 5.1; the
morphisms f: (M, +,:) - (M’',+, ) in R-Mod; are the module morphisms as
defined in Definition 5.3. Composition in R-Mod; is the composition of mappings.
Similarly, we can define another category R-Mod, whose objects are all modules
(M, 4, 1) defined as in Definition 5.2. A morphism f: (M, +, A3y) — (M’, +, )»},1,)
in R-Mod, is a group morphism f: (M, +) — (M’, +) such that the diagram

is commutative for every r € M, thatis, such that f o Xy () = Ay (r) o f for every
r € R.Composition in R-Modj; is the composition of mappings. Then the assignment
(M, +, ) — (M, +, A) can be extended to a functor F: R-Mod; — R-Mod,, and
the assignment (M, +, ) — (M, +, -) can be extended to a functor G : R-Mod,; —
R-Mod,;. These two functors F and G are one the inverse of the other, so that the
categories R-Mod; and R-Mod,; turn out to be isomorphic.

When R is a division ring D, left D-modules are usually called left vector spaces
over the division ring D.

5.2 Right Modules

Let us pass to define right modules. The definition is similar to that of left modules,
but the scalars act on the right instead of on the left.
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Definition 5.4 A right R-module (or right module over the ring R) is a triple
(M, +, -), where (M, +) is an additive abelian group and -: M x R — M, -: (m,
r) — mr, is a mapping, called right scalar multiplication, with the following prop-
erties for every r, v’ € R, and every m, m’ € M:

@ )’ = m(r:

(i) m@r+r')=mr+mr';
(i) m+mHr=mr+m'r,
iv) mlgp =m.

For a second equivalent definition, analogous to that of Definition 5.2, we need
the notion of ring anti-homomorphism.

Definition 5.5 Let R and S be rings. A ring anti-homomorphism f: R — S is a
mapping of the set R into the set S such that:

W fr+r)=f@)+ f(@) foreveryr,r' € R;
() f@r)y= f@)f(@r) foreveryr,#’ € R;
(i) f(lg) = 1s.

Example 5.6 Let k be a field, n be a positive integer, and M, (k) be the ring of
n X n matrices with entries in k. The transposition t : M, (k) — M, (k) defined by
A +— A" (where A’ is the transpose of A) is a ring anti-isomorphism, that is, a ring
anti-homomorphism that is also a bijective mapping.

Example 5.7 1f (R, +, ) is a ring, its opposite ring is the ring (R, +, o), where
o: R x R — R is anew operation on the set R defined by r o ¥’ = " - r. Usually, if
R is a ring, its opposite ring is denoted by R°P. It is easily see that RP is a ring for
every ring R. Then the identity mapping tg: R — R, definedbyr € R > r, viewed
as a mapping R — R, is an anti-isomorphism of R onto RP.

Definition 5.8 Let R be a ring. A right R-module (M, +, p) is an abelian group
(M, +) together with a ring anti-homomorphism p: R — End(M).

For right modules it is also easy to see that the two Definitons 5.4 and 5.8 give
the same structures, or, if we want to be more precise, that the two correspond-
ing categories are isomorphic. Both for right modules and for left modules we will
not distinguish between the two possible definitions. We will consider the category
R-Mod of all left R-modules and we will use both definitions with left scalar multi-
plication or with the ring morphism R — End(M). Similarly, on the other side, we
will consider the category Mod- R of all right R-modules and we will use both defini-
tions with right scalar multiplication or the ring anti-homomorphism R — End(M),
as it is more convenient.

Remark 5.9 It is clear that ring anti-homomorphisms

R — End(M)
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and ring homomorphisms
R°® — End(M)

coincide. Therefore right R-modules and left R°P-modules are exactly the same thing.
Similarly, left R-modules coincide with right R°’-modules. Also, notice that if the
ring R is commutative, a mapping

R — End(M)

is a ring homomorphism if and only if it is a ring anti-homomorphism. It follows
that right modules and left modules coincide over a commutative ring R. If we
want to be more precise, we can use the categorical language, and say that there is
an isomorphism of categories between the category of all right R-modules and the
category of all left R°P-modules. Similarly, for R commutative, the category of all
right R-modules and the category of all left R-modules are isomorphic.

If M is a right R-module, we will usually denote it by Mg, and if M is a left
R-module, we will denote it by g M. That is, we will write the ring R of “scalars”
on the side on which it acts.

If f: Mr — Npgisamodule morphism,then f isamonomorphismin the category
Mod-R if and only if f is injective, it is an epimorphism if and only if it is surjective,
and it is an isomorphism if and only if it is bijective.

5.3 Abelian Groups = Z-modules

For any ring R, there is a unique ring morphism Z — R, that is, Z is an initial object
in the category of rings.

In particular, let (G, +) be a non-zero abelian group and End(G) its endomor-
phism ring. As we have just said, there is a unique ring homomorphism A: Z —>
End(G). Equivalently, there is a unique left Z-module structure on any abelian group
G. The scalar multiplication -: Z x M — M of M is given by nx = “n-th multiple
of x in the additive group M” for every n € Z, x € M. That is,

X+--+x ifn>0
———

n times
Op ifn=0

nx =

(—x)+(x)+--+(—x) ifn <0

—n times

Thus, left Z-modules and abelian groups coincide. If we want to be more precise,
the category Ab of all abelian groups is isomorphic to the category Z-Mod of all left
Z-modules, an isomorphism F': Z-Mod — Ab being the forgetful functor F'.
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5.4 Is Left Better Than Right?

The definition of left R-modules, which correspond to ring homomorphisms, seems
more natural than that of right R-modules, corresponding to the less natural notion of
ring anti-homomorphism. The reason of this lies in the fact that we are used to write
mappings on the left, and not on the right. To be more precise, let A and B be sets
and assume that we have a mapping f: A — B. Then we use to denote the image of
an element a € A by f(a). Also, if f: A— B and g: B — C are two mappings,
we denote their composite mapping by g o f, which is the mapping that sends an
element a € A to (g o f)(a) = g(f(a)). The choice of this notation was arbitrary,
and we could write mappings on the right. For a mapping f: A — B, itis possible
to denote the image of an element a € A by (a) f, with the mapping f on the right
of the elements a on which f acts. In this case, if f: A — Band g: B — C are
two mappings, it is more natural to denote the composite mapping by f o g, because
it sends the element a € A to ((a) f)g. Notice that, in some settings, mappings are
denoted on the right. For instance, in group theory, it is common to denote an action
g, for instance, conjugation, on an element a in the form af. Here g is written as an
exponent, that is, on the right of the elements a on which it acts.

If, for any reason, we write mappings on the right, then right R-modules cor-
respond to ring homomorphisms R — End(M), and left R-modules correspond to
ring anti-homomorphisms of R into End(M). If, in the ring End(M) of all endomor-
phisms of an abelian group M, we write endomorphisms on the right, then the ring
of all endomorphisms of M with endomorphisms written on the right is End (M )°P.

From now on, we will always write, as usual, mappings on the left, and most
modules we will consider will be right modules M.

5.5 Two Exercises

(1) Let M be aright R-module, x, y € M, r, s € R. Show that:

(1) OMI‘ = OM.
(ll) )COR = OM.
(iii)) (—x)r = —(xr) and x(—r) = —(xr). We will denote the element (—x)r =

x(—r) = —(xr) by —xr.
iv) (x —y)yr =xr —yrand x(r —s) = xr — xs.

[Recall that in any additive group G, one writes a — b to denote the sum of @ and
the opposite of b. That is, a — b := a + (—b). Notice that in this exercise we only
use properties (i), (ii) and (iii) of Definition 5.4.]

(2) Let R bearing withidentity 1, (M, +) an additive abelian groupand R x M —
M, (r, m) — rm,amapping that satisfies properties (i), (ii) and (iii) of Definition
5.1. Let M; be the set of all x € M with 1xzx = 0y, and M; be the set of all
x € M with 1xx = x. Show that:
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(i) My and M, are subgroups of M.
(i) M is the direct sum of My and M, as abelian groups.
(iii) rx = 0y forevery r € R and x € M.
(iv) M, is aleft R-module with respect to the left scalar multiplication induced
by the left scalar multiplication on M.

Sometimes “modules” are defined as the algebraic structures satisfying properties
(i), (i1) and (iii) of Definition 5.1, and those satisfying property (iv) are called “unitary
modules”. Thus every “non-unitary module” M is the direct sum of a “module” M,
on which R acts trivially and a “unitary module” M. A non-unitary left R-module M
can be also described as an abelian group M with a “ring morphism” R — End(M)
that does not necessarily map 1g to 1gnqa.-

6 Representations/Modules/Actions of Other Algebraic
Structures

In this section I will present my personal point of view on the organization of algebraic
structures and their representations (modules).

6.1 k-algebras

Let k be a commutative ring with identity. A (not necessarily associative) k-algebra
is any unitary k-module M with a k-bilinear mapping (x, y) — xy of M x M into
M (equivalently, a k-linear mapping M @ x M — M). Thus all algebra axioms are
satisfied except at most for associativity of multiplication. Here we are following
Bourbaki’s terminology [4]. The content of this part of these notes is essentially
taken from [1, Section2]. It is possible to construct the opposite M°P of any such
algebra M by defining multiplication in MP via (x, y) — yx.

If M, M’ are k-algebras, a k-algebra morphism ¢ : M — M’ is any k-linear map-
ping such that p(xy) = ¢(x)@(y) for every x, y € M. A derivation of a k-algebra
M is any k-linear mapping D: M — M suchthat D(xy) = (D(x))y + x(D(y)) for
every x,y € M.

If M is any k-algebra, its endomorphisms form a (not necessarily commutative)
monoid, that is, a semigroup with a two-sided identity, with respect to composition
of mappings o, and its derivations form a Lie k-algebra Der(M) with respect to the
operation [D, D'l = Do D' — D’ o D forevery D, D' € Der(M). The definition of
Lie k-algebra will be given at the beginning of Sect.6.2.

The main example of associative k-algebra is, for any k-module Ay, the endomor-
phism ring End(Ay) of A;. If M is any (not necessarily associative) k-algebra and
Xx € M, the mapping A, : My — M, defined by A, (y) = xy forevery y € M, is an
element of the associative ring End (My).
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For any (not necessarily associative) k-algebra M, there is a canonical mapping
A of M into the associative k-algebra End; (M), defined by A: x — A, for every
x € M. This mapping X is a k-algebra morphism if and only if M is associative.

Thus, for any k-algebra M, it is natural to define a left M-module as we did in
Sect. 5, that is, as a k-module A; with a k-algebra morphism A: M — End(Ag). In
fact, consider the natural isomorphism

Homy (X; & Y, Zy) = Homy (X, Homy (Y, Z;)) X, Yy, Z; k-modules.

For a fixed k-algebra M, any k-bilinear mapping u: My x Ay — Ay (any left scalar
multiplication) can be equivalently described by a k-algebra morphism A: M —
End(Ay), where End(A;) is the k-algebra of all endomorphisms of the k-module Ay.

Similarly, we can define right M-modules as k-modules A; with a k-algebra
anti-homomorphism p: M — End(Ay). Again, a mapping M — M’ is a k-algebra
anti-homomorphism if and only if it is a k-algebra morphism M°? — M’. It follows
that right M-modules coincide with left M°P-modules. Similarly, left M-modules
coincide with right M°P-modules.

If the k-algebra M is commutative, then a mapping M — M’ is a k-algebra anti-
homomorphism if and only if it is a k-algebra homomorphism M — M’, so right
M -modules coincide with left M-modules whenever M is commutative.

6.2 Lie k-algebras

Let k be a commutative ring with identity. A Lie k-algebra L is a k-algebra for which,
denoting the k-bilinear mapping of L x L into L by (x, y) — [x, y], one has:

(1) (Alternativity) [x, x] = 0 for every x € L.
(2) (Jacobi identity) [x, [y, z11 + Ly, [z, x]] + [z, [x, y]] = O for every x € L.

The main example of Lie k-algebra is, for any k-algebra M, the Lie k-algebra
of derivations Dery (M) of the k-algebra M. If M is any k-algebra and D, D’ are
two derivations of M, then the composite mapping D D’ is not a derivation of M in
general, but DD’ — D'D is, as we have already remarked in Sect. 7.1. Thus, for any
k-algebra M, we can define the Lie k-algebra Der; (M) as the subset of End; (M)
consisting of all derivations of M with multiplication [D, D'] := DD’ — D'D for
every D, D' € Der;(M).

A well known second example of Lie k-algebra is the following. Let L be any asso-
ciative k-algebra. Define [x, y] := xy — yx for every x, y € L. This is a k-bilinear
mapping L x L — L, and L, with this multiplication, turns out to be a Lie k-algebra.

As a third example, let A be any k-module and L the associative k-algebra L :=
Endy (A) of all k-endomorphisms of A. Then L with the operation [—, —] defined as
in the previous paragraph, is a Lie k-algebra, denoted by gl(A).

For any Lie k-algebra M and any element x € M, the mapping A,: M — M,
defined by A, = [x, —], is a derivation of the Lie algebra M, that is, it is an element
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of the Lie k-algebra Dery (M), usually called the adjoint of x, or the inner derivation
defined by x, and usually denoted by ad,,x instead of A,.

For every Lie k-algebra M, there is a canonical Lie k-algebra morphismad: M —
Der; (M), defined by ad: x +— adx for every x € M.

It is possible to define left M-modules for any Lie k-algebra M. Let M be any
Lie k-algebra. A left M-module is a k-module A with a Lie k-algebra morphism
A: M — gl(A). Similarly, we can define right M -modules as k-modules A with a k-
algebra anti-homomorphism p: M — gl(A). Butany Lie k-algebra M is isomorphic
to its opposite algebra M°P via the isomorphism M — M, x + —ux. It follows that
the category of all right M-modules is canonically isomorphic to the category of all
left M-modules for any Lie k-algebra M. Therefore it is useless to introduce both
right and left modules, it is sufficient to introduce left M-modules and call them
simply “M-modules”. This cannot be done for associative k-algebras, because for an
associative k-algebra M the structure of right M-modules can be very different from
that of its left M -modules. For instance, it is easy to construct examples of associative
k-algebras that are right noetherian, but not left noetherian, e. g. the Z-algebra of

triangular 2 x 2-matrices . Over such an associative k-algebra, the structure

Qo0
QZ

of the category of right modules is very different from that of left modules.

6.3 Monoids

In Sect. 1 we have considered commutative additive monoids. In this Subsect. 6.3, we
will consider multiplicative monoids, not necessarily commutative. Thus a monoid
will be a semigroup with a two-sided identity, that is, an element 1, € M such that
1yx = x1y = x forevery x € M. The main example of monoid is, for any set X, the
monoid X* of all mappings X — X. In this monoid, multiplication is composition
of mappings. If M is any monoid and x € M, we have the mapping A,: M — M,
that is, a morphism in the category of sets, defined by A, (y) = xy forevery y € M.
This A, is an element of the monoid M. We have a canonical injective monoid
morphism A: M — MY L: x — A,.

Correspondingly, we can define “left M-modules”, now called left M-sets, for
any monoid M. A left M-set is any set X with a monoid morphism A: M — XX,
Similarly, we can define right M-sets as sets X with a monoid anti-homomorphism
p: M — XX, Again, right M -sets coincide with left M °P-sets, and left M-sets coin-
cide with right M°P-sets. If the monoid M is commutative, right M-sets coincide
with left M-sets.

The concept of monoid is somehow pervasive in Category Theory, essentially
because composition of morphisms is required to be associative and the requirement
of identity morphisms. Hence given any fixed monoid M, one can consider any object
A of any category ¥ (for instance another monoid A or a vector space A) with a
monoid morphism M — End¢ (A). That is, a monoid M has representations in any
category %.
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6.4 Monoids with Zero

A monoid with zero is a multiplicative monoid with an element 0y, € M such that
Oy x = x0p = 0y forevery x € M. The zero element in a monoid, when it exists, is
unique. By definition, a morphism of monoids with zero must respect multiplication,
send the identity to the identity and send zero to zero.

One of the main examples of monoid with zero is the endomorphism monoid of
any object in the category of pointed sets. The category Set, of pointed sets has as
objects the pairs (X, xp), where X is anon-empty set and xj is a selected element of X,
called the base point of X. A morphism (X, xo) — (X', x) in Set, is any mapping
f1 X — X’ such that f(xo) = x{. For any pointed set (X, x¢), the endomorphism
monoid Endset, (X, x¢) of (X, x¢) in the category Set, is a monoid with zero. The
zero in this monoid is the mapping X — X that sends all the elements of X to xo.

If M is any monoid with zero 0, and x € M, we have the morphism

Axt (M, 0y) — (M, Op)

in the category Set,, defined by 1, (y) = xy for every y € M. There is a canonical
injective morphism of monoids with zero A: (M, Oy) — Endget, (M, Op), A x —
Ay

Correspondingly, define left M -sets for any monoid (M, 0y,) with zero, as follows.
A left M -set is any pointed set (X, xo) with a morphism of monoids with zero

At (M, 0p) — Endget, (X, x0).

Similarly, define right M-sets as pointed sets (X, xo) with an anti-homomorphism
of monoids with zero p: (M, 0y) — Endget, (X, xo). Clearly, right M-sets coincide
with left M °P-sets, left M -sets coincide with right M°P-sets, and, for M commutative,
right M-sets coincide with left M-sets.

6.5 Near-Rings

A similar situation occurs for near-rings, where a near-ring is a ring (R, +, -) for
which the group (R, +) is not necessarily abelian and for which multiplication on
the right distributes over addition, i.e., (x + y)z = xz 4 yz, but multiplication on the
left does not necessarily distribute over addition. The main example is the near-ring
GY of all mappings G — G for a group G. Hence a left module over a near-ring R
must be defined as a group H with a near-ring morphism R — H*.
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6.6 Groups and the Cayley Representation

A group is a special type of monoid, so that everything that we’ve said about
monoids applies to groups. One of the main examples of group is, for any set X,
the group Sym(X) of all bijections X — X.If G is any group and x € G, the map-
ping A, : G — G considered in Sect. 6.3 is a bijection. We have a canonical Cayley
representation »: G — Sym(G), A: x — A,. The mapping A is an injective group
morphism.

Correspondingly, we have “left G-sets”. A left G-set is any set X with a group
morphism A: G — Sym(X). Similarly, right G-sets are sets X with a group anti-
homomorphism p: G — Sym(X). But any group G is isomorphic to its opposite
group G via the isomorphism G — G, x > x~!. This is the mother of all sym-
metries in groups. Hence the category of all right G-sets is canonically isomorphic
to the category of all left G-sets for all groups G, and it is useless to introduce both
right and left G-sets.

Since groups are monoids, the categorical interpretation of left M -sets in Sect. 6.3
applies directly to left G-sets. Given any group G, we can construct the category ¢
with a unique object * and with endomorphism monoid Endy (x) := G. The functors
of this category % into the category Set of sets correspond to G-sets and the natural
transformations between two functors ¢ — Set correspond to G-set morphisms.

6.7 Groups G and Action of G on G via Inner
Automorphisms

There is another very natural action of a group G onto itself, different from that in
the previous subsection. For any group G, we can construct its automorphism group
Aut(G).If G is any group and x € G, the mapping o, : G — G, defined by o, (y) =
xyx~! forevery y € G, is the inner automorphism of G given by conjugation by x.
There is a canonical group morphism «: G — Aut(G), defined by «: x — «, for
every x € G.

Correspondingly, we have “left G-groups”. For a fixed group G, a left G-group
is any group H with a group morphism «: G — Aut(H). Similarly, we can define
right G-groups as groups H with a group anti-homomorphism §: G — Aut(H).
As we have said above, any group G is isomorphic to its opposite group G°P. Hence
the category of all right G-groups is canonically isomorphic to the category of all
left G-groups for all groups G, and it is therefore useless to introduce both right
G-groups and left G-groups.

As in Sect. 6.6 for G-sets, given any group G, we can construct the category ¢
with a unique object * and with endomorphism monoid Endy (%) := G. The functors
of this category % into the category Grp of groups correspond to G-groups and the
natural transformations between two functors ¢ — Grp correspond to G-group
morphisms.
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The notion of G-group H is classical. Sometimes G is called an operator group
on H [17, Definition 8.1].

A G-group morphism f: (H, ¢) — (H’, ¢’) is any group morphism f: H — H’
such that f(gh) = gf (h) forevery ¢ € G, h € H. We will denote by Homg (H, H')
the set of all G-group morphisms of H into H'. G-groups form a category G-Grp.
The category Grp of groups and the category 1-Grp, where 1 is the trivial group (that
is, the group with one element), are isomorphic categories. This is the analogue of
the fact that the category Ab of abelian groups and the category Z-Mod of modules
over the ring Z of integers are isomorphic categories, because 1 and Z are the initial
objects in the category of groups and the category of rings, respectively.

Similarly we can present representations G — GL, (k) of a group G. Here k is a
field. In general we can represent a group G fixing any category ¢, an object C of
¢ and a group morphism G — Auty (C).

7 Free Modules

7.1 Definition and First Properties of Free Modules

Let My be a right module over an (associative) ring R with identity. A set X of
generators of My is a subset X of My such that if N is a submodule of My that
contains X, then N = M. For instance, the empty set X = (J generates the zero
module. If X # () and X C Mg, then X is a set of generators of My if and only
if, for every element x € Mg, there existn > 1, xy,...,x, € Xandry,...,r, € R
suchthat x = x;-r; +... 4+ x, - 1.

Let us see now what a free set of generators is.

Definition 7.1 Let X be a set of generators of a right R-module M. The set X is
called a free set of generators if, foreveryn > 1,x, ..., x, distinct elements of X and
ri,...,rpin R,one hasthatx, -r; +... +x, -r, =0impliesr; = ... =r, = Op.

Notice that every module My has sets X of generators, for instance X = M. Not
every module has free sets of generators. For instance, the Z-module Z/nZ does not
have a free set of generators for n > 2.

Definition 7.2 A right R-module My, is said to be free if it has a free set of generators.

Let My be a right R-module and X a subset of Mp. We know that X is a set
of generators of My if and only if every element of M can be written as a linear
combination of elements of X. Itis easily seen that X is a free set of generators of Mg
if and only if every element of My can be written as a linear combination of distinct
elements of X inaunique way; thatis,x; -7 + ... +x, -1, =x; -1+ ...+ X, - 7,
with xy, ..., x, n distinct elements of X impliesrj =r{,...,r, =7,.
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Example 7.3 Let R be a ring and X be an arbitrary set. Let R™® be the set of all
mappings f: X — R such that f (x) = O for almost all x € X; that is, a mapping
f: X — Risin R™ if and only if there exists a finite subset F of X with f(x) =0
for every x € X \ F. Then R™) is an abelian group with respect to the operation +
defined by

(f+e @) =rfx)+gw

forevery f, g € R} and every x € X. The abelian group R becomes a free right
R-module REQX) with respect to the right scalar multiplication defined by

(fryx)=fr

for every f € R;X),x € Xandr € R.
For every fixed xo € X, let §,,: X — R be the mapping defined by

1g ifx = xo,
e {OR ifx # xo.

It is easy to see that A := {d, | xo € X } is a free set of generators for R;X). The
module R;X) is isomorphic to the direct sum of | X| copies of the module Rp.

We also have the same on the left. The abelian group R™) is a free left R-module
& R™ with respect to the left scalar multiplication defined by

(rf) () =r(f (x)

for every f € RkR®, x € X and r € R. In this case also, the set A is a free set of
generators.

Proposition 7.4 (Universal Property of Free Modules). Let My be a free right R-
module, X a free set of generators for Mg and ¢ : X — Mp the embedding of X into
Mpg. Then, for every right R-module M}, and every mapping f: X — My, there
exists a unique right R-module morphism ]7: Mg — M}, making the diagram

| 7

Mg

commute, that is, such that f oe=f.

We have the functors F : Set — Mod-R, where, for every set X, F(X) is the free
module R;QX), and the forgetful functor U : Mod-R — Set. Proposition 7.4 says that
F is aleft adjoint of U, that is, Hom R(REQX) My =M "X for every set X and module

M.
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Corollary 7.5 If My is a free right module with free set X of generators, then
Mg = R

When R is a division ring, every right R-module, that is, every right vector space
over the division ring R, is free. For this, we need a:

7.2 Crash Course of Linear Algebra over Non-commutative
Diyvision Rings

Let us briefly recall some elementary notions of linear algebra. The reader is def-
initely an expert on the elementary theory of vector spaces over a field k: vector
spaces over k (they are exactly what we have called k-modules), linear transforma-
tions (they are exactly what we have called k-module morphisms), the concept of
set of generators, linear combinations, linear independence and bases. The reader
knows that any two bases of a vector space over k have the same cardinality, and
that this cardinality is called the dimension of the vector space. He knows that if
we have a linear transformation f between two vector spaces V and W over k of
finite dimensions n and m respectively, and we fix an ordered basis for V and an
ordered basis for W, we can associate with f a m x n matrix with entries in k. He
knows the rank of a linear transformation f (it is the dimension of the image of f),
bilinear mappings, the determinant of a square matrix, its minimal polynomial, the
characteristic polynomial, eigenvectors and eigenvalues and so on. Assume now that
k is not a field, but a division ring, and consider right vector spaces over k, that is,
right k-modules. It is very easy to see that all the previous concepts hold for right
vector spaces over a division ring, until when bilinear mappings enter the picture.
Bilinearity is a notion concerning modules over commutative rings, because, for a
bilinear mapping B: ;V x W — U, we have that 8(Av, pw) must be equal to both
AB(v, pw) = Apup(v, w) and uB(Av, w) = urp(v, w).

Thus, over an arbitrary division ring k we still have linear transformations (they
are right k-module morphisms), sets of generators (again, we have already defined
them for modules over arbitrary rings), linear combinations (that is, expressions of
the form Z;’zl v;A;, where the elements v; belong to a right vector space V; and
the scalars A; are in the division ring k), linear independence (a subset X of V; is
linearly independent if and only if it is a free set of generators for the subspace
of V, it generates), bases (i.e., free sets of generators). Any two bases of a right
vector space over a division ring k have the same cardinality (same proof as in
the case of a commutative k), and this cardinality is called the dimension of the
right vector space. If we have a linear transformation f between two right vector
spaces V; and Wy, {v, ..., v,} is an ordered basis of V; and {wy, ..., w,} is an
ordered basis of Wy, we can associate with f them x n matrix Ay = (A; ;); ;, where

fj) = 3\_; wik; ;. In this case also, if v = },_, v;a; is an arbitrary element of
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ai
Viand | : | isthen x 1 matrix whose entries are the coefficients of v as a linear
An
ai
combination of vy, ..., v,, then the m x 1 matrix Ay | : is the matrix whose
an
entries are the coefficients of f(v) as a linear combination of wy, ..., w,,. Notice
thatif f: V; — Wyand g: Wy — Y, then Agop = A Ay

The rank of a linear transformation f is the dimension of the image of f when the
division ring k is non-commutative also. The difficulties in the non-commutative case
appear when bilinear mappings and determinant, which are multilinear mappings,
are introduced. There are notions of right determinant and left determinant, due to
Dieudonné, one is linear on columns and the other on rows, but they are not easy
to handle. Consequently, it becomes impossible to deal (at least easily) with the
minimal polynomial, the characteristic polynomial, eigenvectors and eigenvalues.
But, until the appearance of bilinear mappings and determinant, the passage from
the commutative case to the non-commutative one is very smooth.

As we have already said, every module over a division ring, that is, every right
vector space and every left vector space over a division ring, is free. The converse is
also true: if R is a ring over which every right R-module is free, then R is a division
ring.

7.3 Rank of a Free Module

Let us go back to the study of free modules over arbitrary rings. Recall that |X|
denotes the cardinality of a set X.

Corollary 7.6 If Mg and Ny are free right R-modules with free sets of generators
X and Y respectively, and | X| = |Y|, then Mg = Ng.

If My, is a free module, the cardinality of any free set of generators of My, is called
a rank of the free module M.

Proposition 7.7 Let My be a free right R-module. If My, is finitely generated, then
every free set of generators of My is finite.

Corollary 7.8 Let R be a ring and let Mg be a free right R-module. If X is an
infinite free set of generators of My, then every free set of generators of Mg has
cardinality | X|.

Hence, the rank of a free module with an infinite free set of generators is uniquely
defined (Corollary 7.8), while the only thing we can say about a finitely generated
free module is that every free set of generators is finite (Proposition 7.7).
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8 IBN Rings

Let R be aring (withidentity). Let ¥, be the full subcategory of Mod- R whose objects
are all finitely generated free right R-modules. This subcategory has a zero object:
the zero module, free of rank zero. We can proceed like in Sect. 4.1, constructing
the monoid V(%) for ¢ = Ft,. The set { R}, | n > 0 an integer } contains a skeleton
V (Fte): every finitely generated free right R-module is isomorphic to R% for some
n, possibly a finite number of natural numbers n (see Example 8.2). Hence we have
areduced commutative monoid V (¥y,) with the operation induced by the direct sum
@. Equivalently, we can define V (¥y,) as the quotient monoid Ny/~, where ~ is
the congruence on the additive monoid Ny defined, for every n, m € No, by n ~ m
if R = RY. Thus ~ depends on the fixed ring R.

Of course, ~ is a congruence on Ny, and therefore, as we said in Sect. 1.5, the
congruence ~ must be either the equality = or one of the congruences ~; ,, where
k > 0 and n > 1, for a unique pair (k, n). For arbitrarily fixed integers k,n > 1, it
is possible to construct rings for which the associated congruence ~ is exactly the
congruence ~y .

A ring R is IBN or has IBN (invariant basis number) if the congruence ~ is the
equality =, that is, if for every n, m > 0, R} = RY% implies n = m. Equivalently, a
ring R is IBN if and only if V (f,) is isomorphic to the additive monoid Ny. For
instance, division rings have IBN. Notice that R% has one element, and R} has at
least two elements for n > 1 and R # 0. This has two consequences: (1) A ring R
has IBN if and only if, for every n, m > 1, Ry = Ry implies n = m. (2) If ~ , is
the congruence associated with a ring R # 0 as above, then necessarily k > 1.

Exercise 8.1 (1) Show that having IBN is a left/right symmetric condition, that is,
aring R has IBN if and only if g R" = g R™ implies n = m for every n, m > 0.

(2) Show that a ring R has IBN if and only if for every n, m > 1, A € M, x,» (R),
B e M,,,x,(R), AB =1,, BA =1,, imply n = m. Here M,,,,, (R) denotes the
set of all n x m matrices with entries in R.

(3) Show that if there exists a ring morphism ¢: R — S and the ring S has IBN,
then R has IBN as well.

(4) Show that if R is a ring, [ is a two-sided ideal in R and the quotient ring R//
has IBN, then R has IBN as well. (Here notice the special case of I = R. In this
case R/ is the zero ring, which is not an IBN ring.)

(5) Show that every non-zero commutative ring has IBN.

[Hint for (1): The functor Hom(—, R) induces a duality between the category of
finitely generated free right R-modules and the category of finitely generated free
left R-modules. Hint for (3): Apply (2). If A € M5 (R), B € Mj,,»,(R) and we
apply the morphism ¢ to the entries of A and B, we get two matrices in M, (S)
and M, ., (S) such that...]

Example 8.2 Here is an example of a ring R # 0 with Rg = Rg @ Rp, so that
in particular the ring R has not IBN. Let £ be a field. Let V; be a vector space
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over k of infinite dimension. Then V; @& V;, = V,. Let R := End(V}) be the endo-
morphism ring of Vj, so that g Vi is a R-k-bimodule. Thus there is a covari-
ant additive functor Hom(g Vi, —): Mod-k — Mod-R. Applying this functor to
the right k-module isomorphism V; @ Vi, = V;, we get a right R-module isomor-
phism Hom(g Vi, V) @ Hom(g Vi, Vi) = Hom(g Vi, V), that is, an isomorphism
Rr & Rr = Rg. This is an isomorphism between two free right R-modules of rank
2 and 1 respectively. Therefore R is not an IBN ring. Notice that, for this ring R, we
have that Rg = R}, for every n > 1. Thus R} = R} for every n, m > 1. Hence, for
this ring R, the monoid V (f¢,) is a monoid with two elements. It is isomorphic to
the multiplicative monoid {0, 1} with two elements. The congruence associated with
the ring R as at the beginning of this Sect. 8 is ~ ;.

9 Simple Modules, Semisimple Modules

A simple right module is a non-zero right module M whose submodules are only
M and 0. Thus a simple module has exactly two submodules.

Lemma 9.1 A right module My is simple if and only it is isomorphic to Rg/I for
some maximal right ideal I of R.

Lemma 9.2 (Schur’s Lemma) The endomorphism ring of a simple module is a
division ring.

A module My is semisimple if every submodule of My is a direct summand of
Mg.

Remark 9.3 (1) Every simple module is semisimple.

(2) If R is a division ring, every R-module is semisimple.

(3) A module My, is semisimple if and only if every short exact sequence with Mg
in the middle, that is, every short exact sequence of the form0 — Agx — My —
Cr — 0, splits.

(4) Submodules and homomorphic images of semisimple modules are semisimple
modules.

Definition 9.4 Let My be a right R-module. The socle soc(Mpg) of Mg is the sum
of all simple submodules of M.

Thus soc(M) = 0 if and only if M has no simple submodules.

Theorem 9.5 The following conditions are equivalent for a right R-module M :

(i) M is a sum of simple submodules, that is, M is equal to its socle.
(i) M is a direct sum of simple submodules.
(i) M is semisimple.
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10 Projective Modules

Definition 10.1 Let R be a ring. A right R-module Py is projective if for every
epimorphism f: Mr — Npg and every morphism g: Pr — Np, there exists a mor-
phism h: Pg — Mg with f o h = g.

The situation in the previous definition is described by the following commutative
diagram, in which the row is exact:

| N

MRT>NR—>O

Lemma 10.2 (i) Every free module is projective.
(i1) Every direct summand of a projective module is projective.
(iii) Every direct sum of projective modules is projective.

Proposition 10.3 The following conditions are equivalent for a right R-module Pg:

(i) The module Pg is projective.
(i1) Every short exact sequence of the form 0 — Mr — Nr — Pgr — 0 splits.
(iii) The module Pg is isomorphic to a direct summand of a free module.

Corollary 10.4 A module Py is a finitely generated projective module if and only if
it is isomorphic to a direct summand of RY for some n > 0.

A ring R is semisimple artinian if it is right artinian and has no non-zero nilpotent
right ideal. To be more precise, we should call such a ring a right semisimple artinian
ring, because it is defined relatively to the structure of the right module Ry and to
right ideals. Also, we should define left semisimple artinian rings symmetrically.
But as a consequence of the Artin-Wedderburn Theorem 10.6, it will follow that a
ring is right semisimple artinian if and only if it is left semisimple artinian, so that a
reference to the side is useless. In order not to have a too heavy terminology, we call
the rings just defined semisimple artinian, without any reference to the side.

Theorem 10.5 The following conditions are equivalent for a ring R.

(i) Every right R-module is projective.

(i1) Every short exact sequence of right R-modules splits.
(iii) Every right R-module is semisimple.

(iv) The module Ry is semisimple.

(v) The ring R is semisimple artinian.



3 Commutative Monoids, Noncommutative Rings and Modules 101

10.1 The Ring of n x n Matrices over a Division Ring

Let us describe the structure of the ring of all n x n matrices with entries in a division
ring.

Let D be a division ring, n > 1 an integer, and R := M, (D) be the ring of all
n x n matrices with entries in D. It is possible to prove that R is a simple ring, that
is, its two-sided ideals are only the trivial ones. Forevery i, j =1,2,...,n,let E; ;
be the matrix with the (i, j) entry equal to 1, and O in all the other entries. Notice
that the elements E; ; are idempotents of R, E | +---+ E,, =land E; ; E; ; =0
fori # j. Also, E; ; R is the set of all n x n matrices with entries in D, that are 0 on
all rows except for the i-th row, and with arbitrary entries in D on the i-th row, and

RR = EL]R @ E2,2R @ e @ En,nR

The modules E;;R are all pairwise isomorphic. For instance, an isomorphism
E\ 1R — E;;R is given by left multiplication by the matrix E; ;. Moreover, the
module E| 1R is simple. Thus Rg = E| |R ® --- @ E, , R is a direct sum of n sim-
ple isomorphic modules, in particular R is a semisimple artinian ring.

Matrix transposition ¢: A — A’ is a ring isomorphism

t: M, (D) — (M, (D).

Therefore R is isomorphic to the opposite ring of M, (D°P), where DP is also a
division ring. Thus all properties we have seen on the right also hold on the left. Also,
the category R-Mod, which is equivalent to the category Mod-R°P, is equivalent to
the category M, (D°P)-Mod.

We have that the left ideal RE; ; is the set of all n x n matrices with entries in D,
that are O on all columns except for the i-th column, and with arbitrary entries in D
on the i-th column. Therefore

RR = REl,l 69 RE2,2 @ @ REn,nv

and the left ideals RE 1, ..., RE, , are isomorphic simple modules.

Itis also possible to prove that every simple right R-module is isomorphicto E| | R,
and the endomorphism ring End(E1 1 R) of the simple module E | R is isomorphic
to the division ring D.

Now if My is any right R-module, then My is semisimple by Theorem 10.5.
Hence My, is a direct sum of simple submodules. But all simple right R-modules are
isomorphic to E; ; R. Thus we have seen that every right R-module is isomorphic to
a direct sum E1 | R for some set X. It is possible to prove that the cardinality of
such a set X is uniquely determined.

Notice that Hom(E; | R, E; | R) is an abelian group that cannot be endowed with
a right R-module structure or a left R-module structure. For instance, assume that
the division ring D is a finite field with ¢ elements and n = 2. It is easy to show
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that Hom(E; 1R, E11R) = E1 1 RE1,1 = D, hence has ¢ elements in this case. But
every right R-module is isomorphic to a direct sum of copies of E; R, which has
g* elements. Hence every finite right R-module has ¢* elements for some non-
negative integer ¢. Thus no right R-module can have g elements. This proves that
Hom(E; 1R, E1 1 R) cannot be endowed with a right R-module structure. Similarly,
it cannot be endowed with a left R-module structure.

As we have just said above, a matrix ring with entries in a division ring is a
semisimple artinian ring. This is true for any finite direct product of such matrix
rings:

Let t,ny,...,n, > 1 be integers and Dy, ..., D, division rings. Then the ring
R := M, (D)) x --- x M,,(D;) is a semisimple artinian ring.

It is interesting that the converse of this result also holds:

Theorem 10.6 (Artin-Wedderburn) A ring R is semisimple artinian if and only if
there exist integerst > 0, ny,...,n; > 1 and division rings D1, ..., D, such that

R= M, (D) x - x M, (D). (11.0)

Moreover, if R is semisimple artinian, the integerst,ny, ..., n, in the decomposition
(11.i) are uniquely determined by R and D, . .., D, are determined by R up to ring
isomorphism.

11 Superfluous Submodules and Radical of a Module

A submodule N of a module My is superfluous (or small, or inessential) in Mg if,
for every submodule L of Mg, N + L = Mg implies L = Mg. To denote that N is
superfluous in Mg, we will write N <; Mg.

Here are the main elementary properties of superfluous submodules:

(i) K <N < Mg,then N <, Mifandonlyif K <, M and N/K <, M/K.

(i) K <y Mg and Mg < Ng imply K <; Ng.

(iii)) If N, N' < Mg,then N + N’ <, M ifandonly if N <, M and N' <; M.

(iv) The zero submodule is always a superfluous submodule of any module Mg,
when Mz = 0 also.

(v) If f: M — M’ is an R-module morphism and N <; M, then f(N) <, M.

(vi) Assume Ky < M; < M,Kr) <M, <MandM = M, & M,. ThenK; & K, <;
M, & M, if and only if K| <y M| and K, <; M.

We will say that an epimorphism g: Mg — Ng is superfluous if ker g is a super-
fluous submodule of M.

The radical rad(Mg) of a module My is the intersection of all maximal submod-
ules of My. Note the duality with the definition of socle, which is the sum of all
simple (=minimal) submodules of M.

Here are some elementary properties of the radical rad(Mg) of a module Mg:
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(1) The submodule rad(Mpg) is the sum of all superfluous submodules of Mg.
(2) rad(Mg/rad(Mg)) = 0.
(3) If f: Mg — M}, is a morphism of R-modules, then

f(rad(Mg)) < rad(Mp).

12 The Jacobson Radical of a Ring

The radical of the right R-module Rg, is called the Jacobson radical of the ring R. It
is denoted by J(R). Thus J(R) := rad(Rp) is the intersection of all maximal right
ideals of R, but it is possible to show that rad(Rg) = rad(z R) for any ring R, so
that J(R) is also the intersection of all maximal left ideals of R. Therefore J(R) is
a two-sided ideal of R.

For every right R-module Mg, the right annihilator r.anng(Mpg) of My is the
set of all » € R such that Mr = 0. The right annihilator of any right R-module is a
two-sided ideal of R. If x € My, the right annihilator r. anng (x) of x is the set of all
r € R such that xr = 0. The right annihilator of an element x of M is a right ideal
of R.

Proposition 12.1 The Jacobson radical J(R) of any ring R is the intersection of
the right annihilators r. anng (Sg) of all simple right R-modules Sg.

13 Injective Modules

Fix two modules My and Ng. There are a covariant functor
Hom(Mpg, —): Mod-R — Ab
and a contravariant functor
Hom(—, Ng): Mod-R — Ab.

These functors Hom are “left exact”, in the sense that, for every fixed module Mg,
if 0 > N — Np — Ny is exact, then so is 0 — Hom(Mg, Nj) — Hom(Mpg,
Ng) — Hom(Mpg, N), and, for every fixed module Ng,if M, — Mg — M} — 0
is exact, then so is 0 — Hom(M}%, Ng) — Hom(Mg, Ng) — Hom(M}, Ng).

In general, the functors Hom(Mg, —) and Hom(—, Ng) are not “exact”, that
is, it is not always true that, for every fixed module Mg, if 0 - N — Np —
Ny — 0is a short exact sequence, then 0 — Hom(Mg, N;) — Hom(Mg, Ng) —
Hom(Mpgz, N ;g) — 0 is necessarily exact, and, for every fixed module Ng, if 0 —
My — Mg — M} — 0 is exact, then 0 — Hom(My, Ng) — Hom(Mg, Ng) —
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Hom(M/,, Ng) — 0 is necessarily exact. It is easily seen that a module My is
projective if and only if the functor Hom(Mpg, —) is exact, that is, for every
exact sequence 0 — N — Nr — Ny — 0, the sequence of abelian groups 0 —
Hom(Mg, Ni) — Hom(Mg, Ng) — Hom(Mg, Ni) — 0 1is exact.

The proof of the following result is easy.

Proposition 13.1 The following conditions are equivalent for an R-module Eg:

(1) The functor Hom(—, Eg): Mod-R — Ab is exact, that is, for every exact
sequence 0 — My — Mp — My — 0 of right R-modules, the sequence of
abelian groups 0 — Hom(M}, Egr) — Hom(Mg, Eg) — Hom(M4, Eg) —
0 is exact.

(ii) For every monomorphism My — Mg of right R-modules,

Hom(Mpg, Eg) — Hom(My, Eg)

is an epimorphism of abelian groups.
(iii) For every submodule M}y, of a right R-module My, every morphism

M;e_>ER

can be extended to a morphism Mg — Eg.
(iv) For every monomorphism f: My — Mg and every morphism

g: My — Eg,
there exists a morphism h: Mr — Eg withho f = g.

A module Ey is injective if it satisfies the equivalent conditions of Proposi-
tion 13.1.
Condition (iv) is described by the following commutative diagram, in which the

row is exact:

0— M} —L > My

BN

Eg

Thus we have that:

(1) A module My, is projective if and only if every short exact sequence of the form
0— Agr — Br —> My — 0 splits.

(2) A module My, is injective if and only if every short exact sequence of the form
0 - Mz — Br — Cgr — 0O splits.

(3) A module My is semisimple if and only if every short exact sequence of the
form 0 - Agr > My — Cr — 0 splits.
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Proposition 13.2 (Baer’s criterion). A right module E over a ring R is injective if
and only if for every right ideal I of R, every morphism o : I — E can be extended
to a morphismo*: R — E.

Definition 13.3 An additive abelian group G is divisible if nG = G for every non-
zero integer n (equivalently, for every positive integer n). Thus G is divisible if and
only if, for every g € G and every n > 0, there exists & € G such that nh = g.

For instance, the abelian group Z is not divisible, and the abelian group Q is
divisible. Homomorphic images of divisible abelian groups are divisible. It is possible
to prove that every divisible abelian group is a direct sum of copies of Q and Priifer

groups Z(p*).

Proposition 13.4 A Z-module G is injective if and only if it is a divisible abelian
group.

Exercise 13.5 Show that an abelian group is divisible if and only if it is a homo-
morphic image of Q%) for some set X.

Proposition 13.6 Direct summands of injective modules are injective.

Theorem 13.7 Every right R-module can be embedded in an injective right R-
module.

Corollary 13.8 The following conditions are equivalent for a right R-module Eg:

(i) The module Ey is injective.
(i1) Every short exact sequence that begins with Eg splits, that is, every short exact
sequence of right R-modules of the form 0 — Er — Br — Cr — 0 splits.
(iii)) The module Ey is a direct summand of every module of which it is a submodule.

14 Projective Covers

Every module is ahomomorphic image of a projective module, because every module
M is a homomorphic image of the free module R™* . Now we look for the smallest
possible representation of My as a homomorphic image of a projective module.

Definition 14.1 (Projective cover). A projective cover of a module My is a pair
(PR, p) where Py is a projective right R-module and p: P — M is a superfluous
epimorphism (that is, an epimorphism p: P — M with ker p a superfluous submod-
ule of P).

Theorem 14.2 (1) (Fundamental lemma of projective covers) Let (P, p) be a
projective cover of a right R-module M. If Q is a projective module and q: Q —
M is an epimorphism, then Q has a direct-sum decomposition Q = P’ @ P" where
P’ = P, P" Cker(q) and (P, q|p: P — M) is a projective cover.



106 A. Facchini

(2) (Uniqueness of projective covers up to isomorphism) Projective covers, when
they exist, are unique up to isomorphism in the following sense. If (P, p), (Q, q)
are any two projective covers of a right R-module M, there is an isomorphism
h: Q — P suchthat poh =q.

15 Injective Envelopes

A submodule N of a module My, is essential (or large) in M, if, for every submodule
L of Mg, NN L = 0implies L = 0. In this case, we will write N <, Mg.

Exercise 15.1 Show that

(@) fK <N < Mpg,then K <, Mifandonlyif K <, Nand N <, M.

(b) f N,N' < Mg, then NN N’ <, M ifandonlyif N <, M and N’ <, M.

(c) The submodule M is always essential in Mg, when Mg = 0 also.

(d) If f: M — M’isamorphismof R-modulesand N’ <, M’,then f~'(N') <, M.

(e) A submodule N of an R-module M is essential in M if and only if for every
x € M, x # 0, there exists r € R with xr € N and xr # 0.

) Assume Ny <M, <M, N, <M, <M and M = M; & M,. Show that N| &
Ny, <, My & M, if and only if N| <, M| and N, <, M.

A monomorphism f: Np — My is said to be essential if its image f(Ng) is an
essential submodule of Mg.

Exercise 15.2 (a) Show that a monomorphism f: N — M is essential if and only
if for every module L and every morphism g: M — L, if gf is injective, then
g is injective.

(b) Let f: N—- M and g: M — P be two monomorphisms. Show that the com-
posite mapping gf is an essential monomorphism if and only if both f and g
are essential monomorphisms.

Let My be a right R-module. An extension of My is a pair (Ng, f), where Ng
is aright R-module and f: Mg — Ng is a monomorphism. An essential extension
of Mg is an extension (Ng, f) where f: Mg — N is an essential monomorphism.
An extension (Ng, f) of Mg is proper if f is not an isomorphism.

Proposition 15.3 A module My is injective if and only if it does not have proper
essential extensions.

Definition 15.4 An injective envelope of a module My, is a pair (Eg, i), where Eg
is an injective right R-module and i: Mg — Ej is an essential monomorphism.
Equivalently, (Eg, i) is an essential extension of My with Ey an injective module.

For example, if i is the inclusion of Zjy into Qy, then (Qg, i) is an injective
envelope of Zz. Dualizing the proof of the Fundamental lemma of projective covers,
we get the following
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Theorem 15.5 (Fundamental lemma of injective envelopes). Let (E, i) be an injec-
tive envelope of a right R-module M. If F is an injective module and j: M — F
is a monomorphism, then F has a direct-sum decomposition F = F' @ F” where
F' = E, j(M) C F'andifj': Mg — F'isthe mapping obtained from j restricting
the codomain to F', then (F', j') is an injective envelope of M.

Theorem 15.6 Every right R-module has an injective envelope, which is unique
up to isomorphism in the following sense: if (E,i) and (E',i’) are both injective
envelopes of M, then there exists an isomorphism h: E — E’ such that hi = i’.

Theorem 15.7 The following conditions are equivalent for an extension (E, €) of a
right R-module M :

1. (a) (E, ¢) is an injective envelope of M, that is, an essential injective extension
of M.

2. (b) (E, &) is a maximal essential extension of M.

3. (¢) (E, ¢) is a minimal injective extension of M.

16 The Monoid V (R)

Our main example of monoid V(%) is when the category ¥ is the full subcategory
proj- R of Mod- R whose objects are all finitely generated projective right R-modules.
We will denote such a monoid V (proj-R) by V (R). Thus V (R) is a set of representa-
tives of all finitely generated projective right R-modules up to isomorphism. Notice
that V(R) is a set, because every finitely generated projective R-module is isomor-
phic to a direct summand of the module Rgt") . For any finitely generated projective
right R-module Pg, the unique module in V (R) isomorphic to Pg will be denoted
by (Pg). Thus we have a mapping (—): Ob(proj-R) — V(R), with the property
that, for every Pg, Qg € Ob(proj-R), (Pg) = (Qg) if and only if P = Q. The set
V(R) becomes a reduced commutative monoid with respect to the addition defined
by (Pr) + (Qr) = (Pr & Qg) forevery (Pgr), (QOr) € V(R). The element (Rg) of
the monoid V (R) is an order-unit in V (R).

For instance, if R is a semisimple artinian ring, finitely generated (projective)
modules are direct sums of simple modules in a unique way up to isomorphism,
and there are only finitely many simple modules up to isomorphism. Thus V (R) is
a finitely generated free monoid in this case. More precisely, for R a semisimple
artinian ring, we have that V(R) = Njj, where n is the number of simple right R-
modules up to isomorphism.

We have defined V (R) using the category proj- R, that is, right R-modules. Let us
show that if we had taken as ¢ the full subcategory R-proj of R-Mod whose objects
are all finitely generated projective left R-modules, we would have got essentially
the same object, that is, we would have got isomorphic monoids.
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Proposition 16.1 The functor Hom(—, R): proj-R — R-proj is a duality, that is,
an equivalence between the category proj-R and the dual category (R-proj)°P of the
category R-proj.

Proof The functor Hom(—, R) is additive, hence preserves direct summands and
finite direct sums and sends Ry to Hom(Rg, R) = RR.

It immediately follows that the two monoids V (proj-R) and V (R-proj) are
isomorphic via the isomorphism defined by (Pg) — (gkHom(Pg, Rg)) for every
(Pr) € V(R). In other words, if, instead of finitely generated projective right R-
modules, we use finitely generated projective left R-modules, we essentially get the
same monoid V (R). Also notice that the categories proj-R and R°P-proj, where R°P
denotes the opposite ring of R, are isomorphic. Thus V(R) = V(RP).

A right hereditary ring is aring in which every right ideal is projective. Similarly
for left hereditary. There exist right hereditary rings that are not left hereditary. A
hereditary ring is a ring that is both right hereditary and left hereditary. Hereditary
commutative integral domains are called Dedekind domains. For instance, principal
ideal domains are Dedekind domains.

Theorem 16.2 Let R be a right hereditary ring. Then every submodule of a free
right R-module is isomorphic to a direct sum of right ideals of R.

In particular, every (finitely generated) projective right module over a right hered-
itary ring is isomorphic to a direct sum of (finitely many) right ideals of R.

As an example, we now compute the monoid V (R) for a Dedekind domain R.
Let R be a Dedekind domain. By Theorem 16.2, every finitely generated projec-
tive R-module is isomorphic to a direct sum Iy, @ I, ®--- D I, of m > 0 non-
zero ideals Iy, I», ..., I,, of R. Moreover, two direct sums Iy ® I, ® --- P I,, and
eL®- &I, ofnon-zeroideals [;, Ij/. are isomorphic if and only if m = m’ and
nLL...I,=LI... I, [15 Lemma 7.6]. Now every Dedekind domain is noethe-
rian, so that the divisorial fractional ideals of R are the non-zero finitely generated
R-submodules of the field of fractions K of R, and the product / * J in the commu-
tative monoid D(R) of all divisorial fractional ideals of R coincides with the usual
product 7 J for any twoideals I, J of R. As every Dedekind domain is a Krull domain,
the monoid D(R) is a group. Therefore the class group CI(R) of R is the factor group
of the multiplicative group D(R) modulo the subgroup Prin(R) of non-zero principal
fractional ideals. Equivalently, C1(R) is the multiplicative group of all isomorphism
classes of non-zero ideals of the Dedekind domain R. If we map a non-zero element
(AgR) of V(R),with Ag E &L ®---®I,and I, I», ..., I, non-zero ideals of
R, to the pair (m, I I, ... I,), we get an isomorphism of the monoid of non-zero
elements of V(R) onto the direct product N x CI(R) of the additive monoid N of
positive integers and the multiplicatively group CI(R). Thus V(R) turns out to be
isomorphic to the monoid M := (N x CI(R)) U {0}, that is, to the direct product
N x CI(R) to which a zero element is adjoined.

We will now show that the monoids V (R) describe the behavior, as far as direct
sums are concerned, not only of projective modules, but of any module or any set of
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modules. If My is a right module over aring R, let add(Mp) be the full subcategory
of Mod-R whose objects are all modules isomorphic to direct summands of direct
sums M" of finitely many copies of M. For example, proj-R = add(Rg).

We can construct a monoid V (add(Mp)) in a way similar to that in which we
have constructed the monoid V (R). The monoid V (add(My)) is the monoid V (%)
constructed in Sect.4 when % is the full subcategory add(Mg) of Mod-R. More
precisely, we replace Rg with My in the construction of V(R). That is, we fix a
set V(add(Mp)) of representatives of the modules in add(Mpy) up to isomorphism.
Notice that V (add(Mp)) is a set, because every module in add(Mg) is isomorphic
to a direct summand of a direct sum of countably many copies of Mg. For a module
Npg in add(Mp), denote by (Ng) the unique module in V (add(Mg)) isomorphic to
Ng. Then V(add(Mp)) becomes a commutative reduced monoid with respect to the
addition defined by (Ng) 4+ (Ny) = (Ng @ Ny) for all (Ng), (Ng) € V(add(Mp)).
The element (M) is an order-unit in V (add(Mp)). Clearly, the commutative monoid
with order-unit (V (add Mg), (M)) is the algebraic object that describes the behavior
of all direct-sum decompositions of the module M.

Given aring §, let Proj-S denote the full subcategory of Mod-S whose objects are
all projective right S-modules. If M is a right S-module, let Add (M) denote the full
subcategory of Mod-S whose objects are all modules isomorphic to direct summands
of direct sums of copies of M. Let Mg be aright S-module and let E = End(Mjy) be
its endomorphism ring, so that g My is a bimodule.

Theorem 16.3 The functors
Homg(M, —): Mod-S — Mod-E and — ®gM: Mod-E — Mod-S

induce an equivalence between the full subcategory add(My) of Mod-S and the full
subcategory proj-E of Mod-E. In particular, the monoids with order-unit

(V(add(My)), (Mg)) and  (V(E), (Eg))

are isomorphic. Moreover, if My is finitely generated, they induce an equivalence
between the full subcategory Add(Ms) of Mod-S and the full subcategory Proj-E of
Mod-E. ]

The Grothendieck group G(V (R)) of the monoid V(R) is usually denoted by
Ko(R). We conclude with three examples.

Example 16.4 (1) Suppose that the ring R is a division ring, or more generally
a local ring, that is, a ring with a unique maximal right ideal. Over such a ring
every projective module is free of unique rank (local rings are IBN). Therefore
proj-R = ¥, and V(R) = Ny, so Kyp(R) = Z.

(2) For an arbitrary field F and arbitrarily fixed integers k > O andn > 1, itis pos-
sible to construct associative F-algebras R (called Leavitt algebras) over which
every finitely generated projective module is free and for which the congruence
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~ of Ny defined, for every n, m € Ny, by n ~ m if R, = R}, is exactly the con-
gruence ~y ,. See Sect. 8. Therefore, for such rings R, one has proj-R = ¥, and
V(R) = Ny/ ~k.»- The Grothendieck group G (M) of the monoid M = Ny/~¢ ,
is the cyclic group G(M) = Z/nZ, and the canonical mapping M — G (M) is the
mapping No/~ ,— Z/nZ, [t]~,, — t + nZ for every integer t > 0.

Example 16.5 Aring R is semilocal if R/J (R) is semisimple artinian. It is possible
to prove thatif R is semilocal, then V (R) is a finitely generated reduced Krull monoid
[8, Corollary 3.30]. If M is an artinian right module over an arbitrary ring R, then the
endomorphismring E := End(Mpy) is asemilocal ring, so that V (add(My)) = V(E)
is a finitely generated reduced Krull monoid [8, p. 107].
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Chapter 4 ®)
An Introduction to Regular Categories s

Marino Gran

Abstract This paper provides a short introduction to the notion of regular category
and its use in categorical algebra. We first prove some of its basic properties, and
consider some fundamental algebraic examples. We then analyse the algebraic prop-
erties of the categories satisfying the additional Mal’tsev axiom, and then the weaker
Goursat axiom. These latter contexts can be seen as the categorical counterparts of
the properties of 2-permutability and of 3-permutability of congruences in universal
algebra. Mal’tsev and Goursat categories have been intensively studied in the last
years: we present here some of their basic properties, which are useful to read more
advanced texts in categorical algebra.

Keywords Regular category + Mal’tsev category - Goursat category * Variety of
algebras + Mal’tsev conditions

Math. Subj. Classification 18E08 - 18E13 - 18C05 - 08B05

Introduction

In categorical algebra some structural properties of varieties of universal algebras are
investigated by replacing the arguments involving elements of an algebraic structure
and its operations with other ones using relations and commutative diagrams. A
typical example is provided by the study of Mal’tsev categories [11], which can
be seen as the categorical counterpart of Mal’tsev varieties (in the sense of [37]),
also called 2-permutable varieties in the literature. Instead of requiring the existence,
in the algebraic theory of the variety, of a ternary term p(x, y, z) verifying the
identities p(x,y,y) = x and p(x, x, y) =y, one asks that any internal reflexive
relation in the category is an equivalence relation. This categorical property, with its
many equivalent formulations, has turned out to be strong enough to establish, in the
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regular context, many of the well known properties of Mal’tsev varieties (see [8] for
arecent survey on the subject, and the references therein).

This survey article can be seen as a first introduction to the basic categorical
notions which are useful to express the exactness properties of various kinds of
algebraic varieties in the sense of universal algebra. The main goal of this text is
to introduce the reader to the notion of regular category, which is fundamental
in category theory, since abelian categories, elementary toposes and varieties of
universal algebras are all regular categories. Special attention will be paid to the
so-called calculus of relations, which provides a powerful method to prove results in
regular categories, possibly satisfying some additional exactness conditions. A good
knowledge of the fundamentals of regular categories is useful to understand many
of the recent developments in categorical algebra. The Mal’tsev axiom gives the
opportunity to illustrate this method: in a regular category this axiom is equivalent to
the permutability of the composition of equivalence relations, in the sense that any
pair R and S of equivalence relations on a given object are such that Ro S = S o R.
Some recent results concerning the more general Goursat categories [10, 21] will
then be explained in the last section. These aspects are useful to illustrate many of
the links between exactness properties in categorical algebra, the so-called Mal’tsev
conditions in universal algebra, and the validity of suitable homological lemmas [18,
19, 32].

1 Regular Categories

The notion of regular category plays an important role in the categorical understand-
ing of algebraic structures. Regular categories capture some fundamental exactness
properties shared by the categories Set of sets, Grp of groups, Ab of abelian groups,
R-Mod of modules on a commutative ring R and, more generally, by any variety 7
of universal algebras. Topological models of “good” algebraic theories, such as the
categories Grp(Top) of topological groups and Grp(Comp) of compact Hausdorff
groups are also regular. Other examples will be considered later on in Sects. 1.3 and
3.1. The basic idea is that any arrow in a regular category can be factorized through an
(essentially unique) image, and that these factorizations are stable under pullbacks.

Regular categories also have a prominent role in categorical logic (see [30], for
instance, and the references therein). However, in this introductory course we shall
only focus on the algebraic examples, with the goal of illustrating the importance of
regular categories in categorical algebra.

In order to understand the notion of regular category it is useful to compare a few
types of epimorphisms: this will be the subject of the following section (see [7] for
further details).
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1.1 Strong and Regular Epimorphisms

Definition 1.1 An arrow f: A — B in a category & is a strong epimorphism if,
given any commutative square

8 h

~—™

f
E——
t
P .
_
m

A=<—>n

S

in €, where m: C — D is a monomorphism, there exists a unique arrow t: B — C
suchthatmot =handto f = g.

Remark 1.2 If the category € has binary products, then every strong epimor-
phism is an epimorphism. Indeed, if f: A — B is a strong epimorphism, and
u,v: B — C are two arrows such that u o f = v o f, one can then consider the
diagonal (1¢, 1¢) = A: C — C x C and the commutative square

Since A is a monomorphism, there is a unique 7: B — C such that A ot = (u, v)
andfro f =uo f =wvo f.Itfollows that

u=prou,v)=poAot=t=proAot=pro(u,v)=uv,

where p;: C x C — C and p,: C x C — C are the product projections.

Lemma 1.3 An arrow f: A — B is an isomorphism ifand only if f: A — Bisa
monomorphism and a strong epimorphism.

Proof If f is both a strong epimorphism and a monomorphism, one considers the
commutative square

A

A

The unique (dotted) arrow 7: B — A such that fofr =1p and t o f = 1, is the
inverse of f. The converse implication is obvious. O

}
\l l\
W-%Oa
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Exercise 1.4 Prove that strong epimorphisms are closed under composition, and
that, if the composite g o f of two composable arrows is a strong epimorphism, then
g is a strong epimorphism. Show that if g o f is a strong epimorphism, with g a
monomorphism, then g is an isomorphism.

Definition 1.5 Anarrow f: A — B isaregular epimorphism if it is the coequalizer
of two arrows in €.

Exercise 1.6 Prove that any regular epimorphism is an epimorphism.

Definition 1.7 A split epimorphism is an arrow f: A — B such that there is an
arrowi: B — A with foi = 1p.

Observe that the axiom of choice in the category Set says precisely that any epimor-
phism is a split epimorphism. This is not the case in the categories Grp of groups or
Ab of abelian groups, for instance. We are now going to prove the following chain
of implications:

Proposition 1.8 Let € be a category with binary products. One then has the impli-
cations
split epimorphism = regular epimorphism = strong epimorphism = epimorphism

Proof If f: A — B issplitby anarrowi: B — A, then f is the coequalizer of 1,4
andi o f.Indeed, one seesthat f o (i o f) = f = f o 14. Moreover, ifg: A > X
issuch that g o (i o f) = g o 14, then ¢ = g o is the only arrow with the property
thatp o f = g.

Assume then that f: A — B is aregular epimorphism. It is then the coequalizer
of two arrows, say u: T — A and v: T — A: consider the commutative diagram

f
—_—

~—W
=

a<="—n

£

m
with m a monomorphism. The equalities
mogou=~ho fou=hofov=mogouv

imply that g o u = g o v. The universal property of the coequalizer f implies that
there is a unique 7: B — C such that t o f = g. This arrow ¢ is also such that
m ot = h, so that f is a strong epimorphism.

The fact that any strong epimorphism is an epimorphism when € has binary
products has been shown in Remark 1.2. O
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1.2 Quotients in Algebraic Categories

Let us then consider some examples of guotients in the categories of sets, of groups
and of topological groups, which will be useful to explain the general construction
in regular categories.

Let f: A — B be amap in Set, and

Eq(f) ={(x,y) e Ax A| f(x) = f(»)}

its kernel pair, i.e. the equivalence relation on A identifying the elements of A
having the same image by f. This equivalence relation can be obtained by building
the pullback of f along f:

Eq(f) 22— A (4.1.)

T

A——— B.

I

Exercise 1.9 Show that any regular epimorphism f in a category with kernel pairs
is the coequalizer of its kernel pair (Eq(f), p1, p2).

In the category Set of sets one sees that the canonical quotient 7: A — A/Eq(f)
defined by w(a) = a is the coequalizer of p; and p,. This yields a unique arrow
i: A/Eq(f) — Bsuchthati om = f:

P1
Eq(f)?-A B
2
T i

A/Eq(f)

The map i is defined by i (@) = f(a) foranya € A/Eq(f). This gives a factorization
i o r of the arrow f, where 7 is a regular epimorphism (= a surjective map) and i is
a monomorphism (= an injective map) in the category Set.

The same construction is possible in the category Grp of groups. Indeed, given a
group homomorphism f: G — G’, one can consider the kernel pair Eq( /) which is
again obtained by the pullback (4.1.i) above, but this time computed in the category
Grp. The equivalence relation Eq( f) is a group, as a subgroup of the product G x G
of the group G with itself. The canonical quotient 7: G — G/Eq(f) is a group
homomorphism, and this allows one to build the following commutative diagram in

Grp
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P
Eq(f) *7 G

G/Eq(f),

where 7 is a regular epimorphism and i is a monomorphism, exactly as in Set.

In the category Grp(Top) of topological groups, where the arrows are contin-
uous homomorphisms, it is again possible to obtain the same kind of factoriza-
tion regular epimorphism-monomorphism for any arrow. We write (G, -, 7g) for
a topological group, where 7 is the topology making both the multiplication -
and the inversion of the group continuous. Given a continuous homomorphism
f:(G,-, 1) = (G, -, 1g") in Grp(Top), the kernel pair (Eq(f), -, 7;) is a topo-
logical group for the topology t; induced by the product topology 7« ¢ of the topo-
logical group (G x G, -, Tgxc). At the algebraic level the quotients in Grp(Top) are
actually computed as in Grp, and then equipped with the quotient topology z,. In
this way one gets the following commutative diagram

(Eq(f). 1) Z: G. - ) d (G, 16)

(G/EQ(f)’ ) Tq)

where 7 is the canonical quotient. It turns out that 7 is the coequalizer of the pro-
jections p; and p; in Grp(Top), and the induced arrow

i (G/Eq(f)v © Tq) g (G/’ ) TG/)

is a monomorphism (since it is injective). Note that this factorization is not the one
where the direct image f(G) of the continuous homomorphism is equipped with the
subspace topology induced by the topology of (G’, -, 15/).

There are many other categories where the same construction as in Set, Grp and
Grp(Top) is possible, for instance in the category Rng of rings, Mon of monoids,
Ab of abelian groups and, more generally, in any variety 7" of universal algebras.

All these are examples of regular categories in the following sense:

Definition 1.10 [2] A finitely complete category € is regular if

e coequalizers of kernel pairs exist in G;
e regular epimorphisms are pullback stable in 6.
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1.3 Examples of Regular Categories

e The category Set is regular. We have observed that the coequalizers of kernel pairs
existin Set, and it remains to check the pullback stability of regular epimorphisms.
Consider a pullback

ExzgA—"5A

I

E———>
p

in Set where p is a surjective map (i.e. a regular epimorphism), and let us show that
7, is also surjective. Let a be an element in A; there exists then an e € E such that
p(e) = f(a). This shows that there is an (e, a) € E xp A such that my(e, a) = a,
and 1, is surjective. The same argument still works in the category Grp of groups,
by taking into account the fact that regular epimorphisms therein are precisely the
surjective homomorphisms, and that pullbacks are computed in Grp as in Set.
For essentially the same reason the categories Rng of rings, Mon of monoids, and
R-Mod of modules on a ring R are also regular categories. More generally, any
variety 7" of universal algebras is a regular category, any quasivariety—such as
the category Abys, of torsion-free abelian groups—and also any category monadic
over the category of sets, as for instance the category CHaus of compact Hausdorff
spaces, and the category Frm of frames.

e The category Grp(Top) of topological groups is regular [10]. The main point here
is that the canonical quotient 7 : (H, -, Ty) — (H/Eq(f), -, 7,) of a topological
group (H, -, Ty) by the equivalence relation (Eq(f), -, ;) which is the kernel
pair of an arrow f: (H, -, ty) — (G, -, Tc) in Grp(Top) is an open surjective
homomorphism. To check this latter fact, let us write K = ker(;r) for the kernel
of 7, and let us then show that

a Y @(V)=V-K

for any open V € ty. On the one hand if z = v - k, where v € V and k € K, one
has
@) =nr@-k)=n) nk) =nm)enx(V),

so that z € 7! (7w (V)). Conversely, if z € 7~ (7 (V)), then 7 (z) = m(v;), for a
v € V,sothatvf1 -z€eK,andz =v, -k, forak € K.
This implies that
@)y =V ke

keK

Indeed, the functionmy : G — G defined by my(x) = x - kforany x € G (with fixed
k € K) is a homeomorphism, hence V - k = m; (V) € ty, since V € 7. We have
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then shown that 7 (V) is open for any V € 1y, and the map 7 is open. It follows
that in Grp(Top) the regular epimorphisms are the open surjective homomorphisms.
To conclude that Grp(Top) is a regular category it suffices to recall that the open
surjective homomorphisms are pullback stable (a well known fact which can be
easily checked). More generally, the models of any Mal’tsev theory in the category
of topological spaces, i.e. any category of topological Mal’tsev algebras, is a regular
category [31]. Notice that also the category Grp(Haus) of Hausdorff groups, or
Grp(Comp) of compact Hausdorff groups are regular [4] (see also [13] for the
categorical properties of topological semi-abelian algebras).

As mentioned in the Introduction any abelian category [9] is a regular category, as
is any elementary topos [30].

The category Top of topological spaces, unlike Grp(Top), is not regular. The main
reason is that in Top regular epimorphisms are quotient maps, and these are not
pullback stable (see [3] for a counter-example, for instance).

1.4 Canonical Factorization

We are now going to show that any arrow in a regular category has a canonical
factorization as a regular epimorphism followed by a monomorphism, exactly as in
the examples of the categories Set, Grp and Grp(Top) recalled here above.

Theorem 1.11 Let € be a regular category. Then

1. any arrow f: A — B in € has a factorization f = m o q, with q a regular
epimorphism and m a monomorphism;
2. this factorization is unique (up to isomorphism).

Proof 1.Let f: A — B be an arrow in €. Consider the diagram here below where
(Eq(f), fi1, f2) is the kernel pair of f, g is the coequalizer of (fi, f>), and m
the unique arrow such thatm o g = f.

f
Eq(f) —= A 151 (4.1.ii)
f
Ny
B

We need to show that m is a monomorphism or, equivalently, that the projec-
tions p;: Eq(m) — I and p,: Eq(m) — I of the kernel pair of m are equal.
For this, consider the diagram
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Eq(f) —2—= Eq(m) x; A —=—>

:

A x Eq(m) . Eq(m) —
¢1\L Pll
A 1
q m

where all the squares are pullbacks. We know that the whole square is then
a pullback, so that one can assume that f; = ¢ oa and f, = m, 0o b. The
arrow ¢, o a = m; o bisthen an epimorphism, as acomposite of epimorphisms
(we have used the pullback stability of regular epimorphisms). The fact that
¢10a = f) and m o b = f, implies that

pro($roa)=gogioa=gqo fi=qofr=qomob=promob=pro(pr0a).

Since ¢, o a is an epimorphism, it follows that p; = p,, as desired.

2. To prove the uniqueness of the factorization one can use the fact that any

regular epimorphism is a strong epimorphism.

O

Remark 1.12 The uniqueness of the factorization of any arrow f in Theorem 1.11
allows one to call the subobject m: I — B in diagram (4.1.ii) the (regular) image

of f.

Proposition 1.13 In a regular category € the following properties are satisfied:

1.

regular epimorphisms coincide with strong epimorphisms;

2. if g o f is a regular epimorphism, then g is a regular epimorphism;
3.
4. if f: X > Yandg: X' — Y’ are regular epimorphisms, then the induced arrow

if g and f are regular epimorphisms, then g o f is a regular epimorphism;

fxg: XxX — Y xY isalso a regular epimorphism.

Proof 1. One needs to check that any strong epimorphism f: A — B is a regular

epimorphism. Consider the factorization f = m o g of a strong epimorphism,
with m a monomorphism and g a regular epimorphism (Theorem 1.11). The
commutativity of the diagram

5

_ >

A B
| o]
q 1p
1< B

- =
m
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yields a unique arrow d: B — I such thatd o f = ¢ and m od = 1. This
arrow d is the inverse of m, and f is then a regular epimorphism.
2. Follows from 1. and the properties of strong epimorphisms (Exercises 1.4).
Same argument as for 2.
4. If f: X — Y is aregular epimorphism, consider the commutative diagram

b

Xxx Moy x
7f1¢ ¢7T1
X— .y
f

which is easily seen to be a pullback. The arrow f X 1y is then a regular
epimorphism and, similarly, one checks that 1y x g is a regular epimorphism.
Since f x g = (1y x g) o (f X ly),thisarrow is aregular epimorphism by 3.

O
We are now going to give an equivalent formulation of the notion of regular
category:

Theorem 1.14 Let € be a finitely complete category. Then € is a regular category
if and only if

1. any arrow in € factorizes as a regular epimorphism followed by a monomor-
phism;

2. these factorizations are pullback stable: if m o q is the factorization of an arrow
p: E— B, f: A — B any arrow, and the squares

ExgA—1sE xz A"~ A

d b

E E’ B

q m

are pullbacks, then m’ o q’ is the factorization of the pullback projection
M E xp A — A

Proof When € is regular, 1. and 2. follow from Theorem 1.11.
For the converse, it is clear that 2. implies that regular epimorphisms are pullback
stable. It remains to show that any kernel pair

f
Eq(f) ___X (4.1.iii)
h

of anarrow f: X — Y has acoequalizer. For this consider the regular epimorphism-
monomorphism factorization m o g of f (which exists by 1.), and observe that
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(4.1.iii) is also the kernel pair of the regular epimorphism ¢, since m is a monomor-

phism. The arrow ¢ is then the coequalizer of its kernel pair (4.1.iii) (see Exercise
1.9). O

1.5 The Barr-Kock Theorem

The following result will be useful to prove the so-called Barr-Kock Theorem:

Lemma 1.15 Consider a commutative diagram

in a regular category G, where the left-hand square and the external rectangle are
pullbacks. If k' is a regular epimorphism, then the right-hand square is a pullback.

Proof Consider the commutative diagram

A £ B - : c
“ , %‘L . \\1
a A/XCCﬁ-B/Xc/Cﬁ-C
A | A
A - B ; c’

where (B’ x¢ C, mr{, m}) is the pullback of I’ and ¢, and (A" x¢ C, 7y, m>) is the
pullback of k" and 7, with & and g the naturally induced arrows. The fact that the
external rectangle is a pullback implies that the arrow « is an isomorphism. The
arrow 7, is a regular epimorphism (because k' is one), so that m, oox = B ok is a
regular epimorphism, and then B is a regular epimorphism (see Proposition 1.13).
The arrow S is a monomorphism: this follows from the fact that the square

A%—B

! |

A’ XC/C?-B/XC/C

is a pullback, so that both the induced commutative squares
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Eq(a) >Eq(B)

I

AT—B

are pullbacks, where the (unique) dotted arrow making them commute is then a (regu-
lar) epimorphism. The arrows p;: Eq(e) — A and p,: Eq(a) — A are equal (since
« is amonomorphism), so that the projections p; : Eq(8) — B and p,: Eq(8) — B
are also equal, and then § is a monomorphism. O

We are now ready to prove the following interesting result, often referred to as
the Barr-Kock Theorem [1], although it was first observed by A. Grothendieck [24]
in a different context (see also [7]):

Theorem 1.16 Let € be a regular category, and

Bq(f) _— _ I — )[
Eq(g) B — Y

a commutative diagram with f a regular epimorphism. If either of the left-hand
commutative squares are pullbacks, then the right-hand square is a pullback.

Proof Consider the following commutative diagram

Eq(f) —2—— A

~,_ 1)

B

X
Eq(g) " -8B lw
—Y

8

The assumptions guarantee that the left-hand face and the bottom face of the cube
are pullbacks. By commutativity it follows that the rectangle
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Eq(f) 2>~ A—“~B

T

A——X——->7Y

is also a pullback, as well as its left-hand square. Since f is a regular epimorphism,
by Lemma 1.15 it follows that the right-hand square is a pullback. O

2 Relations in Regular Categories

Definition 2.1 An internal relation from X to Y in a category € is a graph

R
N
X Y

such that the pair (71, ;) is jointly monomorphic. When the product X x Y exists, this
is equivalent to the fact that the factorization (r;, ;) : R — X x Y is a monomor-
phism.

As usual, we identify two (internal) relations R — X x Y and § — X x Y when
they determine the same subobject of X x Y, i.e. the same equivalence class of
monomorphisms with codomain X x Y. If X =Y, one says that R is a relation
on X.

e Arelation R on X is reflexive when there is an arrow § : X — R suchthatr; 0§ =
1X =710 é.

e R is symmetric if there is an arrow 0 : R — R suchthatrioo =randr,oo =
ry.

e Consider the pullback

RxyR—"=R

R——
n

The relation R is transitive if thereisanarrow 7 : R Xy R — Rsuchthatrjot =
ri1 o pq andrzorzrzopz.

Arelation R on X is an equivalence relation if R is reflexive, symmetric and transitive.
Of course, this abstract notion of equivalence relation gives in particular the usual
one when % is the category of sets.
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When € = Grp, an equivalence relation R C X x X in Grp is an equivalence
relation on the underlying set of X which is also a subgroup of the group X x X. In
universal algebra, an internal equivalence relation in a variety is called a congruence.
P1

Lemma 2.2 In a category with pullbacks the kernel pair Eq(f) X ofan
P2

arrow f : X — Y is an equivalence relation on X in 6.

Proof The arrows p;: Eq(f) — X and p,: Eq(f) — X are jointly monomorphic,
since they are projections of a pullback. The universal property of the kernel pair
(Eq(f), p1, p2) implies that there is a unique 6: X — Eq(f) such that p; 0§ =
lx = p2o 1)

X—Y

and Eq(f) is then reflexive. Similarly, the commutativity of the external part of the
diagram

Eq(f)

X
|
Y

implies that there is a unique arrow o : Eq(f) — Eq(f) such that p; o 0 = p, and
p2 o0 = pi, hence Eq(f) is symmetric. For the transitivity of Eq( f) one considers
the following commutative diagram

f

Eq(f) xx Eq(f) — = Eq(f)
T P2
i Eq(f) = X
Pi
Eq(f) 2 .x f
lﬁ]
X Y
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where the back face is a pullback. The universal property of the kernel pair
(Eq(f), p1, p2) shows that there is a unique 7 such that p; ot = p; om; and
P2O0T = ppomy. O

An important aspect of regular categories is that in these categories one can define
a composition of relations, which has some nice properties.

In the category Set, if R — X x Y is arelation from XtoY and § - Y x Z a
relation from Y to Z, one usually defines the relation S o R — X x Z by setting

SoR={(x,z) € X x Zsuchthat3y € Y withxRy, ySz}.

This construction is also possible in any regular category €, thanks to the existence
of regular images (Theorem 1.11). One first builds the pullback

RXY

R% k\9

and one then factorizes the arrow (r; o, s o m3): R Xy S — X x Z as aregular
epimorphism g: R xy S — [ followed by a monomorphismi: I — X x Z:

RxyS—t-1—"sXx2Z

In Set, the set I consists of the element (x, z) € X x Z suchthatthereisa (u, y, v) €
R xy S with u = x and v = z: this is precisely S o R.
This composition is actually associative:

Theorem 2.3 Let € be a regular category. f R > A X B, S — BxCand T —
C x D are relations in G, one has the equality

To(SoR)=(ToS)oR.

Proof Consider the diagram obtained by building the following pullbacks:
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X
R XB S S Xc T
R S T
VONST OTN
A B C D.
The proof consists in showing that the relations 7 o (S o R) and (T o S) o R are both
given by the regular image i : / — A X D in the factorization

as a regular epimorphism followed by a monomorphism of the arrow
(riopiox;,hogroxy): X - A X D.

We leave it to the reader the verification of this fact, which uses the pullback stability
of regular epimorphisms in a crucial way. O

This result allows one to define a new category starting from any regular category
€, the category Rel(®) of relations in €. The objects are the same as the ones in
@, an arrow from X to Y is simply a relation from X to Y, and composition is the
relational one defined above. For any relation R from X to Y the discrete relation
(also called the equality relation) on X

1
Ay: X —=

Ix

is such that R o Ax = R, and for any relation S from Zto X onehas Ay o S = S. It
follows that the arrow A x in Rel(®) is the identity on the object X for the composition
in Rel(®).

There is a faithful functor I : € — Rel(€), where I'(f) is the graphof f: X —

Y, seen as a relation:
X
N
X Y.

From now on we shall write 1y for the discrete relation on X, which can also be seen
as the relation I'(1y).
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Remark 2.4 Rel(®)isnotonly a category, but a (locally ordered) 2-category. Indeed,
there is a natural partial ordering on its arrows, since the relations from X to Y are
the subobjects of a fixed object X x Y of €. This order is also compatible with the
composition: if R < S,then R o T < S o T whenever these composites are defined.
This is the main argument to show that Rel(%) is a 2-category, which is actually
locally-ordered: between any two arrows (or 1-cells) there is at most one 2-cell, and
the only invertible 2-cells are the identities (see [30] for more details).

3 Calculus of Relations and Mal’tsev Categories

In this section we shall always assume that the category € is regular.
Given a relation R = (R, r1, 1)

R
N
X Y

from X to Y, we write R° = (R, r,, r1) for the opposite relation from Y to X:

R
N
Y X.

Of course (R°)° = R. It is easy to see that a relation R is symmetric if and only
if R = R°. Additionally, a relation R is transitive when R o R < R. Moreover, in a
regular category, any relation (R, r1, r2) can be seen as the composite R = r; o r7.
By definition of the composition of relations, the relation (X xy Z, p;, p2) in a
pullback

XxyZ-s7

X ——

f

can be written as g° o f. We leave the verification of the following properties to the
reader:

Lemma 3.1 In a regular category 6 :

1. any kernel pair (Eq(f), fi, f>) ofanarrow f: X — Y can be writtenas f° o f;
2. f: X — Y is a regular epimorphism if and only if f o f° = ly;
3. f: X — Y is a monomorphism if and only if f° o f = 1x.
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The relations that are “maps”, i.e. of the form

X
N
X Y,

for some arrow f in &, have the following additional property:

(4.3.0)

Lemma 3.2 Any relation of the form (4.3.i) is difunctional:
foftof=1.

Proof The relation f o f°o f = f is obtained as the regular image of the external
graph in the following diagram,

Eq(f)

which is simply the regular image of the graph

Eq(/f)

NG

X Y.

Since p;: Eq(f) — X is a split epimorphism, thus in particular a regular epimor-
phism (by Proposition 1.8), we see that the relation f o f° o f is given by the relation
(1x, f) in the commutative diagram

Eq(f)
S
P
Y
X X —7,
Ix f

as desired. O
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In the category of sets the notion of difunctional relation was first introduced by
J. Riguet [36]. A relation R is difunctional if the fact that (x, y) € R, (z,y) € R and
(z,u) € R implies that (x, u) € R. This property can be expressed in any regular
category as follows:

Definition 3.3 Arelation (R, 7, ;) from X to Y in aregular category is difunctional
if
RoR°oR=R.

The following notion was introduced by A. Carboni, J. Lambek and M.C. Pedicchio
in [11], and it has been investigated in several articles in the last 30 years.

Definition 3.4 A finitely complete category € is called a Mal’tsev category if any
internal reflexive relation in € is an equivalence relation.

The following characterization of regular Mal’tsev categories can be found in [11]
(see also [34]). It is an example of a proof using the so-called calculus of relations.

Theorem 3.5 Let € be a regular category. Then the following conditions are equiv-
alent:

1. for any pair of equivalence relations R and S on any object X in G,
S o R is an equivalence relation;
2. for any pair of equivalence relations R and S on any object X in 6,
SoR=RoS;
3. for any pair of kernel pairs Eq(f) and Eq(g) on any object X in €,
Eq(g) o Eq(f) = Eq(f) o Eq(g);
any relation U from X to Y in € is difunctional;
any reflexive relation R on an object X in € is an equivalence relation;
any reflexive relation R on an object X in € is symmetric;
any reflexive relation R on an object X in € is transitive.

NS A

Proof 1. = 2. By assumption the relation S o R is an equivalence relation, thus
it is symmetric:

(SoR)°=SoR.
Since both S and R are symmetric it follows that
RoS=R°0S°=(SoR)°=S8SoR.
2. = 3. Obvious, since any kernel pair is an equivalence relation (Lemma 2.2).
3. = 4. Anyrelation (U, u, u,) can be written as U = u; o uf. The assumption
implies that the kernel pairs Eq(u;) and Eq(u;) of the projections commute in

the sense of the composition of relations (on the object U):

(u3 ouz) o (uj ouy) = (uj ouy) o (u; ous).
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By keeping in mind that the relations u; and u; are difunctional (by Lemma 3.2)
it follows that

U=uyouj
= (upoujoup)o(ujoujoui)
=uy o (u3ouy)o(ujouy)ou;
= up o (ujouy) o (u;ouy)ou]
= (up ou}) o (uy ou3) o (uz ouy)
=UoU°oU.

4. = 5.Let (U, uy, uy) be a reflexive relation on an object X, so that 1y < U.
By difunctionality we have:

U°=1x0U°0ly <UoU°oU=U,

showing that U is symmetric. On the other hand:
UoU=UolxyoU<UoU°cU=U,

and U is transitive.

5. = 6. Clear.

6. = 1. First observe that S o R is reflexive, since both S and R are reflexive:

Iy =1x0lx <SoR.
By assumption the relation S o R is then symmetric, so that
RoS=R°08°=(SoR)°=SoR.
The relation S o R is transitive:

SoR=(SoS)o(RoR)=So(SoR)oR=So0(RoS)oR=SoRoSoR.

Observe that 5. = 7. is obvious, and let us prove that 7. = 4. Let U = u o uj
be any relation from X to Y. The relation

U3 0uyouj ou
is reflexive, thus it is transitive by assumption. This gives the equality

(u5ouroujour)o(uyouroulou) =1u;0upoujouy,
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yielding
Up OUS O U OUTOUI OUF OUYOUTOUIOU] = Uy OUFO0UYOUT OUIOUS.
By difunctionality of u, and u} we conclude that
Upoujou;ou;ouUyou] =uouy,

and
UoU°oU =U.

3.1 Examples of Mal’tsev Categories

The categories Grp, Ab, R-Mod, Rng and Grp(Top) are all Mal’tsev categories. By
Theorem 3.5 to see this it suffices to show that any (internal) reflexive relation R
on any object X in these categories is symmetric. Let us check this property for the
category Grp of groups: given an element (x, y) of a reflexive relation R which is
also a subgroup of X x X, we know that its inverse (x~!, y~!) is also in R and, by
reflexivity, both (x, x) and (y, y) belong to R. It follows that

LX) -y ey =@-xhoyxyThoy) =(rx) R

and Grp is a Mal’tsev category. An inspection of the proof for Grp shows that the
argument is still valid if the theory of an algebraic variety has a term p(x, y, z) such
that p(x, y, y) = x and p(x, x, y) = y. Varieties of algebras having such a ternary
term p are called Mal’tsev varieties [37], or 2-permutable varieties, and the term p a
Mal’tsev operation. This terminology is motivated by the famous Mal’tsev theorem
asserting that a variety 7 of algebras has the property that each pair R and S of
congruences on an algebra A in 7 permute, i.e. R oS = S o R if and only if its
theory has a ternary Mal’tsev operation [33].

Of course, any variety of algebras whose theory contains the operations and iden-
tities of the theory of groups is a Mal’tsev variety.

For a different example, consider the variety QGrp of quasigroups [37]: its alge-
braic theory has a multiplication -, a left division \ and a right division / such that
N\x-y)=y,(x-y)/y=x,x-(x\y)=yand (x/y) -y = x.

A Mal’tsev operation for the theory of quasigroups is given by the term

px,y,2) = (x/(Y\y) - (Y\2),

since
px,y,y) = x/(\y) - (y\y) =x,
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and

p(x,x, ) = (x/(x\x)) - (x\y) = (x - (x\x)/(x\x)) - (x\y) = x - (x\y) = y.

The category Heyt of Heyting algebras is a Mal’tsev variety [29], with a Mal’tsev
operation defined by the term

px,y,2) =((x = y) > DAz —>y) = x).

For the axioms and basic properties of Heyting algebras we refer the reader to [29], or
to the Chapter Notes on point-free topology [35] in this volume. One observes that

px,x,y) =((x > x) > Ay > x) => x)
=1 —=>yAy—>x)—>x)
=yA({(y > x) > Xx)
=Yy

and

px,y,y) =((x > y) > AUy > y) > x)
=((x—=>y)—=> Al —>x)
=((x—=>y)—>yAx

= X.

Other examples of regular Mal’tsev categories are: any regular additive category,
therefore in particular any abelian category [9], and the dual of any elementary topos
[10]. The category of C*-algebras and the category Hopfy .. of cocommutative
Hopf algebras over a field K are also regular Mal’tsev categories [22, 23].

On the other hand, the categories Set of sets and Mon of monoids are regular
categories which are not Mal’tsev ones. Indeed, the usual order relation < on N is
an internal reflexive relation (both in Set and in Mon) which is not symmetric.

3.2 Regular Pushouts

An important property of regular Mal’tsev categories is expressed in terms of dia-
grams of the form

H—

[

*>B

(4.3.ii)

D;Q
—
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where dog = foc,cot=s0d, got=1p, fos=1p, c and d are regular
epimorphisms. As observed in [15] such a square is always a pushout. The following
result is due to D. Bourn (see also [10]): here we give an alternative proof using the
calculus of relations as in [19]:

Proposition 3.6 [6] A regular category € is a Mal’tsev category if and only if
any pushout of the form (4.3.i1) has the property that the canonical morphism
(g,¢): C — D xp A to the pullback of d and f is a regular epimorphism.

Proof The relation (D xpg A, p1, p>) which is the pullback of d and f can be
expressed as the composite f° o d. The regular image of (g,c): C — D xp A is
c o g°, so that (g, ¢) is a regular epimorphism if and only if f° od = c o g°. Now,
the regular image g(Eq(c)) of Eq(c) along g is defined as the regular image of the
arrow g X g o (p1, p2): Eq(c) — B x B, i.e. the subobject of B x B determined
by the right-hand vertical arrow in the following commutative diagram

Eq(c) — g(Eq(0))

(PlaPZ)\L J/

DxD——=B x B.
8X8

The commutativity conditions on the square (4.3.ii) imply that this relation is Eq(d):
8(Eq(c)) = Eq(d).
In a regular category this condition can be expressed by the equality
goc®ocog®=d’od.
Since ¢ o ¢® = 1,4 by Lemma 3.1 it follows that

ffod=coc’of°od
=cogod’od
=cog°o(goc®ocog®)
=coc’ocog’ogog’

=cog°,
where the fourth equality follows from the Mal’tsev assumption:
g°ogoc®oc=Eq(g) oEq(c) =Eq(c) oEq(g) =c°ocog’og.
For the converse, by Theorem 3.5 it suffices to show that any pair of equivalence

relations Eq(f) and Eq(g) which are kernel pairs of two arrows f and g permute.
Note that there is no restriction in assuming that f and g are regular epimorphisms,
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thanks to Theorem 1.11. Consider the kernel pair (Eq(f), fi, f>) of f: X — Y and
the kernel pair (Eq(g), g1, g2) of g: X — Z. We then consider the regular image of
Eq(f) along g inducing the following commutative diagram

Eq(f) —— g(Eq(f)) (4.3.iii)

A

X4g>Z,

and observe that the assumption implies that f, o y° = g°ormandy o f =rj o g.
We then have the following identities:

Eq(f)oEq(g) = fo0 f{og°0g
= fooy®orfog
=g°oryorjog
=g°omnoyo fy
=g°ogo fro f7.
= Eq(g) o Eq(/).

4 Goursat Categories

In universal algebra a weaker property than the Mal’tsev axiom is the so-called 3-
permutability of congruences. Given any two congruences R and S on an algebra A
in a variety 7/, the following equality holds:

RoSoR=SoRoS.

Definition 4.1 [10, 11] A regular category ¥ is a Goursat category if
RoSoR=SoRoS

for any pair of equivalence relations R and S on any object X in 6.

Any regular Mal’tsev category € is a Goursat category: indeed, given any two
equivalence relations R and S on an object X in &, one has:

Ro(SoR)=Ro(RoS)=RoS=Ro(SoS)=(SoR)oS.
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An example of a Goursat category which is not a Mal’tsev one will be given at the
end of this section, where we shall prove that implication algebras form a Goursat
variety.

Among regular categories, Goursat categories are characterized by the property
that equivalence relations are stable under regular images along regular epimorphisms
[10]. Here below we give a direct proof which uses the calculus of relations:

Proposition 4.2 For a regular category € the following conditions are equivalent:

1. € is a Goursat category;
2. for any regular epimorphism f: X — Y and any equivalence relation R on X
the regular image f(R) of R along f is an equivalence relation.

Proof 1. = 2. When (R, ry, ;) is an equivalence relation it is always true that the
regular image f(R) = f o R o f° along a regular epimorphism f: X — Y is
both reflexive and symmetric. Let us then prove that f(R) is also transitive:
one has the equalities

f(R)o f(R)=foRo f"0foRof°
=fo(f*of)oRo(f%0 f)of°
=foRof°
= f(R)

where the second equality follows from the Goursat assumption, and the third
one from Lemma 3.2.

2. = 1. Conversely, consider two equivalence relations (R, r, ») and (S, s1, $2)
on a same object X in €, and observe that the arrow r,: R — X is a split
epimorphism, thus in particular a regular epimorphism. Then:

RoSoR=(rnor))o(s20s7)o(rp0ry)
= (rpor])o(ss0s7)o(rp0ry)°
=ro(rfos,osor)or,
=ry(rjos;o0s]ory)

= r(r; ' (S)).

Recall that the inverse image r;” ! (S) of the equivalence relation S along r; is
obtained by taking the pullback

NS ——=S

\L \L (s1,52)

RxXxR——X x X,

ryXr
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andr 1(8) is always an equivalence relation. By taking into account this observa-
tion and the assumption 2., one deduces that the relation r, (rl_l () =RoSoR
is transitive. It follows that

SoRoS<RoSoRoSoR
<(RoSoR)o(RoSoR)
<RoSoR
and, symmetrically, Ro So R < SoRo S,hence So RoS=RoSoR.
O

Exercise 4.3 Show that the regular image of an equivalence relation in Set is not
necessarily transitive.

4.1 Goursat Pushouts

In a Goursat category there is a class of pushouts that has a similar role to the one of
regular pushouts in a regular Mal’tsev category:

Definition 4.4 Consider a commutative diagram (4.3.ii), and the induced arrow ¢
making the following diagram commute:

Eq(g) > Eq(f)

C—F4
Then the square (4.3.ii) is called a Goursat pushout [18] when the arrow ¢ is a regular
epimorphism.

The following result was proved in [18]. Here we give a different proof of one of the
two implications, based on the calculus of relations:

Proposition 4.5 [18] For a regular category € the following conditions are
equivalent:

1. € is a Goursat category;
2. any square (4.3.ii) is a Goursat pushout.

Proof 1. = 2.1If € is a Goursat category then
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c(Eq(g)) =cogogoc’
=co(c°oc)o(g°og)o(c®oc)oc’
=co(g°og)o(c’oc)o(g’og)oc’
=cog°od’odogoc’
=coc’o f°ofococ’®
=foof
=Ea(f)

where the third equality follows from the Goursat assumption, the fourth one
from g(Eq(c)) = Eq(d), and the sixth one from the fact that ¢ is a regular

epimorphism (Lemma 3.1).
2. = 1. Conversely, given a commutative diagram

=T
!

where (R, r, r;) is an equivalence relation, f is a regular epimorphism and
(T, t1, 1p) is the regular image of R along f. We are to show that the relation
f(R) =T is an equivalence relation (by Proposition 4.2). Since the regular
image of a reflexive and symmetric relation is always reflexive and symmetric,
it suffices to show that 7 is transitive. This follows from the computation:

)

ln

S 4

f

r

[ Pu——-

ToT =ToT°
=hotjototy
=t20(70rforlo?o)ot§
= foryorforior;o f°
=foRoR°0 f°
= foRo f°
=T.

Remark that the assumption that any square of the form (4.3.ii) is a Goursat pushout
has been used in the third equality, where it has been applied to the diagram

7

8

(o fm—
==

—_—

h

—_—
7
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To conclude this short introduction to Goursat categories we give a characteri-
zation of those varieties of universal algebras which are 3-permutable by using the
notion of Goursat pushout. This proof, originally discovered in [26], has a categorical
version which has first been given in [18].

When 7 is a variety of universal algebras, we shall denote by X = F (1) the free
algebra on the one-element set.

Theorem 4.6 For a variety 7" of universal algebras the following conditions are
equivalent:

1. 7 is 3-permutable: for any pair R, S of congruences on any algebra A in 7" one
has the equality
RoSoR=So0RoS;

2. the theory of 7" contains two quaternary operations p and q satisfying the iden-
tities

px,y,y,2)=x, qx,y,y,2) =2, px,x,y,y)=qx,x,y,¥).

Proof 1. = 2. Consider the commutative diagram

X+ X+X+x  xyix4x

Vo+Va | | i+ Vi ||z

X+X v X

where V; is the codiagonal from the k-indexed copower of X to X (for k €
{2, 3}). The vertical arrows V, 4+ V, and V3 are split epimorphisms, whereas

the horizontal arrows are regular epimorphisms, so that the diagram is a Goursat
pushout by Proposition 4.5. It follows that the unique morphism

1+ Vy+1: EQ(V2 + V2) — EQ(V3)
in 7" making the diagram

[EaEs]
Eqa(V2 + Vo)) —————

Eq(V3) 4.4.1)

P1 p2 P1 P2

X+X+X4+X—X+X+X
1+Vo+1
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commute is a regular epimorphism (here p; and p, are the kernel pair pro-
jections), thus it is surjective. Observe that the terms p;(x,y,z) =x and
p3(x, y, z) = z are identified by V3, so that (p;, p3) € EQ(V3). The surjectivity
of 1 4+ V, + 1 then implies that there are terms (p, g) € EQ(V, + V,) such that
14 Vo + 1(p, q) = (p1, p3). This latter property means exactly that

px,y,y,20)=x, qx,y,¥y,2) =2,

while the fact that (p, q) € EqQ(V, + V,) gives the identity

px,x,y,y) =qx,x,y,y).

2. = 1. For the converse implication, take R and S two congruences on an alge-
bra Ain 7", and letus showthat RoSo R < SoRo S.For(a,b) € Ro SoR,
let x and y be such that (a, x) € R, (x, y) € S and (y, b) € R. Then the fact that
(a,a), (x,a), (y,b), (b, b)arein R implies thatboth (p(a, x, y, b), p(a, a, b, b))
and (g(a, x,y,b),q(a,a, b, b)) arein R. Since p(a,a, b,b) = q(a, a, b, b) we
deduce that (p(a, x, y,b), q(a, x, y, b)) € R. On the other hand, the elements
(a,a), (x,x), (x,y), (b, b)areallin S sothat (p(a, x, x, b), p(a, x, y, b)) € S,
(g(a, x,x,b),q(a,x,y, b)) € S, hence (a, p(a, x, y,b)) and (b, g(a, x, y, b))
are both in S. We then observe that

(a, pla,x,y,b)) €§
(p(a,x,y,b),q(a,x,y, b)) € R
(g(a,x,y,b),b) €S

we conclude that (a, b) belongs to S o R o S. It then follows that Ro So R =
SoRosS, as desired. ]

Remark 4.7 Note that one can give a proof of the Mal’tsev theorem characterizing
2-permutable varieties by using some categorical arguments similar to the ones in
Theorem 4.6. This was first observed in [12] and, more recently, in [8].

Remark 4.8 A wide generalization of Theorem 4.6 was obtained by P.-A. Jacqmin
and D. Rodelo in [27], where a categorical approach to n-permutability was devel-
oped. Thanks to their approach the authors have been able to characterize the property
of n-permutability in terms of some specific stability properties of regular epimor-
phisms, which extend the one considered in [20] to study Goursat categories.
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4.2 Implication Algebras

A typical example of 3-permutable variety, thus of a Goursat category, is provided by
the variety ImplAlg of implication algebras [1]. The algebraic theory of the variety
ImplAlg has a binary operation such that

(A) (xy)x =x,

(B) (xy)y = (yx)x,

(©) x(yz) = y(x2).

As explained in [25], to see that ImplAlg is 3-permutable, one first checks that the
term xx 1S a constant: indeed, the identities

xx = [(xy)x]x (by (A))
= [x(xy)](xy) (by (B))
= x[[x(xy)]y] (by (©))
= x[[((xy)x)(xy)ly]  (by (A))
= x[(xy)y] (by (A))
= (xy)(xy) (by (C))

imply that
xx = [x(Ix] = yGnllyxyl = yy,

and one denotes such an equationally defined constant by 1. This notation is justified
by the fact that
ly = Qy)y =y

One then verifies that the terms p(x, y, z, u) = (zy)x and g (x, y, z, u) = (yZ)u are
such that

p(x,y,y,2) = (yy)x = lx =x,
qgx,y,y,2) =(y)z=1z =z,

and
p(x,x,2,2) = (zx)x = (x2)z =q(x,x, 2, 2).

4.3 Diagram Lemmas and Goursat Categories

We conclude these notes by mentioning a connection between the validity of
some suitable diagram lemmas and the permutability conditions on a regular cat-
egory considered above. The classical 3 x 3-Lemma in abelian categories [14] has
been extended to several non-additive contexts by various authors (see [5, 28], for
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instance). An original extension to a non-pointed context was first established by
D. Bourn in the context of regular Mal’tsev categories [6]. The main point in order
to formulate the 3 x 3-Lemma in a category which does not have a 0-object is to
replace the classical notion of short exact sequence with the notion of exact fork: a
diagram of the form
R—=x-T-v
2

is an exact fork if and only if (R, ry, r) is the kernel pair of f, and f is the coequalizer
of r; and r,. With this notion at hand the appropriate way of expressing the 3 x 3-
Lemma is then the following, which is called the denormalized 3 x 3-Lemma: given
any commutative diagram

Eq(a) ——= Eq(h) — > Eq(c) (4.4.ii)

T

in € such that

e yjoaj=bjoz;,yob;=cioz,boy, =kioa,xob=coy(ori,je{l,2)}),
e the three columns and the middle row are exact forks,

then the upper row is an exact fork if and only if the lower row is an exact fork.

S. Lack observed in [32] that this denormalized 3 x 3-Lemma holds not only in reg-
ular Mal’tsev categories (as observed by D. Bourn [6]) but also in Goursat categories.
Later on it turned out that the validity of the denormalized 3 x 3-Lemma actually
characterizes Goursat categories among regular ones:

Theorem 4.9 [18, 32] For a regular category € the following conditions are equiv-
alent:

1. € is a Goursat category;

2. if the lower row in a diagram (4.4.i1) is an exact fork then the upper row is an
exact fork;

3. if the upper row in a diagram (4.4.11) is an exact fork then the lower row is an
exact fork;

4. the denormalized 3 x 3-Lemma holds in € : the lower row is an exact fork if and
only if the upper row is an exact fork.

We would like to point out that both the calculus of relations and the notion of Gour-
sat pushout play a central role in the proof of this result. Note that a unification of
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both the classical 3 x 3-Lemma and of the denormalized one in the context of star-
regular categories is also possible [17]. Further results linking the Goursat property
to natural conditions appearing in universal algebra—in relationship to congruence
modularity—have been investigated in [21] (see also the references therein). Finally,
let us mention that also Mal’tsev categories can be characterized via a suitable dia-
grammatic condition that is stronger than the denormalized 3 x 3-Lemma, called the
Cuboid Lemma [19].
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Chapter 5 ®)
Categorical Commutator Theory Qs

Sandra Mantovani and Andrea Montoli

Abstract In these notes, we introduce the reader to the categorical commutator the-
ory (of subobjects), following the formal approach given by Mantovani and Metere
in 2010. Such an approach is developed along the lines provided by Higgins, based on
the notion of commutator word, introduced by the author in the context of varieties of
Q-groups (groups equipped with additional algebraic operations of signature €2). An
internal interpretation of the commutator words is described, providing an intrinsic
notion of Higgins commutator, which reveals to have good properties in the context
of ideal determined categories. Furthermore, we will illustrate some applications of
commutator theory in categorical algebra, such as a useful way to test the normality
of subobjects on one side, and the construction of the abelianization functor on the
other.

Keywords Commutator theory - Semi-abelian category + Normal subobject

Math. Subj. Classification: 08A30 - 18A20 - 18E13

Introduction

The theory of commutators [9] can be considered as an extension of the classical
commutator theory for groups to more general varieties of algebras. A description
of commutator of congruences in Mal’tsev varieties was developed by Smith [20],

S. Mantovani (X)) - A. Montoli

Dipartimento di Matematica “Federigo Enriques”, Universita degli Studi di Milano, Via Saldini
50, 20133 Milan, Italy

e-mail: sandra.mantovani @unimi.it

A. Montoli
e-mail: andrea.montoli @unimi.it

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2021 147
M. M. Clementino et al. (eds.), New Perspectives in Algebra, Topology

and Categories, Coimbra Mathematical Texts 1,

https://doi.org/10.1007/978-3-030-84319-9_5


http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-84319-9_5&domain=pdf
mailto:sandra.mantovani@unimi.it
mailto:andrea.montoli@unimi.it
https://doi.org/10.1007/978-3-030-84319-9_5

148 S. Mantovani and A. Montoli

and then extended to a categorical context by Pedicchio [19], while a first categorical
notion of commutator of subobjects was given by Huq in [13].

In these notes, following [18], we first recall the Higgins commutator, based on
the notion of commutator word, introduced by Higgins [12] in the context of varieties
of Q-groups (groups equipped with additional algebraic operations of signature €2).
We will describe also the internal interpretation of these commutator words given
in [12] by means of the so-called formal commutator, which allows us to provide
an intrinsic notion of Higgins commutator [H, K] of two subobjects H, K of A
in any regular and unital category with finite colimits (see Definition 3.2). Such a
commutator [H, K] is not in general a normal subobject of A (see Example 2.6), but
if we move into the context of ideal determined categories [15], we easily see that
such a commutator is always normal in the join H v K of H and K in A.

In Sect.4, we revisit also Huq commutator [13], showing that in a unital and
normal category [16], Hug commutator is nothing but the normal closure of Higgins
commutator. The two commutators are different in general, even in the category of
groups, if H and K are not normal in A, as Example 1.2 shows. But they coincide
when one of the two subobjects is the whole A.

The case with H = A is special also for another reason. In the category of groups,
the commutator [A, K] can be used to test whether the subgroup K of A is normal
in A. Actually K is normal in A if, and only if, [A, K] is a subgroup of K. A natural
question is to ask if the internal formulation of this connection is still valid in a
categorical setting. In Proposition 3.7 we recall from [18] that, in an ideal determined
and unital category €, any normal subobject K of A contains the commutator [A, K.
In order to get the converse, we need to move into the world of semi-abelian categories
[14], where the full characterization of normality via commutators holds.

Furthermore, in Sect. 5, we recall from [2] the categorical notions of commutative
and abelian object and how they are related to the previous notion of commutator.
Referring to [6], we show in Theorem 5.8 that, in the realm of pointed Mal’tsev
categories, the two notions coincide. We conclude by describing how to obtain the
abelianization functor (left adjoint to the inclusion of the subcategory of abelian
objects), by means of the cokernel of the commutator [ X, X] over X, in any pointed
normal Mal’tsev category.

1 Commutators of Groups

We begin by recalling the notion of commutator of two elements in a group and of
two subgroups. All the material of this section can be found in any textbook about
group theory. Let G be a group, and let g, h € G. The commutator of g and £ is the
element

g, h] = ghg_lh_'.

If H and K are subgroups of G, the commutator of H and K is the subgroup of G
generated by all the elements of the form [4, k] withh € H and k € K:
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[H,K]=([h, k]| h € H,k € K).

In particular, the subgroup [G, G] is called the derived subgroup of G. It s clear that
G is an abelian group if and only if [G, G] = 0, where O denotes the trivial group.
More generally, given &, k € G, one has [h, k] = 1 if and only if 4 and k permute:
hk = kh.

Remark 1.1 Given two subgroups H and K of a group G, if we denote by H vV K
the smallest subgroup of G containing both H and K (namely the supremum of H
and K in the lattice of subgroups of G), then we have that the commutator [H, K]
is a normal subgroup of H Vv K.

Proof 1f hkh~"k~" is a generator of [H, K] and i € H, then
h(hkh kY™ = hhkh ™' h = hic ' h ™!
= hhkh "Wk "khk~'h! = (hh)k(hh) 'k~ Y (khk~'h™") € [H, K],
since both (hh)k(hh)~'k~' and khk='h~" belong to [H, K. Similarly, if k € K,

then k(hkh~'k~")k~! € [H, K1, and this is enough to conclude. O

However, if H and K are not normal subgroups of G, [H, K] is not normal in
general. The following example is borrowed from Alan Cigoli’s Ph.D. thesis [7]:

Example 1.2 Let G be the alternating group As and let H and K be the following
subgroups of G:
H =((12)(34)), K =((12)(45)).

These subgroups are not normal in As (actually As is a simple group, i.e. it has no
non-trivial subgroups). Let us put 2 = (12)(34) and k = (12)(45). Then h = h!
and k = k~! and so

[h, k] = hkhk = (12)(34)(12)(45)(12)(34)(12)(45)
= (34)(45)(34)(45) = (354)(354) = (345).

So, [H, K] = {(345)) is not normal in As.

The situation improves when H and K are normal subgroups of G. Indeed, the
following property holds:

Proposition 1.3 If H and K are normal subgroups of G, then [H, K] is normal in
G as well.

Proof Ifh € H,k € Kandg € G,thenghg™ =h € Handgkg™' = k € K.Hence
ghkh™ kg™ = (ghg gk g (gh T g (gk T g™ = hkh Tk e [H, K.

O
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We will come back later, in a more general framework, to this last property, which
will be called normality of the Higgins commutator. For the moment, we observe
that this property allows one to get two important chains of normal subgroups of G,
namely the derived series:

GG, Gl (G, G, G, G]] > (G, G, 1G, G11, G, G, G, Gl ...
and the lower central series:
G > [G, Gl [[G, G, Gl > lIG, G, G, Gl ...

The derived series allows one to define solvable groups: a group is solvable if its
derived series reaches the trivial group after a finite number of steps. Similarly, the
lower central series allows one to define nilpotent groups: a group is nilpotent if its
lower central series reaches the trivial group after a finite number of steps.

Before moving to a more general context than the one of groups, we list some
important properties of the commutator of subgroups. Their proofs are left to the
reader.

Proposition 1.4 1. Given a subgroup K of G, K is normal in G if and only if
[K,G] C K.

2. IfH,K, H', K’ are subgroups of G, with H C H' and K C K’, then [H, K] C
[H', K'].

3. f: G — G'is a surjective group homomorphism, and H and K are subgroups

of G, then f([H, K]) = [f(H), f(K)].

2 The Case of 2-groups

In order to extend, in a unified way, the notions of ideal and commutator to a wide
range of algebraic structures, Higgins introduced in [12] the notion of Q2-group. An
Q-group G is a group (G, +, —, 0) (written in additive notation, although it is not
necessarily abelian) equipped with a set 2 of additional operations, of finite arity
n > 1, such that, for all w € Q:

w(0,0,...0) = 0.

For any fixed €2, we get a variety in the sense of universal algebra. We will denote
by Q-Grp the category whose objects are the Q-groups (for the fixed ©2) and whose
morphisms are the group homomorphisms that preserve any w € 2. Every such cat-
egory is pointed, with the initial and terminal object given by 0 = {0}.
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Let X be a set of indeterminates and let x denote a finite sequence (xi, x2, ..., X;;)
of elements of X. A word in X is an expression obtained by formally applying the
operations w € 2, +, — to elements of X and to 0 a finite number of times. As it
usually happens for varieties of universal algebras, considering words is the first step
in order to build the free 2-group on the set X (some identifications, according to
the equations of the corresponding variety, will be needed). Now we can consider
two special families of words:

Definition 2.1 Let f(x, y) be a word in two disjoint sets of indeterminates X and
Y. We shall say that

L. f(x, y)isanideal word of X w.r.t. Y if f(x, y) satisfies the equation f (0, y) =0,
where f(0, y) is the word obtained from f (x, y) by replacing every x; in x by 0.
2. f(x,y)is a commutator word in X and Y if f(0, y) = f(x,0) = 0.

We will denote by X7 the set of ideal words of X w.r.t. Y, and by [X, Y] the set
of commutator words in X and Y. It is clear that [X, Y] = XY N YX.

Example 2.2 1In the variety Grp of groups (and, more generally, in every variety of
Q-groups), the word y + x — y is an ideal word of {x} w.r.t. {y},andx + y —x — y
is a commutator word in {x} and {y}. In the variety Rng of (non-unitary) rings, the
word xy is both an ideal and a commutator word in {x} and {y}.

The reason for the name ideal word is that, given an 2-group G and an Q2-subgroup
H of G, H is an ideal (i.e. the kernel of a morphism) if and only if, for any ideal
word f(h, g) in H and G, one has that f(h, g) € H (where, now, we do not see
f(h, g) as a formal combination of elements, but we compose the symbols using
the operations in G). Following the same spirit, given two Q-subgroups H and K of
G, we will denote by [H, K] the set of the realizations in G of all the commutator
words f(h, k) in H and K. In the variety of groups, it is not difficult to see that

[H,K]=([h,k]|h € H, k € K),
while, in the variety CRng of commutative rings
[H,K]=HK.

In general, we have the following:

Lemma 2.3 [12, Lemma 4.1] [H, K] is an Q2-subgroup of G. Moreover, it is an
ideal in the join HV K of H and K in G.

In the particular case of distributive Q2-groups, namely those 2-groups in which
every o € Q is distributive w.r.t. 4:

VYai,...an,b w(ay,...a; +b,...ap) =wlay,...qa;,...ap) +w(ay,...b,...ap),

there is an easy description of ideals:
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Theorem 2.4 [12, Theorem 4a] If G is a distributive Q-group and H is an Q-
subgroup of G, H is an ideal of G if and only if it is a normal subgroup of G and,
forallg,,...g,€ G,he Handw € @, w(g1,..-8i-1,h, 8i+1,---8n) € H.

If, moreover, we suppose that the group operation + is commutative, then there
is also an easy description of the commutator of two subobjects:

Theorem 2.5 [12, Theorem 4c] If G is a distributive Q2-group, with + commutative,
and H and K are Q-subgroups of G, then [H, K] consists of all polynomials in
elements of H and K each term of which contains both a factor from H and a factor
from K.

In the previous section, we observed that the commutator subgroup [H, K], of
two normal subgroups H and K of a group G, is always normal in G. It is a natural
question whether the same property holds for Q2-groups. Unfortunately, the answer
is negative, even for distributive $2-groups, as the following example shows:

Example 2.6 Consider the variety of abelian groups endowed with an additional
binary operation % which is distributive w.r.t. the group operation +. Consider the
free abelian group on three elements A = Z, + Z, + Z, with the operation * defined
in the following way on the generators:

Then the free abelian subgroup K = Z, + Z, is an ideal of A, since any product
which involves elements of K still belongs to K, but the commutator [K, K] = Z,
is not an ideal of A, because, for instance, x * ¢ does not belong to Z, .

3 The Categorical Higgins Commutator

In this section we extend the commutator defined by Higgins for Q2-groups to a
categorical context. For this purpose, we will consider a pointed category ¢ with
finite limits and finite colimits. In this context, for any pair of objects H and K of
¢, we get canonical inclusions

(1,0) (0,1)
H——HxK~<——2XK

determined by the universal property of the product. Similarly, we have canonical
morphisms

H""f 4k 2k
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determined by the universal property of the coproduct. Combining them, we get a
canonical morphism
Y:H+ K — HxK.

If € is the category Grp of groups, H + K is the free product of H and K, while
H x K is the usual direct product. Then ¥ is defined as follows:

S(hi, ki, ho, ko, oo chy, k) = (hihy . hy kiky .o k),

where h; € H,k; € K andthe chain h, k1, h», ko, ... h,, k, is a word in the alphabet
H U K, whichrepresents an element of H + K. In Grp such a morphism X is always
surjective. In Grp, for a morphism being surjective is equivalent to being a regular
epimorphism (i.e. the coequalizer of a pair of morphisms) and to being a normal
epimorphism (i.e. the cokernel of a morphism). Moreover, a morphism of groups f
is surjective if and only if it is an extremal epimorphism: this means that, if f = mg,
with m a monomorphism, then m is an isomorphism. Let us give a name to those
categories for which the canonical morphism X is always an extremal epimorphism:

Definition 3.1 [3] Let ¥ be a pointed category with finite limits and finite colimits.
€ is unital if, for every pair of objects H and K, the canonical morphism ¥ is an
extremal epimorphism.

Actually, the definition of a unital category can be given even in absence of
finite coproducts. Indeed, it suffices to ask that, for every pair of objects H and K,
the canonical morphisms (1,0): H — H x K and (0, 1): K — H x K are jointly
extremal epimorphic: if they factor through a common monomorphism m, then m is
an isomorphism.

Let us now consider the kernel of £: H + K — H x K. We will denote it by
H ¢ K (it was introduced in [5] under the name cosmash product of H and K). It
is not difficult to show that, in Grp, H ¢ K is given by commutator words in H and
K. To see this, one can consider what is the image under ¥ of words of the form
hy, ki, ha, k»: they are sent to the neutral element of H x K ifand only if h1h, = 1
and k1kr =1, i.e. hy = hl_l and k, = kl_l. Actually the same fact holds in every
category of Q2-groups. For this reason, we can call H ¢ K the formal commutator of
H and K.

Let us now assume that the category % is not only unital, but also regular [1]. This
means that every morphism f in 4" admits a pullback-stable factorization f = me,
where e is a regular epimorphism and m is a monomorphism (for further information
about regular categories, the reader is addressed to the chapter An introduction to
regular categories of this book). In this setting, consider two subobjects h: H r—
A and k: K ~— A of the same object A. These two arrows induce a morphism
(h,k): H+ K — A, which we call the realization map. The name comes from the
fact that, in the case of varieties of universal algebra, this arrow turns a formal word
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belonging to H 4 K into the element in A obtained by realizing such word w.r.t. the
operations in A. Consider then the following commutative square:

HoK—%~[H, K]

ker(Z)I Im

H+K o A,

where (e, m) is the (regular epi, mono) factorization of the restriction of (k, k) to
H ¢ K, i.e. of the composite (&, k)ker(X).

Definition 3.2 The object [H, K] defines the categorical Higgins commutator of H
and K in A.

Once the categorical version of the Higgins commutator is defined, our goal
becomes to check which of the properties the classical commutator in Grp has, still
hold in this setting. First of all, we ask ourselves whether the commutator [H, K] of
two subobjects in A is a normal subobject of the join H Vv K (by “normal subobject”
we simply mean a kernel of a morphism. This notion should not be confused with
the one of subobject normal to an internal equivalence relation in the sense of Bourn
(see [2])). In order to answer this question, we first need to recall how the join can
be constructed in our categorical setting. It is obtained as the monomorphic part of
the (regular epi, mono) factorization of (k, k): H + K — A given by:

H+K ¢ A

I

HVK.

Clearly H is a subobject of H Vv K, because we have the following commutative
diagram:

=

and the same holds for K. Moreover, if Z is a subobject of A having both H and K
as subobjects, as in the following diagram:
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then we get the commutative diagram

Htk - 7

|

HvV K>—=A.

By the uniqueness, up to isomorphisms, of the (regular epi, mono) factorization, we
obtain that (a, b) factors through H Vv K, which is then a subobject of Z:

(a,b)

H+K Z
HvV K z
HVK A,

and this tells us that H Vv K is the smallest subobject of A containing both H and K.
In order to show that the commutator [H, K] is normal in H Vv K (i.e. it is the kernel
of a morphism with domain H Vv K), we need a further assumption on our category
%, namely that it is ideal determined [15]:

Definition 3.3 A pointed regular category ¢ with finite colimits is ideal determined
if the following two conditions hold:

1. % is normal in the sense of [16], which means that every regular epimorphism in
% is a normal epimorphism (i.e. the cokernel of a morphism);

2. the regular image of a normal monomorphism is a normal monomorphism. This
means that, given a commutative square

T f
C——=D,

where the horizontal arrows are regular epimorphisms and the vertical ones are
monomorphisms, if the left vertical arrow is normal, then the right one is normal
as well.
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Itis immediate to see that, in an ideal determined category, the commutator [H, K]
is a normal subobject of the join H Vv K; it suffices to consider the following com-
mutative square:

HoK—2>[H, K]

ker(E)I I

H+K—HVK.

Let us now explore more in detail the second condition defining ideal determined
categories. Let 1: H — X be a normal subobject, and let f: X — Y be a regular
epimorphism in an ideal determined category % . If we consider the (regular epi,

mono) factorization of fh:
H K
!
X

— Y
f

we know, from Condition 2, that k is a normal subobject. So it will be the kernel of

its cokernel. The cokernel of k can be built in the following way: letg: X — QO be

the cokernel of &, and consider the pushout of ¢ along f:

h
—_—

)

>

f
—_—

~<—
=~

!/

Q=< <" <x
Q0

—_—
f

E——
!

Then ¢’ is the cokernel of k. Indeed:
q'kfi=f'qh=0=0f,

from which we get ¢’k = 0, since fi is an epimorphism. Moreover, if 7: ¥ — T is
such that tk = 0, then
0=tkf =tfh.

Since g is the cokernel of A, there exists a unique morphism #': Q — T such
that tf = t'q. Finally, by the universal property of the pushout, we get a unique
s: Q' — T suchthatsq’ =t (and sf’ = t’). Hence ¢’ is the cokernel of k.
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Thanks to this observation, we can give an alternative characterization of ideal
determined categories [17, Proposition 3.1]:

Proposition 3.4 Let € be a normal category with finite colimits. € is ideal deter-
mined if and only if, for any commutative diagram

(5.3.0)

f

~

_

Q=<—X=<—<T
\i }
Q<—~N=<—<

y

such that the lower square is a pushout of regular epimorphisms, h = ker(q) and
k = ker(q’), one has that f| is a regular epimorphism, too.

Proof Suppose % is ideal determined and the diagram (5.3.i) is given. Consider the
(regular epi, mono) factorization of fh:
K/

H
hI I kK
X Y.

From what we observed before, we obtain that £ is the kernel of its cokernel, which
is necessarily ¢’. Then k and k' are isomorphic, and so fj is a regular epimorphism.

Conversely, let h: H — X be the kernel of its cokernel ¢: X — Q, and let
f: X — Y be aregular epimorphism. Considering the pushout of f along ¢:

Y
X

/

8

i

|

P

—_—

Q <—— <

—
7

and completing the diagram with k = ker(¢’) and with the morphism f; induced by

the universal property of the kernel (since ¢’ fh = f’'qh = 0), we obtain a diagram

like (5.3.1). By assumption, f} is a regular epimorphism. Hence the regular image

of the normal monomorphism # is the normal monomorphism k, and the category is

ideal determined. O

Another property of the commutator we already observed for groups is the fol-
lowing: a subgroup K of A is normal if and only if the commutator [A, K] is a
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subgroup of K. In order to see if this property still holds in our general context,
we first need to recall some facts concerning the construction of cokernels. Given a
subobject k: K — A, one way to build its cokernel in ¢’ is by means of the pushout

»

Another one (see [18]) is via the following, alternative pushout:

H

(Q-%}
=

[

(1,k)

A+K 54
(1,0)\L lq
A——0.

Indeed, from the equality p(1,0) = g(1,k) we get, precomposing with the first
coproduct inclusiont4: A - A+ K:

p=p,00a =q(, ks =gq.

Moreover, precomposing with the second coproduct inclusion tx : K — A + K, we
obtain
= I’(l, O)LK = q(l,k)LK = qk = pk’

and, for every morphism 7: A — T such that tk = 0, one has #(1, 0) = (1, k) and
so, by the universal property of the pushout, there is a unique s: Q — T such that
the following diagram commutes:

Hence p = g is the cokernel of k.

The latter construction of the cokernel as a pushout gives an easy description of
the normal closure of a subobject k: K — A (i.e. of the smallest normal subobject
k: K — A containing K): it is the kernel of the cokernel of k. It is clear that a
subobject is normal if and only if it coincides with its normal closure.
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Let us now denote by AbK the kernel of the canonical morphism (1,0): A +
K — A, where k: K — A is asubobject of A. Considering the following diagram

AbK K
[
A+ K Ne A
(l,O)i iq
A 0

q

we see that, in an ideal determined category %, the normal closure K of K is the
regular image of the kernel AbK of the canonical morphism (1,0): A + K — A.
Such object AbK represents the “formal conjugator” of A over K: indeed, in the
category Grp of groups, AbK is the subgroup of the free product A + K formed by
the ideal words in K and A, and it is generated by words of the form (a, &, a~ ") with
a € Aandk € K. The fact that AbK is the subalgebra of the coproduct formed by the
ideal words actually holds in every category of Q2-groups (see [12]). It is easy to see
that the following fact, already observed for 2-groups, holds also in our categorical
context:

Remark 3.5 Given two subobjects h: H — A and k: K — A of the same object

A, one has
H¢ K = (HbK)N(KbH).

Moreover, the normal closure K of K is obtained from AbK via the realization
morphism, which, in Grp, sends the word (a, k,a™') to the element aka™' € A.
Using this fact, one can prove the following result (whose proof is omitted, and can
be found in [18, Proposition 5.10]):

Proposition 3.6 Given a subobject _k : K — A in a unital, ideal determined cate-
gory €, one has that [A, K] = [A, K].

Now we are ready to prove the following

Proposition 3.7 [18, Proposition 6.1] Given a unital, ideal determined category €,
if K is a normal subobject of A, then [A, K] is a subobject of K.

Proof Since € is ideal determined, we already know that [A, K] is a normal subob-
jectof A v K = A. Consider then the following commutative diagram:
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Ao K ——=[A, K]
Y \Y

(1,k)

where the squares (1) and (2) are pushouts. Then the rectangle (1) + (2) is a pushout
as well. Moreover, t4 X = (1,0): A+ K — A, and we denote by p the composite
q'q. Thanks to the previous observation, we have that p is the cokernel of k: K — A.
Since K is normal in A, K = K, and so k is the kernel of p. To conclude that [A, K]
is a subobject of K, it suffices to observe that pj = 0, because already gj = 0. O

The converse implication does not hold, in general, in a unital, ideal determined
category. In order to recover it, we need to add a third condition, usually called
Hofmann axiom, to the two conditions defining ideal determined categories. Hofmann
axioms says that, given a commutative square

)I(
Y

where the horizontal arrows are regular epimorphisms, the vertical ones are monomor-
phisms and x’ is normal, if k = ker(f) factors through x, then x is normal as well.

I

—_—

-~
*\

~!

— 7,
f

Definition 3.8 [14] An ideal determined category 6 which satisfies the Hofmann
axiom is called a semi-abelian category.

Among the many examples of semi-abelian categories there are the category Grp
of groups, as well as the category Rng of (not necessarily unitary) rings and every
category of Q-groups. Further examples are the dual of the category of pointed
sets and every abelian category. Actually the following characterization of abelian
categories holds:

Remark 3.9 [14] A category ¥ is abelian if and only if both % and its dual €°P are
semi-abelian.

The previous remark explains the name “semi-abelian”. Semi-abelian categories
have many good properties. One of them is that they are always exact in the sense
of Barr [1]: a category is Barr-exact if it is regular and, moreover, every internal
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equivalence relation is effective (which means that it is the kernel pair of a morphism).
Another interesting property of semi-abelian categories is that they are Mal’tsev
categories: we will explain this notion in the next section. Semi-abelian categories
can be characterized as follows:

Proposition 3.10 A pointed, Barr-exact category € with finite coproducts is semi-
abelian if and only if the short five lemma holds in it: given a commutative diagram

0 A B c 0
b
0— A — =B —=C —>0

whose rows are short exact sequences, if o and y are isomorphisms, then 8 also is.

In the setting of semi-abelian categories we can state the converse of Proposition
3.7. We are not going to give a proof, which can be found in [18, Theorem 6.3].

Theorem 3.11 [nasemi-abelian category €, a subobject K of an object A is normal
ifand only if [A, K] is a subobject of K.

Remark 3.12 This way to test the normality of a subobject K of A via the commutator
[A, K] actually provides a characterization of semi-abelian categories among finitely
cocomplete homological categories, as proved in [11].

4 The Huq Commutator

The aim of this section is to introduce another notion of commutator in a categorical
context, and to compare it with the Higgins commutator we studied in the previous
section. This alternative notion of commutator was first considered by Huq in [13]
and further studied in the context of unital categories in [4]. Before going to our
general categorical context, let us start with an observation in the case of groups:

Proposition 4.1 Given two subgroups H and K of the same group A, one has that
[H, K] = 0ifand only if there exists a (necessarily unique) morphismp: H x K —
A such that the following diagram commutes:

1,0 0,1 .
s QALY IV UL ‘e (5.4.)

N
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Proof Since every element (h, k) € H x K can be decomposed as (h, k) = (h, 1) -
(1, k), amorphism ¢ making the diagram above commute must satisfy the following
equality:

@(h, k) = @((h, 1) - (1, k) = ¢(h, 1) - o(1, k) = ¢(1, 0)(h) - ¢(0, 1) (k) = hk.

This shows that such a morphism, when it exists, is uniquely determined. Let us now
prove that ¢ is amorphismif and only if [H, K] = 0. Given h, h’ € H and k, k' € K,
one has

oh, 1) - ok, k') = hh'kk’, while @((h,h')- (k, k")) = hkh'kK'

and it is clear that the two expressions are equal for all 4, A’ € H and k, k' € K if
and only if [H, K] = 0. O

With this property of groups in mind, we can give the following categorical defi-
nition:

Definition 4.2 [4] Let 4" be a unital category. Two subobjects h: H — A and
k: K — A of the same object A are said to cooperate if there exists a morphism
¢: H x K — A such that diagram (5.4.1) commutes.

The morphism ¢ as above, when it exists, is called the cooperator of h and k. It is
always unique; indeed, if two morphisms ¢ and ¢’ make diagram (5.4.1) commute,
then

P =¢'%,

since X is induced by (1, 0) and (0O, 1). But, in a unital category, ¥ is an extremal
epimorphism, and this implies ¢ = ¢'.

Let us see when two subobjects cooperate in the category Rng of rings. Using
the same argument we explained for groups, one can conclude that, if a cooperator ¢
between subrings H and K of A exists, then it must be defined by ¢(h, k) =h +k
forall h € H, k € K. But then

hk = ¢(h, 0)p(0, k) = ¢(0,0) =0,

and, in the same way, kh = 0. It is not difficult to check that the converse is also true.
So, H and K cooperate if and only if hk = kh =O0forallh € H,k € K.

We observe that, in order to Definition 4.2 make sense, there is no need that the
morphisms £ and k are monomorphisms. So, the definition can be extended to the
one of cooperating morphisms with the same codomain, and no other restriction:

Definition 4.3 Let % be a unital category. Two morphisms f: H — Aandg: K —
A with the same codomain cooperate if there exists a morphism ¢: H x K — A
such that the diagram
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H

commutes.

Actually, if the category % is normal, this last definition is not really more general
than Definition 4.2. In fact, the following Proposition holds:

Proposition 4.4 Let € be anormal and unital category. Two morphisms f: H — A
and g: K — A cooperate if and only if their regular images cooperate as subobjects
of A.

Proof Consider the following commutative diagram:

H4>H><K<;K

W

f(H) g(K),

and suppose that f(H) and g(K) cooperate as subobjects of A. Then there is a
cooperator ¢: f(H) x g(K) — A.Itis immediate to check that, composing it with
the morphism f x g: H x K — f(H) x g(K), one gets a cooperator for f and g
(see the diagram below).

Ny s T ()

(1,0>l (H»J/ <1,0>l
XXy fxzg %

Ny x Ne 22 H x K-S f(H) x g(K) —2> A

(0,1>T <o,1)T <0,1>T /

Ng > K — g(K)
8

y

Conversely, suppose that there is a cooperator ¥: H x K — A. The morphism
f x g is a regular epimorphism, hence it is the cokernel of its kernel (because the
category is normal). It is immediate to check that its kernel is x X y: Ny X Nx —
H x K. Since

Yx x y)(1,0) =0=vy(x x y)0, 1)

and the category is unital, one has ¥ (x x y) = 0. Then, by the universal property
of the cokernel, one gets a unique morphism ¢ : f(H) x g(K) — A such that
¢(f xg) = . It is easy to check that such a morphism is a cooperator for f(H)
and g(K) as subobjects of A. O
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Now we have everything we need to define the Huq commutator:

Definition 4.5 Leth: H — Aandk: K — A be two subobjects of the same object
A in a normal and unital category %. The Huq commutator of 4 and k, denoted by
[H, K ]Huq» is the smallest normal subobjectn: N — A of A such that, denoting by
q: A — A/N the cokernel of n, the morphisms g/ and gk cooperate.

First of all, we should show that such smallest normal subobject always exists. In
order to do that, consider the following pushout:

H+k -0 4
| Ly
HXK*>Q

We want to show that [H, K ]pyq is the kernel of g. Let us complete the previous
diagram as follows:

[H, K lhuq N

“I /
n
(h,k)

H+K——=A

e

HxK——>0 A/N.
14

First of all, we observe that ¢ is the cooperator of gh and gk, because ¥ =
({1, 0), (0, 1)), and the commutativity of the pushout square says precisely that
({1, 0), (0, 1)) = (gh, gk). Moreover, if n: N — A is a normal subobject of A
such that ph and pk cooperate (where p is a cokernel of n), one has a coopera-
tor : H x K — A/N, which is a morphism such that ¥ = p(h, k). The uni-
versal property of the pushout gives then a unique morphism y: Q — A/N such
that yg = p (and y¢ = ). From the universal property of n as a kernel of p, we
get a unique B: [H, K]guq — N such that n8 = «, and such a 8 is necessarily a
monomorphism.

Proposition 4.6 [18] Leth: H — Aandk: K — A be two subobjects of the same
object A in a normal and unital category €. The Hug commutator [H, K luuq is the
normal closure of the Higgins commutator [H, K] of h and k.
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Proof 1t suffices to consider the following commutative diagram:

HOK4>- HvK]Huq

ker(E)I I /
ker(q)

H+k -0 4
o

HxK——0,
where the lower square is a pushout, and to observe that g is the cokernel of m. O

So, if [H, K] is normal in A (in particular, when A = H Vv K), then [H, K] =
[H, K lnuq- However, as we observed in the case of groups, it can be [H, K] #
[H, K]y if H and K are not normal in A. In our general categorical context, it
can happen that [H, K] # [H, K]mq evenif H and K are normal in A. We will say
that the category % satisfies the condition of normality of the Higgins commutator if
the Higgins commutator [H, K] of two normal subobjects of an object A is normal
in A. The category Grp has this property. We refer to [8] for more examples and
counterexamples of semi-abelian categories with respect to this property.

5 Abelian Objects

The aim of this section is to introduce the notions of commutative and abelian object
in a categorical context, and to compare them. We start talking about commutative
objects.

Definition 5.1 An object X in a unital category % is commutative if the identity
morphism 1y cooperates with itself.

Thanks to the observations at the end of the previous section, we can conclude
that, in a normal and unital category, an object X is commutative if and only if the
Huq commutator [ X, X Juyq is the zero object. Moreover, since X V X = X and X is
clearly normal in itself, we have that the Higgins commutator [ X, X] coincides with
[X, X]ruq» and so X is commutative if and only if [X, X] = 0. Another characteri-
zation of commutative objects, in terms of internal algebraic structures, is possible.
In order to describe it, we first need to recall the following definition:

Definition 5.2 An internal unitary magma in a category ¢ with finite limits is a
triple (X, m, e), where X is an object of €, and m: X x X — X, e: 1 —> X are
morphisms in € (by 1 we denote the terminal object of %) such that e “behaves like
a unit for the internal operation m”, namely the following diagram commutes:
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Proposition 5.3 An internal unitary magma structure on an object X in a unital
category €, when it exists, is unique. It exists if and only if the object X is commutative.

Proof Since a unital category is pointed, the morphism e: 1 = 0 — X is uniquely
determined and, moreover, we have the following commutative triangles:

XMy x xxx<x

X X

1 x x 1

Hence the multiplication m of an internal unitary magma (X, m, ¢) must make the
following diagram commute:

and so m must be a cooperator for the pair (1x, 1x). Then itis unique, when it exists.
Moreover, it exists if and only if 1x cooperates with itself, i.e. if and only if X is
commutative. O

Actually we can say more:

Proposition 5.4 Every internal unitary magma structure (X, m, e) in a unital cate-
gory € is an internal commutative monoid structure, i.e. the internal multiplication
m is associative and commutative.

Proof In order to prove the associativity of m, we need to show that the following
square commutes:

Iy xm

XxXxX——=XxX

I7l><lxl \Lm

X x X X,

or, in other terms, that m(m x 1y) = m(lxy x m). To do that, we will show that
m(m x 1x)andm(1lx x m)are cooperators for the same pair of morphisms. Consider
the following diagram:
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(1xxx,0)

X xX

The lower left-hand side triangle clearly commutes, the lower right-hand side one
also does, since m is a cooperator for the pair (1x, lx), as observed in the proof
of the previous proposition. For the same reason, the upper right-hand side triangle
commutes as well. To check whether the remaining triangle commutes, we precom-
pose with the jointly epimorphic pair of morphisms (1, 0), (0, 1): X — X x X. We
have

(Ix xm){Ixxx, 0)(1,0) = (1x x m){1,0,0) = (1, 0)

and
(Ix x m){1xxx,0){0, 1) = (1x x m){0, 1, 0) = (0, 1),

again using the fact that m is a cooperator for the pair (1x, 1x). Hence the whole
diagram commutes, and this tells us that m(1y x m) is a cooperator for the pair
(m, 1x). In a similar way, one can check that m(m x 1x) is a cooperator for the
same pair, and so these two morphisms coincide.

In order to show that m is commutative, we have to check that m = m o rw, where
tw = (mp, m): X x X > X x X is the “twisting” isomorphism (in set-theoretic
terms, it sends a pair (x, y) to the pair (y, x)). We have the following commutative
diagram:

(1,0) (0.1)

X X x X X
\<0,1> ltw <1,>/
Yo
X xX
1x l 1x
X

3

which tells us that m o tw is a cooperator for the pair (1x, 1x), as well as m, hence
these two morphisms coincide. O

Once we know that every commutative object in a unital category has a (unique)
structure of internal commutative monoid (and conversely), a natural question arises:
to understand when these internal commutative monoids are internal abelian groups.
Internal abelian groups deserve a specific name:
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Definition 5.5 An abelian object in a unital category % is an object X equipped
with a (necessarily unique) structure of internal abelian group.

The terminology is justified by the fact that, in the category Grp of groups, the
abelian objects are precisely the abelian groups. So, in Grp, commutative objects
and abelian objects coincide. Unfortunately this is not true in every unital category:
there can be commutative objects that are not abelian. In order to get the equivalence
between the two notions, we need to impose further assumptions on our category.
Before doing it, we recall some terminology.

Given two sets X and Y, arelation R from X to Y is difunctional if the following
condition holds:

Vx,x€X,y,y €Y xRy, ,x'Ry, xRy = xRy.

This notion is important because, for example, it allows an easy characterization
of equivalence relations among reflexive ones. Indeed, a reflexive relation on a set
X is an equivalence relation if and only if it is difunctional. We can actually talk
about relations internally to every category with finite limits (the reader may again
refer to the chapter An introduction to regular categories of this volume for a full
treatment of relations in regular categories). Indeed, an internal relation between
two objects X and Y in a finitely complete category % is nothing but a subobject of
X x Y, which can be represented by a monomorphism R — X x Y. All the classical
properties of relations can be easily expressed categorically. For instance, an internal
relation R on an object X is reflexive if the diagonal morphism (1, 1): X — X x X
factors through R. An internal relation R — X x Y is difunctional if, considering
the commutative diagram

RxR——=Y xX : X xY X R,
ry Xry W ryXry

where ri: R — X and r,: R — Y are the composites of the monomorphism
R — X x Y with the product projections on X and Y, respectively, tw is the twisting
isomorphism, and both squares are pullbacks, one has that the canonical inclusion
SNT »— § is an isomorphism. However, for our purposes, this internal descrip-
tion of difunctionality is not so important. Indeed, the notion of internal relation, as
well as the main properties of relations (like reflexivity or difunctionality), can be
expressed only by means of finite limits. Hence, if these properties of relations hold
in the category Set of sets, then they hold in every category with finite limits (we
do not enter the details of this fact; the interested reader can find a self-contained
explanation of this in Chapter O of [2]).

Now we have everything we need to give the following
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Definition 5.6 [6] A finitely complete category ¢ is a Mal’tsev category if every
internal relation in % is difunctional.

In fact, one can define equivalently Mal’tsev categories as those finitely complete
categories in which every internal reflexive relation is an equivalence relation (see
[2]). The first property of Mal’tsev categories we are interested in is the following:

Proposition 5.7 Every pointed Mal’tsev category is unital.

Proof Let € be a pointed Mal’tsev category. For any pair of objects X, Y in €, we
have to show that the morphisms

1,0 0,1
x 0 x y Oy

are jointly extremal epimorphic. So, suppose they both factorize through a common
monomorphismm: R — X x Y.

Such an m gives rise to an internal relation R in %, which is then difunctional. The
fact that (1, 0) and (0, 1) factor through R can be expressed in set-theoretic terms
saying that forall x € X and y € Y one has x RO and ORy. By difunctionality we get

xR0, ORO, ORy = xRy.

Hence R coincides, up to an isomorphism, with the total relation X x Y. This means
that m is an isomorphism, proving that (1, 0) and (0, 1) are jointly extremal epimor-
phic. O

Every semi-abelian category is a Mal’tsev category (see, for example, [2]). So,
Grp, Rng, as well as every category of Q-groups in the sense of [12] are Mal’tsev
categories.

Theorem 5.8 [6] Every commutative object in a pointed Mal’tsev category is
abelian.

Proof Let X be a commutative object in a pointed Mal’tsev category %, and let
(X, m, e) be its unique internal commutative monoid structure. We have to show that
this structure is the one of an internal abelian group, i.e. there exists a morphism
i: X — X making the following diagram commute:

1i
X<I>XXX m

S

0.

X
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We use again the elementwise approach. First of all, we show that the multiplication
m satisfies the two following conditions:

i) mx,y)=mx,2) = y=z;
(i) m(y,x)=m(z,x) = y=z.

In order to do that, consider the relation R from X x X to X defined by
(. 29Rx <= m(x,y) =m(x, z).

Suppose that m(x, y) = m(x, z). Denoting by 0 the neutral element of m, we have
that:

- (v, 2)Rx, since m(x, y) = m(x, 2);
— (0, 0)Rx, since m(x, 0) = m(x,0) = x;
— (0, 0)RO, since m(0, 0) = m(0,0) = 0.

By difunctionality we get that (y, z) RO, which means that y = m (0, y) = m(0, z) =
z. This proves (i); the proof of (ii) is analogous.

Let us now define another relation S on X by putting xSy if and only if there
exists z such that m(z, y) = x. Such a z is unique because of (i) above. We have
xSx, with z = 0, since m(0, x) = x. Moreover, xS0, with z = x, since m(x, 0) = x,
and finally 0S0. By difunctionality, we conclude that 0Sx, i.e. there exists a (unique)
z such that m(z, x) = 0. This element z allows us to define the morphism i we are
looking for. O

We conclude by observing that, in a pointed, normal Mal’tsev category ¢, the
full subcategory Ab(%’) of abelian objects is reflective. The reflection is performed
by the so-called abelianization functor

ab: € — Ab(¥).

Itis obtained as follows: given an object X of €, ab(X) =
pushout:

X . .
X X 28 in the following

Xx+x_—40

X
zi iq
X
XXX —— X XTI

Indeed, we already observed that [ X, X ]py, is the smallest normal subobject of X such

that the pair (1x, 1x), composed with the projection g, commutes in ﬁ Hence,
s uq

being ¢ Mal’tsev, the object ﬁ is abelian. The functoriality of this construction
XTruq
is obvious. Let us check that it has the universal property of the reflection. Given a

morphism f: X — A, where A is an abelian object, we have that f cooperates with
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itself in A. Indeed, if m is the internal multiplication of A,  =mo (f x f)isa
cooperator for the pair (f, f), because the following diagram commutes:

x x e x M x
fl Fxr lf
1,0 0,1
Yoo on

Then, by the universal property of the pushout, we get a unique f: [X, X lg — A
making the following diagram commute:

(1.1)
X+X——X

|

XxX——

=<

X
[X»X]Huq

Whence the universality of the abelianization.
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Chapter 6 ®)
Notes on Point-Free Topology s

Jorge Picado and Ales Pultr

Abstract Point-free topology is the study of the category of locales and localic
maps and its dual category of frames and frame homomorphisms. These notes cover
the topics presented by the first author in his course on Frames and Locales at the
Summer School in Algebra and Topology. We give an overview of the basic ideas
and motivation for point-free topology, explaining the similarities and dissimilarities
with the classical setting and stressing some of the new features.
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Heyting algebra - Sober space
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Introduction

Topology can be cultivated as the natural geometry of places (“spots”) and their
interrelations. One does not have to think of them as sets of points: they can be
thought as entities in their own right (similarly as lines in classical geometry are not
sets of incident points). Such (point-free) approach to general geometry appeared
in topology already in the late thirties and forties, started to be systematically cul-
tivated in the last decades of previous century, and flourishes since. It has turned
out that by forgetting about points one does not lose really important information
(unless, of course, when needing a topology as technical means for solving a problem
in a concrete—typically otherwise structured—set, which is another matter). On the
contrary, one gains important new insights into the general structure of space and
obtains results that are in some respects better than the classical counterparts, or such

J. Picado (X))
CMUC, Department of Mathematics, University of Coimbra, 3001-501 Coimbra, Portugal
e-mail: picado@mat.uc.pt

A. Pultr
Department of Applied Mathematics and ITI, MFF, Charles University, Prague, Czech Republic
e-mail: pultr@kam.mff.cuni.cz

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2021 173
M. M. Clementino et al. (eds.), New Perspectives in Algebra, Topology

and Categories, Coimbra Mathematical Texts 1,

https://doi.org/10.1007/978-3-030-84319-9_6


http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-84319-9_6&domain=pdf
mailto:picado@mat.uc.pt
mailto:pultr@kam.mff.cuni.cz
https://doi.org/10.1007/978-3-030-84319-9_6

174 J. Picado and A. Pultr

that have no classical counterparts at all. Also, the point-free approach opens door
to applications in theoretical computer science.

In this text we would like to introduce the reader to point-free thinking, to illustrate
the reasoning (for this, we present some proofs hoping to persuade the reader that the
techniques are in fact fairly friendly) and present some results to illustrate the merits
of the approach. In Prologue we expound point-free topology as a natural synthetic
general geometry and briefly outline the history. Then we discuss the necessary
order-theoretic background, the relation to classical spaces, and some categorical
aspects. Next we introduce the reader to some concrete facts about point-free spaces
(locales), and finally we present a few facts showing their advantages and merits.

1 Prologue

1.1 General Topology

General (set-theoretic) topology is a generalized geometry. Note, however, that it fun-
damentally differs from the classical geometry: it lacks a synthetic variant preceding
the current analytic one. Let us explain.

In the classical (synthetic Euclidean) geometry we work with entities like points,
lines, or planes, entities of their own right. One studies their interrelations, in partic-
ular the incidence, which should not be confused with the set-theoretic €. A point
can be incident (or non-incident) with a line. A line p, however, is not identified with
the set of all the points incident with p, and similarly in stereometry, the relation
between lines and planes is not a set-theoretic inclusion.

Only much later, in the analytic version, one starts with a beforehand given set of
elements (say, pairs of numbers); points, lines, etc., are defined as specific types of
subsets (the fact that points are represented as one-element subsets is more or less
accidental and not important for what we want to emphasize).

General topology, like many modern structures, comes right away in the analytic
form: one starts with a set, and the structure is given by assigning specific roles to
some of the subsets.

1.2 A Synthetic Generalized Geometry

The following is not an account of what historically happened. Let us just pretend
designing a synthetic generalized geometry from scratch. We will do it modelling the
intuition of the behavior of “pieces of space” (we will call them spots) as we think
about them in the “space around us”.
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1.2.1 Order First, the system L of such spots is naturally ordered:
a spot can be an extension of another one

(we do not have in mind a set-theoretic inclusion—a spot is not a set of elements—just
think of a spot being larger than another one).

1.2.2 Glueing Spots Together Next, given a system A of spots we can think of
conglutinating (merging, pasting) them together and obtaining a new one. It will
be the smallest spot larger than all the @ € A and hence, formally, this amounts to
assuming that the ordered L is a complete lattice, and that the systems A combine to
their suprema (joins) \/ A.

1.2.3 Meeting Conglutinated Spots It is natural to assume that

a spot b meets the result of pasting the a € A together, the conglutination
\/ A, only if it meets some of the constituents a € A.

Formally,
(\VA)ADb#0 onlyif aAb#0forsomea € A. (meet)

It is easy to see that this means precisely that our complete lattice admits pseudo-
complements. Thus, our (we hope admittedly natural) assumptions lead us to the
conclusion that

a general synthetic geometry can be viewed as a complete pseudocomple-
mented lattice.

1.2.4 One More Assumption Finally, let us agree that at least some naturally
defined sublattices of L are synthetic geometries as well. Confining ourselves to the
up-sets tu = {x | u < x} € L we obtain the condition (meet) strengthened to

VueL((\/A)/\bfu only if a Ab £ u for some a € A) (MEET)

and this is easily seen to be equivalent to the frame distribution law
VACL, VbeL, VA Ab=\{anrb]|aeA}. (frm)
Complete lattices satisfying (frm) are called frames; taking into account that this is
equivalent with the Heyting structure (see 2.6 below) and that it is a more expedient
condition than the mere existence of pseudocomplements, we can view frames as

representatives of fairly general synthetic geometries. And there will be a strong
corroboration of this view in the next subsections.
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1.3 A More Realistic Account of the Events

The development of topology did not follow the reckoning outlined in the subsection
1.2. General topology has been created as an analytic theory, preceding a synthetic
one; but the synthetic successor turns out to be precisely what we have obtained
above. Moreover it leads to a suitable definition of mappings between generalized
geometries, which we have in 1.2 not even started to contemplate.

Modern topology originated in the pioneering Hausdorff’s article [23] published
in 1914. The intuition behind the introduced general concept of a space is based
on the natural distinction between a set surrounding a point as opposed to a set
just including it: think of a ship in a lake surrounded by water from all the sides
as opposed to a landed one touching a pier. The structure of a space, carried by a
set, is constituted by determining the neighborhoods U > x as special subsets of X
containing x, satisfying very natural assumptions.

Soon (already in the twenties) an equivalent alternative approach based on the
notion of an open set (in the original concept setting: a set that is a neighborhood
of all its points; and on the other hand, if we start with the notion of an open set
we can define a neighborhood of x as a U > x such that there is an open V with
x € V € U). Comparing it with the neighborhood intuition it might look somewhat
less transparent to start with (trading an obvious intuition for technical advantages
which are indisputable), but nowadays we know better: in fact it is the intuition of a
synthetic version of topology as outlined above: an open set, a set without boundary,
is a good model of a spot, and the system of open sets constitutes a complete sublattice
Q(X) of the powerset of X closed under arbitrary unions and finite meets, and hence
satisfying the frame distribution law. Thus we have here an example (in fact a typical
one) of a frame, a general geometry presented in subsection 1.2.

1.3.1 A Few Historical Notes Although one did not necessarily have in mind
developing synthetic topology, the ideas of harnessing lattice theory in topology (via
the lattices of open resp. closed sets) appeared already in the late thirties and in
the forties. The Stone duality [53] replacing (very special) topological spaces and
continuous maps by Boolean algebras and homomorphisms is deservedly a most
cited example. But one should not forget the outstanding Wallman’s article [55]
where the lattice technique allowed for an ingenious compactification (and not only
that: the author is consequent in the lattice technique even to the point of using a
specific point-free separation axiom).

In the fifties the attempts to develop a variant of topology without points became
more and more frequent. It is not our intention to present here a detailed history.
The reader can find a short account in the introduction to our monograph [44], but
we can particularly recommend the excellent Johnstone’s “The point of pointless
topology” [29] and “Elements of the history of locale theory” [33]. Here let us just
state that the basic concepts started to settle in late fifties [14, 16, 42] and continued in
works of Banaschewski, who had been regarding to topology from a lattice-theoretic
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point of view since 1953 [3], Dowker, Isbell, Johnstone, Joyal and Tierney, that
the first stage of the theory culminated in the monograph [28], and that the theory
flourishes.

1.4 Frame Homomorphisms

We have spoken of spaces, either classical or point-free, as objects. The most impor-
tant concept of classical topology, however, is continuity. What is the counterpart of
continuous maps in the point-free context? The characteristic property of continu-
ous maps is that they preserve openness by preimage. Thus, with a continuous map
f: X — Y thereis associated a mapping 2(f): Q(Y) — 2(X) sending each U to
Q(f)(U) = f~'[U]. Since preimage preserves unions and intersections and since
all unions of open sets are open and finife intersections of open sets are open as well,
we see that €2( f) preserves arbitrary joins and finite meets. This has been adopted
for the definition of a frame homomorphism: it is a mapping h: L — M between
frames preserving all joins and finite meets.'

1.4.1 Note The general geometry (leading, ultimately, to frames) was based on the
idea of spots that can merge and the relation of intersecting. Thus, while the former
really has to do with joins, the latter involves only the question whether x A y =0
or x Ay # 0. Thus we can naturally ask whether the appropriate maps between
geometries should not be those that

(1) preserve all joins, and
(2) satisfy the implicationx Ay =0 = h(x) A h(y) =0.

It turns out that in a large (and important) class of frames such maps are frame homo-
morphisms anyway (see [13]). But in full generality these conditions are weaker.

2 Background

2.1 Posets

When dealing with posets we will use the standard notation. If necessary we use
different symbols for different orders, but if there is no danger of confusion we write
simply < (like in saying that “f: (X, <) — (¥, <) is monotone if x < y implies

!'In fact this property is characteristic for the representation of continuous maps: if the spaces are
sober, which is a very general condition (see 3.4 below), each frame homomorphism /: Q(Y) —
Q(X) is an Q2(f) for some continuous f [49].
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that f(x) < f(y)” even if there is in fact on Y a relation different from that on X—
similarly like we do not hesitate to use the same arrow symbol “—” when indicating
morphisms in two distinct categories).

We write

JA for {x |dae A,x <a} and 1A for {x |Jaec A, x >a}

and abbreviate | {a} = |a, 1{a} = 1a. Anelementa is an upper (resp. lower) bound
of AC (X,<)if A C |a (resp. A C ta) and the least upper (resp. largest lower)
bound, if it exists is called the supremum or join (resp. infimum or meet) of A and
denoted by \/ A resp. /\ A. We also use symbols a Vv b for \/{a, b}, a; vV --- V a,
\/i <7 @i, and, similarly, with /\ or A, in the obvious sense.

The least resp. largest element of (X, <), that is, \/ @ resp. A @, if it exists will
be denoted by O resp. 1.

The poset obtained by reversing the order, that is (X, <) withx <’y = y <x

is called the dual of (X, <) and denoted as (X, <)°P. We may also write <°P for thus
defined <’.

2.1.1 Lattices A poset in which all the subsets have infima and suprema are called
complete lattices. If all finite sets have suprema and infima we speak of bounded
lattices, in case of non-void finite sets simply of lattices.

2.2 Adjunctions
We say that monotone maps
(X, 9)—> (., 2) and g:(¥,5) > (X, =)
are (Galois) adjoint, f to the left and g to the right, and write f - g, if
fx) =y &= x=g). (adj1)
It is standard and (very easy) to see that this is equivalent with assuming that
fg <idy and idx < gf. (adj2)

Note that from these inequalities it readily follows that

fef =f and gfg=g. (adj3)
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2.2.1 Facts (a) Generally, left adjoints preserve all existing suprema and right
adjoints preserve all existing infima.

(b) On the other hand, if X, Y are complete lattices then each f: X — Y preserving
all suprema is a left adjoint (i.e. it has an adjoint on the right), and each g: Y — X
preserving all infima is a right adjoint.

Proof () Let f be aleft adjointand s = \/ A in X. Then obviously f(s) is an upper
bound of f[A]. Now let b be a general upper bound of f[A], thatis, let f(a) < b for
alla € A. Then foralla € A, a < g(b), hence g(b) is an upper bound of A, hence
s < g(b), and finally f(s) < b.

(b) Let f preserve all joins. Set g(y) = \/{z | f(2) < y}. If f(x) <y then triv-
ially x < g(y). On the other hand if x < g(y) = \/{z | f(z) <y} then f(x) <

Nz f@ =y =V{f@ | f@) =y} =y o

2.3 For Category Minded Readers: Posets as Special
Categories

A category is said to be thin if for any two objects A, B there is at most one morphism
A — B. A poset (X, <) (more generally, a preordered set) is a thin category in
which a morphism x — y is the statement that x < y, if it holds true: reflexivity
of < provides the identity morphisms and transitivity provides the composition of
morphisms.

Note that, on the other hand

every thin category is a preordered partially ordered class,

(which differs from a partially ordered set by possibly being carried by a proper class,
and by a < b and b < a for isomorphic distinct objects a, b).

Monotone maps [ : (X, <) — (¥, <) arein this perspective precisely the functors
between such categories.

Now the adjunction from 2.2 is a special case of the adjunction of functors
L: o/ — PBand R: # — < in categories. Recall (adjl) and compare

f(a) <biffa < gb) with Z(L(A), B) = </ (A, R(B));
further compare (adj2) with the adjunction units
A LR —Idgand p:1d,, — RL,
and (adj3) with

(L—"~LRL—"">1L)=id, and (R—2"~RLR —"" > R) =idg
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(in the general case the latter has to be assumed, in the thin case it comes for free
and becomes the former).

Further realize that the (partial order) upper or lower bounds are precisely the
categorical upper or lower bounds in the thin case, and infima resp. suprema coincide
with products and coproducts:

a<——aANb——=b a——>aVvVb<——»>
A
/ \V/
C
C

Thus, the first fact in 2.2.1 is a special case of preservation of colimits and limits by
left and right adjoint functors. Since equalizers (resp. coequalizers) exist trivially in
thin categories, the existence of limits (resp. colimits) means existence of products
(resp. coproducts), that is, infima (resp. suprema). Hence, complete lattices are the
complete (and cocomplete) such categories.

The correspondence of the second fact in 2.2.1 with the theorems on the existence
of adjoint functors is not quite so straightforward. One has to keep in mind that in
general categories we do not have a proper counterpart to the concept of a complete
lattice: in complete and cocomplete categories we consider small (set) diagrams in
large (class carried) categories (and large diagrams would not make sense) while in
complete lattices we admit (and need) “diagrams of the same size”. But there are
theorems that present adjoint functors under reasonable circumstances.

To finish this short excursion to categorial reasoning: we have seen posets and
Galois adjunction as a special case of adjunction in categories. It is, however, some-
times also profitable to look at the situation the other way, namely as primarily a
phenomenon in posets extended to categories where instead of one arrow between
nodes one has labelled ones, with structured labelling.

2.4 Some Special Posets

A meet resp. join semilattice has a A b resp. a V b for any a, b (and consequently
all non-empty finite meets resp. joins); if it is obvious from the context whether the
meets or joins are meant, one speaks simply of a semilattice.

We have already introduced lattices, bounded lattices and complete lattices in
2.1.1. Further, a lattice is distributive if we have

(avbyAc=(aAnc)V (bAc) whichisequivalentto (@Ab)Vec=(aVvec)A(bVc)

(the equivalence may be slightly surprising; it is important to realize that it amounts
to the fact that the dual of a distributive lattice is also distributive).
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2.5 Pseudocomplements, Supplements and Complements

‘We might consider a more general situation, but for our purposes everything in the
remaining part of this section will happen in bounded lattices L. A pseudocomplement
(resp. supplement) of an element a € L is an element b such that

anx=0iff x <b (resp. avx=1 iff x > b).

None of them has to exist, but if it does it is obviously uniquely determined. If it
exists we usually denote it by a* resp. a*.

A complement of a is an element b such thata A b = 0 and a Vv b = 1. It does not
have to exist and in general it is not even uniquely determined. But in a distributive
lattice there is at most one and if it exists it is simultaneously a pseudocomplement
and a supplement. One then speaks of a complemented element and the complement
is usually denoted a* (if there is no danger of confusion, otherwise another symbol,
e.g. a®, is used).

2.6 Heyting Algebras

A bounded lattice L is called a Heyting algebra if there is a binary operation x — y
(the Heyting operation) such that for all @, b, cin L,

aANb<c iff a<b—c. (Hey)

Recall 2.2 and realize that (Hey) says precisely that for every b

the mapping b— (—) = (x — b—x): L — L is aright Galois adjoint of (—) N
b=xr—xAb):L—L

and hence

(H1) the operation —, if it exists, is uniquely determined, thus, being Heyting is in
fact a condition on the meet in L,

(H2) in a Heyting algebra one has (\/ A) Ab =\/,.,(a Ab) forany A C L such
that \/ A exists, and b— \ A = )\ ,c,(b— a) for any A C L such that |\ A
exists,

(H3) and if L is complete then the distributivity rule

(VA Ab=\ (anb)

acA

is a necessary and sufficient condition for the existence of a Heyting operation
onL.
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2.6.1 Notes (a) Unlike the plain distributivity (@ V b) Ac = (a Ac) V (b A ¢) the
distributivity from (H3) is not carried over to the dual. See 3.2.2 below.
(b) It follows immediately from (Hey) that ¢ <b — c iff b <a — c. This is a
contravariant Galois adjunction that yields moreover the rule
(H4) (VA — b= A (a— D).

acA

(c) Dually one defines a coHeyting algebra as a bounded lattice with a binary oper-
ation (coHeyting operation) ¢ \ b (called the difference) such that

avb=>c iff a>c~b.

The importance of this concept will be apparent in 5.4 below.

2.6.2 A Few Heyting Rules In the sequel we will often need to compute with
the Heyting operation. Here are some formulas that are immediate consequences of
(Hey).

(1) a<b—a((sincea Ab <a).

2) 1>a=a(sincex <aiff x Al <a,thatis, x < 1—a).

(3) a—>b=1iffa<b(sincel <a—biff 1l Aa <b).

(4) a A (a—b) < b (since a— b < a— b, the well known “modus ponens” rule).
(5) an(@a—b) =aAb(<by(4)and > by (1)).

And here are three further useful ones, perhaps slightly less trivial, but still very
simple.

©6) a>b—c)=(@Ab)—c=b—(a—c)
(wehavex <a—> b—c)iffxhna<b—ciffx Aanb—ciff x < (a Ab)—¢).
(7Y a—>b=a—>ciffanb=aAnc
(=:By(S)and4),anb=an(a—>b)=aArn(a—c)=aAnc.<:By(3)and
H2),a—>b=(@—a)AN(a—b)=a—>(aAb)=a—>(aANnc)=a—>c).
@B x=xVa)A@—x)
(by 4) and (1), @ Va)yA(@a—x)=@A(@—>x)VxA@—x)) <x;on
the other hand, by (1), x < (x V a) A (a— x)).

2.6.3 Pseudocomplement Rules In a Heyting algebra one obviously has a pseu-
docomplement, namely a* = a — 0, with the following obvious properties:

(1) a<b = b*<a".

2) a <a™ and a™* = a*.

(3) (VA" = \,eqa” forany A C L such that \/ A exists (De Morgan law). Cau-
tion: the dual law for /\ A does not hold in general.

(Note that in (X), U* is the interior of X \ U.)
Dually, in a coHeyting algebra one has the supplement a* = 1 \ a.
On the other hand we easily prove
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2.6.4 Observation Let b have a complement b® in a distributive lattice L. Then
anb<ciffa<b’ve, and aVvb>ciffa>cADb°.

Thus, in a Heyting algebra we have for any complemented element b,b— ¢ = b* V ¢
and in a coHeyting algebra we have for any complemented elementb,c ~. b = c A b*.

Note All the assumptions are essential, though. In particular the formulas b — ¢ =
b* v cresp. ¢ . b = ¢ A b* hold for complemented elements only; the Heyting resp.
coHeyting operation cannot be thus reduced to pseudocomplementing resp. supple-
menting in no other case.

2.7 Boolean Algebras

A Boolean algebra is a distributive lattice in which every element is complemented.
From 2.6.4 we immediately obtain

Corollary A Boolean algebra is both a Heyting and a coHeyting algebra.

3 Frames and Spaces

3.1 The Category of Frames

A frame (resp. coframe) is a complete lattice L satisfying the distributivity law

NAAb=\{anb]|ace A} (frm)
(resp. (NAYVb=A{avb|acA}) (cofrm)

forall A C L and b € L. A frame homomorphism h: L — M between two frames
is a mapping preserving all joins and all finite meets. The resulting category will be
denoted by

Frm.

Similarly we have coframe homomorphisms between coframes preserving all meets
and finite joins.
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3.2 Spaces and Frames. The Functor 2

A typical frame is the lattice 2(X) of all open subsets of a topological space.
Furthermore, if f: X — Y is a continuous mapping we have a frame homomor-
phism Q(f): Q2(Y) — Q(X) defined by Q(f)(U) = f‘l[U]. Thus we obtain a
contravariant functor

Q: Top — Frm,

a basic link between classical spaces and what will turn out to be the generalized
ones (see already in 3.5.2 below, then in 3.9, and again and again).

3.2.1 A Warning Let us agree that our spaces will be, from now on, always 7p:
the frames €2 (X) will be central in our approach to spaces and it will make no sense
to discuss classical points that cannot be distinguished by open sets. In particular we
will, without further particular mentioning, use the following

Observation Let f, g: X — Y be distinct continuous maps, and let Y be Ty. Then

Q(f) # Q2(g).

(Indeed, if f(x) # g(x) consider a U such that, say, g(x) ¢ U > f(x). Then x €
QIAHW) N Q2(g)W).)

3.2.2 Notes (a) Unlike plain (finite) distributivity, the frame distributivity typically
does not carry over to the dual, that is, a frame is seldom simultaneously a coframe.
Take e.g. any T;-space X with a non-isolated point x and anopenset W 3 x.Set V =
W {x}and U ={U € Q(X) | x € U}. Then A\ U =int (U =? and hence
(ANUHUV =V while N{UUV |UeU}=W #V.

(b) As the example shows, coframes will seldom come as models of (generalized)
spaces. They will play, however, a fundamental role in the study of the structure of
generalized subspaces.

3.3 The Heyting Structure

Recall 2.6 (and 2.2). The distributivity rule (frm) makes a frame a Heyting algebra
and computing with the Heyting operation will be extensively used; similarly we
will use computing with the difference in coframes. But we have to keep in mind that
the category Frm is not that of (complete) Heyting algebras: frame homomorphisms
generally do not respect the Heyting operation.
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3.4 Prime Elements and Sobriety

Recall that an element p < 1 in a distributive lattice is prime if
a Ab = p implies that either a = p or b= p

(compare with primeness of numbers); equivalently,a A b < ponlyifa < porb <
p (readily deduced replacinga Ab < pby (aVv p) A(bV p)=(aAb)V p=p).

Typical prime elements in (X) are the open sets X ~ {x}. A Ty-space is
sober [44] if there are no other primes in 2 (X).

3.4.1 Notes (a) Sobriety is a very common property of topological spaces. For
instance every Hausdorff space is sober:

Suppose a prime P € Q(X) lacks two distinct points x and y. Separate them
by disjoint U > x and V' > y and consider the intersection P = (PUU)N P UYV)
where P containsnone of PUU, PU V.

Or, Scott spaces are mostly sober. On the other hand, sobriety is incomparable

with the axiom T7j.
(b) Because of the relation with the Hausdorff axiom, sobriety is sometimes viewed
as one of the so-called separation axioms. But as it was rightly pointed out by Marcel
Erné, it is, rather, a completion condition akin to the completion in metric or more
generally uniform spaces. As we will see in the following proposition, it amounts to
the assumption that filters that have the natural property of a neighborhood system
have “a point in the center” that is, are really neighborhood systems.

Recall that a filter F in a distributive lattice is prime if a v b € F implies that
a € Forb € F, and completely prime if \/,_; a; € F implies that some a; € F for
any system {a; | i € I}. A typical completely prime filter in € (X) is the system
U(x) = {U | x € U} of all neighborhoods of a point x.

3.4.2 Proposition A (Ty-)space is sober iff each completely prime filter in Q(X)
is U(x) for some x € X.

Proof =:Let X be sober and let # C Q2 (X) be a completely prime filter. Set V =
{V € Q(X) | V ¢ F}. By completeness, V, ¢ F, hence it is the largest such open
set, and

UeF iff U¢Z V. (%)

Now if U; N U, C Vj then both of the U; cannot be in ¥ (since it is a filter); thus,
for some i, U; C Vj and V} is prime, and by sobriety Vp = X ~ {xo} for some xo.
Thus by (x), U € ¥ iff U g X~ @ which holds precisely when xy € U, that is,
U e U(xp).
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«<: Let Vy be prime. Set ¥ ={U € Q(X) | U 51 Vo}. Obviously ¥ is a complete
prime ﬁlter,ﬁnce U (xp) for some xg, so that U Efo iff xg € U, thatis, U C Vp iff
U C X \ {xo} and we conclude that V; = X ~ {x}. O

3.5 Theorem

Let Y be sober and let h: Q(Y) — Q(X) be a frame homomorphism. Then there is
precisely one continuous map f: X — Y such that h = Q(f).

Proof Obviously a preimage 2~ ![F] of a completely prime filter is a completely
prime filter. Take an x € X and consider 7 ~![2/ (x)]. By sobriety and 3.4.2 it is U(y)
for some y € Y. Choose such y and denote itby f(x). Thus, A~ [U(x)] = U(f (x)),
that is,

h(U) > x iff U3 f(x), thatis, iff x € f~![U],

hence thus defined f is continuous and 2 = Q2 (f). Uniqueness of f follows immedi-
ately from Ty property: if f(x) # g(x) choose a U such that, say, f(x) € U $ g(x)
showing that Q (f)(U) # Q2(g)(U). m]

Thus the restriction 2: Sob — Frm of Q is a full embedding.

3.5.1 Corollary A sober space X can be homeomorphically reconstructed from
the frame Q2(X) as the set

{h: Q(X) — 2=1{0, 1} | h is a frame homomorphism}

endowed with the topology consisting of the U= {h | h(U) =1} withU € Q(X).
(Indeed, consider the one-point space P = {x}. Then Q(P) = {#J, P} = {0, 1} and
we can consider the elements x € X represented by the continuous maps f, with
fr(*) = x. Those are then by 3.5 in a one-to-one correspondence with the &, =
Q(fy),and h,(U) = 1iff x = f,(x) € U.)

3.5.2 Locales—So Far Formally Consider, so far just formally, the dual of the
category of frames. It is called the category of locales and it will be studied later in a
more transparent and useful concrete form. For the purposes of this section, however,
it will be simply

Loc = Frm®?

with frame homomorphisms understood in opposite direction for morphisms. Then
we have a covariant functor
Q: Top — Loc
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and Theorem 3.5 can be interpreted as that this functor embeds sober spaces, a sub-
stantial part of the category of spaces, into Loc as a full subcategory. This justifies
viewing frame theory, the “point-free topology”, as an extension of (at least a substan-
tial part) of the classical one. This point of view will be corroborated and confirmed
in the sequel; in this section we only wish to demonstrate the basic linkage between
the two.

3.6 Points and Spectra

The role of the sobriety in 3.5 and 3.5.1 was in the one-to-one correspondences,
not in detecting (classical) points in the lattice €2(X): any point x in any space
X is represented by the map (x + x): P — X. This leads to the definition of a
point in a frame L as a map of locales Q2(P) — L, that is, a frame homomorphism
L — Q(P) =2 =1{0, 1} (cf. Clementino [15]).

The following representations of points will come handy.

3.6.1 Proposition (1) Points h in L are in a one-to-one correspondence with the
completely prime filters F in L given by h+— F, = {x | h(x) =1} and F — hp
withhp(x) = 1iffx € F.

(2) Points h in L are in a one-to-one correspondence with the prime elements p of
L given by h +— py = \/{x | h(x) =0} and p — h, with h,(x) = 1 iffx ﬁ p.

Proof 1t is a matter of straightforward checking. O

3.6.2 Spectra In the following construction we will represent points as completely
prime filters (briefly, cp-filters). This has technical advantages but it is also fairly intu-
itive: think of points represented by their systems of neighborhoods. The morphisms
in Loc will be (so far) represented as frame homomorphisms, one has only to be
careful with the interchanged domain and codomain.

The spectrum of a frame L is the topological space

(L) = ({F | F cep-filterin L}, (, | a € L})
where ¥, = {F | a € F}. Note that

So=0, T =%(L) Tew=2NZ and Ty, =UZ, (=1)

sothat {3, | a € L} isreally a topology. For each frame homomorphismh: M — L
(L — M in Loc) set T(h)(F) = h~'[F]. We have
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(S)'[Zal = {F | a € h7'[F1} = {F | h(a) € F} = S (%2)

hence, each X (k) is continuous and we have obtained a functor

¥: Loc — Top.

Observation Each (L) is a sober space.

(ItF g G,witha € F,a ¢ GthenG ¢ X, > F.Thus ¥(L)is Ty. Let ¥, be a prime
inQX(L).Setp =\/{beL|X, C X} Inparticular, ¥, = £,.Ifx Ay < pthen
Y, NX, € X, =%, and hence, say, £, € X, so that x < p. Thus, p is a prime
in L. Now note that F € @ iff F € G. Consider the F = Fy, from 3.6.1. We
have G ¢ {F}iff G ¢ Fiff h,(c) = 0 for some ¢ € G iff ¢ < p for some ¢ € G iff
G € ¥, =%, Hence, T, = X(L) \ {F}.)

Theorem X is a right adjoint to 2.
Proof Consider the mappings
op: L - QX(L) (QX(L) - LinLoc) and px: X — XQ(X)

given by o7 (a) = X, and px(x) = U(x) = {U | x € U}. We have already seen in
(1) that oy, is a homomorphism, and since

px Byl ={x |[UX) e Sy} ={x |[UX) 3 U} ={x|xeU}=U, (£3)

px 1s continuous.
Next, they constitute natural transformations o : Q3 — Id (viewed as in Loc)
and p: Id — X Q: indeed,

QE(h)(0L(a) = (E(h) "' [Za] = Zpa) = om(h(a))
(recall (£2), and ZQ(f)(px(x)) = LU ={U | f7'[Ul e Ux)} =
{Ulxe U ={U | f(x) € U} = pr(f(x)).

Finally, we have to check that the compositions

(L) s von) 2 - (L) (24)
and
QX) —2Y. onax) 2 Qx) (£5)

result in identities. We have
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Yo (psw)(F)) = o 'TUF)] = 0, '[{Za | F € Z,)]
=x|Z,3F}={x|xeF}=F
and

Q(px) (0o (U)) = px'[Zu] = {x | UX) € Ty}
=x|UeUx)={x|xeU}=U.

3.7 Spatial Frames

A frame L is said to be spatial if it is isomorphic to €2 (X) for some space X. The
adjointness counit o of the spectrum offers an expedient criterion of spatiality. We
have that

a frame L is spatial iff oy, is one-to-one

(which is the same as saying that it is an isomorphism). Indeed, by the definition of
the space X (L), o is always onto, hence if the condition holds we have, trivially,
L = Q3> (L). On the other hand in the identity in (X4) above, oqx) is a coretract and
hence an isomorphism. Now if there is an isomorphism ¢: L — €(X) we obtain
from the transformation commutativity an isomorphism

or = (QE(P) oo - ¢

Note that in view of 3.6.1 this condition can be reformulated as saying that for any
twoa, b € L witha £ b there is a prime p such that b < p anda £ p, and hence

foreverya € L, a = A\{p | p prime, a < p}. (spatial)

3.8 Sober Reflection

The unit p constitutes a reflection of Top to Sob. We have that
a space X is sober iff px is a homeomorphism.

Indeed, py is invertible by 3.5 and by (X3), px[U] = ,Ox[p;l(EU)] = Xy, so that
an invertible py is an open map. The converse follows from Observation 3.6.2.
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3.9 C(Classical and Generalized (Point-Free) Spaces

Now we are ready for a rough outline of the relation of the point-free and classical
spaces.

Loc
Q
Top ~—
1
oX \_/
b oL
2Q
Qs
equivalence eQY (L)
“sobrification” of a space “spatialization” of a locale

On the one hand the point-free theory extends the classical one (or, at least a
substantial part of it; precisely, the subcategory of sober spaces). On the other hand,
the scope of the generalized is much larger; we will present two simple examples
shortly. The reader may of course ask whether such an extension is useful. It turns
out that it is, as will be hopefully apparent from the following sections.

3.9.1 Two Easy Examples First, consider a complete Boolean algebra B without
atoms (e.g., the lattice of all regular open sets®> of any Euclidean space). There are
no primes at all: indeed, let p be one. Since it is not an atom, there is an x with
p <x < 1.Wehave x* Ax =0 < p, hence x* = 0 and x = 1, a contradiction.

Next, take such a B again and consider L = {(x, y) € B x B | x < y}. Since all
the (0, x) are in L we obtain by the same reasoning as above that a prime in L has
to be of the form (g, 1) and hence there are no primes to separate distinct (0, a) and
0, b).

The latter example seems to be very similar to the former, but it is in fact much
more interesting. While Boolean frames are something like a generalization of dis-
crete spaces (albeit constituting a much more colorful class), the frames L of this
example are geometrically rather peculiar (do not forget that a subframe is, due to
the contravariance, geometrically more like a quotient space, not like a subspace):

2 That is, the opens U = int U, “open sets without lesions”, the open sets one thinks about first.



6 Notes on Point-Free Topology 191

interpreted as spaces they are behaving like Hausdorff ones, while on the other hand
they are not even subfit (see 7.6.2 below) which is a property weaker than 77!

4 Categorical Remarks

4.1 Semilattices and a Free Functor

Under a semilattice we here understand a meet semilattice with 0 and 1, and semi-
lattice homomorphisms preserve A, 0 and 1.

4.1.1 Biproduct Note that in the category of semilattices (similarly like in abelian
groups), the cartesian product with the injections and projections as in the following

diagram
L1 Ll
y=(a(a,1)) W»an

Ly XL,

L L,

constitutes a biproduct (note that pj¢; A pat, = id and check the coproduct and
product properties).

4.1.2 A Free Construction For a semilattice L consider the down-set lattice
DL)y={UCL|0#U=]U}

ordered by inclusion. Further, define A = A;: L — ©(L) by setting A(a) = la.
Obviously,

(L) is a frame and A is a semilattice homomorphism

(since we take only the non-empty down-sets, the zero of (L) is {0}; all the other
joins are the unions).

Proposition Let M be a frame and let h: L — M be a semilattice homomorphism.
Then there is precisely one frame homomorphism h: O (L) — M such that the dia-
gram
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L

commutes. This I is given by the formula ﬁ(U) =\V{h(a)|a e U}

Proof Since foradown-setU,U = | J{}a|a € U} = |J{r(a) | a € U} we have for
a (possible) frame homomorphism h commuting as desired E(U )= \/{E)\(a) |a e

=\V{h@)|a t € U}; hence the formula and the unicity. Obviously, this formula
glves a mapping h: D (L) — M that preserves all joins, and h(L) = 1. Finally, we
have

KUY AR(V) = \/{h(@) |a € Uy AN {h(b) | be V}
=\V{h@ Ah®)|acU,beV}=\/{h(@rb)|aclU,beV}
<\V{h(@) | ceUNV}=hUNV)<hU) AhV),

so h is indeed a frame homomorphism. O

4.2 Free Objects in Frm

For a set X define
F(X) ={A C X | A finite}

ordered by < = D so that we have the meet A A B = A U B. Denote by Bx the

mapping
Bx = {x}): X - F(X).

Then we have for each meet-semilattice S with 1 and each mapping f: X — §
precisely one meet-semilattice homomorphism f: F(X) — S such thatthe diagram

x— ™ L Frx

f
v

commutes and f () = 1, namely the homomorphism defined by f(A) = Nyen f).

The free frame over a set can be now obtained combining F' and D, that is,
as D F(X). This provides a functor ® F: Set — Frm right adjoint to the forgetful
functor Frm — Set.
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4.3 Algebraic Aspects of Frm

The category Frm is clearly equationally presentable i.e. its objects are described by
a (proper class of) operations, namely

e O-ary: 0, 1: L0 [,
e binary: L*> - L, (a,b) — a A b,
e k-ary (any cardinal k): L* — L, (a;)c — \/, ai,

and equations

e (L, A, 1) is an idempotent commutative monoid,
e with a zero element satisfying the absorption lawa A0 =0=0Aa,

e \/yai=0,a; AN\, ai=aj,an\/ a =\ (aAa).

Then, by general results of category theory (see Manes [40], Chapter 1, or John-
stone [28]), it follows that

4.3.1 Proposition Frm has all (small) limits (i.e., it is a complete category) and
they are constructed exactly as in the category Set of sets (i.e., the forgetful functor
Frm — Set preserves them).

Combining this with the fact that it has free objects over Set, Frm is a monadic
category over Set [40]. This means that, in particular,

4.3.2 Proposition (1) Frm has all (small) colimits (i.e., it is a cocomplete cate-
gory).

(2) The monomorphisms in Frm are exactly the injective homomorphisms.

(3) Epimorphisms in Frm need not be surjective but the regular epimorphisms are
precisely the surjective homomorphisms.

(4) Every morphism in Frm can be factored (uniquely up to isomorphism) as a regular
epimorphism followed by a monomorphism.

(5) Quotients are described by congruences.

4.3.3 A Consequence: Presentations by Generators and Relations The fact that
one has free frames and quotient frames implies, in particular, that, like in traditional
categories of algebras, we may present frames by generators and relations: take the
quotient of the free frame on the given set of generators modulo the congruence
generated by the pairs (u, v) for the given relations u = v.

For example, the point-free space of reals is introduced as the frame of reals
L(R) [6, 34] generated by all ordered pairs (p, q) (p, g € Q), subject to the relations

RD (p.g) AN(r,s) =(pVr.gAs),
(R2) (p,q) vV (r,s) = (p,s) whenever p <r <gq <s,
R3) (p,q) =\V{(rs) | p<r<s<gq}
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(R4) \/p,qu(p’ ‘1) = 1

This provides a development of the “theory of function rings C(X)” in frames and
locales [6] and the treatment of more general point-free real functions (see e.g. [22]).

As another example, the product of two locales L and M (see 4.5 below) is the
frame generated by all pairsa ® b, a € L, b € M, subject to the relations

PDH 1@1=1,

P2) a®0=0®b =0,

P3) @@b)A (@ Qb)=(and)RDAD),

(P4) \/iel(ai ®b) = (\/iel a;) ® b, \/iel(a ®b)=a® (\/iel bi).
For further examples, see e.g. [21, 36].

4.4 Taking Quotients

In general, extending a binary relation to a congruence (and subsequent factorizing)
in an algebra can be a hard task. In frames, however, it is surprisingly easy.

4.4.1 SaturationLet R C L x L be an arbitrary relation on a frame L. An element
s € L is said to be R-saturated (briefly, saturated) it

aRb = a—s=b—s.

The set of all R-saturated elements of L is a frame: since b — (—) is a right adjoint,
it is closed under meets, and by 2.6.2(6) we have for any x and aRb, a — (x —
s)=x—>(@—>s)=x—(b—s) =b— (x—s), hence it is also closed under the
Heyting operation and therefore it is a complete Heyting algebra, hence a frame?
(with the same meets and the same Heyting operation as in L but not necessarily the
same joins). It will be denoted by L/R.

We will show that L/R is the quotient of L by the congruence generated by R,
and more.

4.4.2 The Associated Nucleus For any a € L set
v(a) = vg(a) = A\{s € L/R|a < s}.

‘We have

3 This proof shows indeed more: L/R is a sublocale of L, see 5.4 below.
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Proposition (1) Foreverya € Lands € L/R, a—s = v(a) —s.
(2) v is a nucleus, that is, it is monotone, a < v(a), vv(a) = v(a) andv(a A b) =
v(a) Av(b).

Proof (1) For any x we have trivially x < a— s iff a < x — s and since this last is
in L/R, this is the same as v(a) < x — s, and this is equivalent with x < v(a) — s.
(2) The first three formulas are trivial, and also trivially v(a A b) < v(a) A v(b).
Nowsincea A b < v(a A b),wehave,by(l),a <b—v(a Ab) =v(b)—>v(a ADb),
hence v(a) < v(b) — v(a A b) and finally v(a) A v(b) < v(a A D). m]

4.4.3 Proposition v understood as a mapping L — L /R is an onto frame homo-
morphism, we have for aRb, v(a) = v(b), and if a frame homomorphismh: L — M
i_s such that h(a) = h(b) for all aRb then there is an h: L/R — M such that
h-v=h.

Furthermore, h(s) = h(s) foralls € L/R.

Proof v preserves finite meets by 4.4.2(2). The joins | | in L/R are given by
Llsi =v(\/s)(ift € L/Randt > s; forallithent > \/s;andt = v(r) > v(\/ s;))
and hence v(\/ @;) < v(\/ v(@)) = || v(a) < v(\/ ). Hence v is a frame homo-
morphism.

Next, if aRb then 1 = a—v(a) = b— v(a) and hence b < v(a), and v(b) <
v(a); equality by symmetry.

Finally, let h: L — M be such that h(a) = h(b) for aRb. Set o(a) =
\/{x | h(x) < h(a)}. Then obviously

a <o(a), and ho(a) < h(a) and hence ho = h. (%)
Hence wehave x < o (a)iff h(x) < h(a) (‘=" Dby (x) and ‘<=’ by the definition of ')
sothatforany u Rvwehaveforany x,x <u — o(a)iffx Au < o(a)iffh(x Av) =
h(x Au) < h(a)iff x Av <o(a)iff x < v—0o(a). Thus, o(a) is saturated, hence
a < v(a) < o(a) and we have

h(a) < hv(a) < ho(a) = h(a)

so that 4(a) = hv(a) and the statement follows. m]

4.4.4 Proposition Let there be a join-basis C C L such that for all c € C and aRb
we have (a A c)R(b A c). Then s is R-saturated iff for all aRb, a < s iff b < s.

Proof If the statement holds we have forevery ¢ € C andaRb,c Aa < siffc Ab <
s, thatis, c <a—s iff c <b—s, and a—s = b—s. On the other hand, if s is
saturated then in particulara —»s = 1 iff b—s = 1. O
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4.5 Product in Loc (Coproduct in Frm) Concretely

We will present a construction of the coproduct in the category of frames [28, 45].
It will be done for just two factors; the idea of the general case is precisely the same,
only one has to use a more complicated notation which makes the presentation less
transparent. The reader may do the general construction as a simple exercise taking
instead of the ¢;: L; — L x L, below in the role of the coproduct in the category
of semilattices the general coproduct in that category, namely

ti: L; —> ]_[Lj ={(a;)jes EHLj | for all but finitely many j € J,a; = 1}
jeJ jeJ

where 1;(a) = (x;)jes With x; = a and x; = 1 otherwise.
On the frame ®(L; x L;) define a relation R by setting

R={(Ut@. 04V a.b) laeLibe L)

iel iel
U{(U b b, 4@V bo) 1a € Ly, b € Lo}
iel iel
Note that
e the void index set is not excluded, hence we have

{(0,0}R{(0,b) and {(0,0)}R|(a,0)

foralla € Lyand b € Ly;
e it is easy to check that the R-saturated U € ©(L; x L) are precisely those that

for any (a;,b) € U,i € I, also (\/ a;,b) € U,

iel

and, for any (a, b;) € U,i € I, also (a, \/ b;) € U

iel

(the relation satisfies the conditions of 4.4.4, hence we can use the simplified
saturation formula).

Theorem The maps
Ui VR Arxp, tit Li > Li® Ly =9(L; x Ly)/R (i=1,2)

are frame homomorphisms and constitute a coproduct in Frm.

Proof Let h;: L; — M be frame homomorphisms. Consider first the semilattice
homomorphism 4': Ly x L, — M obtained for the h; understood as semilattice
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homomorphisms (recall 4.1) and, using 4.1.2, lift it to a frame homomorphism g =
h':®(Ly x L) = M. Consider the following diagram.

D(L1 x Ly)

DLy X Ly)/JR=L® L,

ALyxLy
Ly

L

L; M

The At; are semilattice homomorphisms that generally do not need to preserve the
joins in L;. The nucleus homomorphism vg, however, obviously provides the nec-
essary equalities, and since it preserves meets, we obtain frame homomorphisms
vgAL;. Using the formula for i’ from 4.1.2 (and taking into account that obviously
h'(a, b) = hy(a) A hy(b)) we easily check that it respects the relation R and hence we
have, by 4.4.3, a frame homomorphism 4 such that hvg = g and hence hvgAy; = h;.
Finally, the

Ya,b) = 1(a, )N, b) = hiu(a) N rib)

obviously generate ©(L; x L;) by joins, and vg is onto, so that 4 is uniquely deter-
mined by A1, and ht,. 0O

5 Loc as a Concrete Category. Localic Maps and
Sublocales

5.1 Localic maps

Since frame homomorphisms #: M — L preserve all joins they have uniquely
defined right adjoints f =h,: L — M. We will use them for a concrete
representation of the category Loc of locales [43, 44]. Thus, from now on we will
speak of the meet preserving maps f: L — M between frames with left adjoints
f* that are frame homomorphisms as of localic maps. The category Loc will be that
with frames as objects (in this context we often—although not always—speak of
them as of locales) and localic maps as morphisms.
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5.2 Proposition

A meet preserving map f: L — M is a localic map iff

@ f(x)=1lonlyif x =1,and
(b) for all y e M and x € L, f(f*(y)— x) = y— f(x) (this identity is often
referred to as the Frobenius identity).

Proof Set h = f*. The point is in determining when & preserves finite meets. First,
we have to have (1) = 1; this makes in the adjunction the condition 1 = h(1) < x
iff 1 < f(x), hence (a).

We have

h(x) ANh(y) <z iff h(x) <h(y)—z iff x < f(h(y)—2z), and
hxAny) <z iff xAy < f(z) iff x <y— f(2).

If h(x) A h(y) = h(x A y) the first inequalities coincide and we have for all x, x <
f(h(y)—2)iff x < y— f(2), hence f(h(y)—z) = y— f(z). On the other hand,
if f(h(y)—2z) =y— f(z) we have for all z, h(x) A h(y) <z iff h(x A y) <z,
hence h(x) A h(y) = h(x A y). O

5.2.1 Examples (1) For each continuous map f: X — Y, the localic map right
adjoint to Q2 (f) is given by

Qf)U) =Y~ fIX\NUL
(2) Recall 3.6. A point of a locale L is a localic map p: 2 — L. Then p(1) =1

and p(0) =a # lisaprimein L: x Ay <a = p(0) iff p*(x) A p*(y) < 0 hence
p*(x) =0or p*(y) =0, thatis,x < p(0) =aory < p(0) =a.

5.3 Aside: Spectrum in Thus Represented Category of
Locales
Recall 3.6.2. Let us represent points as primes. We have

Observation Ler f: L — M be a localic map. Then for every prime p in L, f(p)
is prime in M.

(Indeed, since p %=1, f(p)# 1, and anb < f(p) iff f*@) A f*b) <p iff
fHa) = por f*) < piffa=< f(p)orb = f(p).)
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Set
=)= ({p | p e L. pprime}. (X, |a € L)

where ¥, ={p | a ﬁ p} and take (using Observation) for X(f): (L) - X(M)
simply the restriction of f. By the adjunction we have

E) Zd={plat fPy=1{p| @ £ p}=2fw

and we easily see that £y =, ) = X(L), Zyp = X, N ) and Z\/a,- ==,
Thus, the ¥ (L) are topological spaces and the ¥ ( f) are continuous maps, and we
have a functor Loc — Top (this time without any formal reversals). If we now define
or(a) = X,and py: X — L Q(X) by setting px (x) = X . {x} we can easily check
all the equalities corresponding to those of 3.6.2.

5.4 Sublocales and the Coframe S(L)

Natural candidates for subobjects in a category are extremal monomorphisms. In Frm,
extremal epimorphisms are precisely the onto frame homomorphisms and hence the
extremal monomorphisms in our representation of Loc will be the adjoints to these,
namely precisely the one-to-one localic maps (recall the identities (adj3) in any adjunc-
tion; they show that onto maps correspond to one-to-one maps and vice versa).

Thus, a natural subobject of a locale L is a subposet S C L that is a frame in the
induced order, such that the embedding map js: S C L is a localic one. First of all,
it is closed under meets and the left adjoint of jg is obviously given by the formula

vs(x) = Afs|seS, x <s}

(understood as a map L — S it has to be a frame homomorphism; usually, however
one considers it as a map L — L and one speaks of the nucleus* of S). By 5.2 we
have that for every s € S and every x € L, x — s € S, because in this case x — s =
x— js(s) = js(vs(x) —s) € S. This leads to the following definition.

A sublocale of alocale (frame) L is a subset S C L such that

(S1) forevery M € S, A M € S, and
(S2) forevery x € Landeverys € S, x—s € S.

(We have already seen that if jg: S C L is a localic map then (S1) and (S2) hold.
On the other hand, if § satisfies (S1) and (S2) then it is closed under meets and
the Heyting operation, and hence it is a locale (with the same meets and the same

4 Nuclei in L are in a one-one correspondence with onto frame homomorphisms with domain L
hence constitute an alternative representation for sublocales in L [44].
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Heyting operation as in L3). By (S1), js has a left adjoint vg as above. By (52),
x—>s = js(x—s), and for any u, u <x—s iff x <u—s iff vg(x) <u—s iff
u < vg(x)— s so that

vs(x) =>s=x —> s (nucleus)

and hence jg(vs(x) —>s) = x —s = x — js(s) and jg is a localic map by 5.2—the
condition with 1 is trivial since jg is one-to-one.)

5.4.1 The Complete Lattice S(L) Obviously any intersection of sublocales is a
sublocale so that we have a complete lattice

S(L)
of sublocales of L. We immediately see that the join in S(L) is given by the formula
VSi={AM|McUS}
iel iel

(every sublocale containing all S; has to contain this set, and on the other hand this
set is a sublocale by property 2.6(H2) of the Heyting operator).

By (S1) every sublocale contains the top 1. Thus, the smallest sublocale, corre-
sponding to the classical empty subspace, is O = {1}.

5.4.2 Proposition S(L) is a coframe.

Proof We need to show that (();.; S;) VT =();,(Si vV T). The inclusion C is
obvious. Hence, consider an x € ﬂie ;(S; v T). Then for every i there are s; € S;
and #; € T such that x = s; At;. Sett = A\ ;. We have

x:/\(si/\ti):/\s,-/\/\ti:(/\s,-)/\tfsi/\tfsi/\t,-:x

sothatx = s; A ¢ foralli. Then, by rule 2.6.2(7), all the t — s; coincide; denote by s
the common value. Sinces =t — s; € S;,5 € ﬂie] S; and we conclude by 2.6.2(5)

thatx =t Asi=t A —=>s)=tAse (g S)VT. O

3 The joins | | in S are given by | |s; = vs(\/s;) (if t € S and ¢ > s; for all i then ¢ > \/s; and
t =vs(t) > vs(\/ 51)).
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5.5 Open and Closed Sublocales

Each element a € L is associated with a closed sublocale c¢(a) and an open sublocale
0(a),’

c(a@)=1a and oa@)={xel|la—->x=x}={a—>x|xelL}

(the equivalence of the two expressions for o(a) follows immediately from 2.6.2(6)).

5.5.1 Proposition o(a) and c(a) are complements of each other.

Proof 1f x € 0(a) N¢c(a) wehavea < x =a — x,hencea =a Aa <x and x =
a — x = 1 by 2.6.2(3). On the other hand, each x € L is by 2.6.2(8) equal to (a —
x) A(aVx)eo(a)Vca). |

5.5.2 Proposition We have the following formulas

0(0) =0, o(l)=L, olanb)=o0()No®d) and o(\/;a;) =\, o(a:),
c0 =L, ¢«(1)=0, clanb)=c@Vvebd) and c(\/;a) =) c(a).
Proof We will prove the formulas for ¢, those for o will then follow by De Morgan

formulas. They are simple observations:

P0=L, M ={1}=0,x >\ g iff x > qg; for all {, and finally, x > a A b iff
x=(xVa)A (xVb),thatis,iff x € ta Vv 1b. |

5.5.3 Proposition A general sublocale S can be represented by open and closed
sublocales as follows:

S ={Nes(x) Vo) |x e Lt=fe(y) Vo) |vsx)=vs(»}
Proof 1.1f s € S then for arbitrary x, x — s € S. Hence by 2.6.2(8) and (nucleus)
s=(sVs(x) A ws(x) = 5)=(sVsx) Ax —s) € c(vs(x)) Vo(x).
On the other hand, if a is in [\{c(vs(x)) V 0(x) | x € L} then, in particular, it is in
¢(vs(a)) V o(a) and therefore a = x A (@ — y) with x > vg(a). Sincea <a — y

we have a < y, hence a — y = 1, so that a = x > vg(a) and a = vg(a), that is,
aces.

6 The reader might have expected |, for the definition of 0(a). This subset of L is not a sublocale,
but the intuition is not wide from the target: | a is isomorphic to o(a) which is the image of the
localic map adjoint to the map (x = a Ax): L — Ja.
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II. Since vg (vs(x)) = vg(x) itsuffices, in view of I, to show thatif vg(x) = vg(y) then
SCce(y)Vo(x).Lets € S.Wehaves = (s VY) A(y => s) = (s VY) A (vs(y) —
)=GEVIAWsx) >8s)=(6VY)AX—>s)€c(y)Volx). O

5.6 Closure, Density and Isbell’s Theorem. Interior

Like in spaces we have the closure of a sublocale, the smallest closed sublocale
containing S (cf. [15]). It is determined by a particularly simple formula, namely

S=cASH=1AS

(a closed set containing S has to contain /\ S and has to be an up-set). Consequently
we have also an extremely simple criterion of density:

5.6.1 Observation A sublocale S C L is dense in L iff it contains the bottom 0.

5.6.2 Booleanization For a frame L set
B(L)={aeL|la=a"}={a"|a€lL).

Obviously it is a sublocale: we have a* = a— 0 and /\;(a; - 0) = (\/; a;) > 0 by
2.6(H4), making for (S1); (S2) follows from 2.6.2(6).

$B (L) is a Boolean algebra, the largest Boolean algebra in among the sublocales.
It is called the Booleanization of L, and it is a very old construction known from
algebraic logic (Glivenko [20]).

5.6.3 Theorem (Isbell’s Density Theorem) A sublocale S C L is dense iff it con-
tains B(L). Thus, each locale L contains a smallest dense sublocale, namely B (L).

Proof A dense sublocale contains 0 and hence, by (S2), all the x — 0, that is, all the
sublocale 2B (L) which is itself dense, since 0 = 1 — 0. m|

5.6.4 Notes (a) This fact has no counterpart in classical topology. So e.g. in the
frame of reals the sublocales of rationals and irrationals have still a very rich inter-
section (which, then, cannot be represented as a classical subspace). In the next pages
we will pay some attention to the relation of sublocales and subspaces of classical
spaces.
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(b) The Booleanization B(€2(X)) is an example of advantages of the point-free
approach. It is in fact a very natural space, namely the space of regular open sets,
that typically has no classical representation.

5.6.5 Interior Similarly one defines the interior of a sublocale S as the largest
open sublocale contained in S. We have o(a) C S iff ¢(a) 2 S* iff a < A S* iff
o(a) € o(A S*) so that

int S = o(/\ S%).

Note that this can be read in terms of the coHeyting difference as
ntS=L~(L\YS)

in analogy with the classical relation between interior and closure (the dual formula
does not hold, though; see e.g. [19] for more information).

5.7 Subspaces and Sublocales 1. The Axiom Tp

This is a preparatory subsection. We will proceed in the next section after we will
know more about images and preimages; now we will discuss just the correctness of
point-free representation of subspaces.

5.7.1 Sublocales Induced by Subspaces Consider a space X, a subspace ¥ C X
and the embedding mapping jy: ¥ C X. Then we have the onto frame homomor-
phism

QU =UrUNY): QX) > Q)

with the adjoint localic map «y: Q2(Y) — Q(X), an extremal monomorphism in
Loc, given by
ky(V) =int(X \Y)U V)

(sinceUNY CViff U C (X \Y)UV and U is open). This suggests the natural
representation of Y as the sublocale

Sy = «y[Q)].

Such sublocales Sy of (locales representing) spaces are usually referred to as the
induced sublocales, more precisely, sublocales induced by subspaces.

5.7.2 The Axiom Tp We have already seen that even in the most natural spaces
like the Euclidean space of reals (we will learn later that in fact the contrary is rather
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rare) there are sublocales that are not (induced by) subspaces. This is in fact a very
useful feature of point-free topology. There is, however, another hitch that has to be
taken into account: the space has to have a certain very weak property to have the
subspaces represented correctly.

The following property was introduced in Aull and Thron [1], and in the same
year, in Thron [54], it was already used to prove one of the first results about the
reconstruction of X from €2(X). Since then it turned out to be a very important
property in comparing classical and point-free theory (see e.g. [49]). A Tp-space’ is
a space X in which

for every x € X there is an open U > x such that U ~ {x} is open. (Tp)

5.7.3 Proposition The representation of subspaces in 2 (X) as above is correct in
the sense that distinct subspaces induce distinct sublocales iff the space X satisfies
Tp.

Proof =:Let X beaspacein which T, does not hold and let x be such that none of the
U ~\ {x} withopen U > x isopen. Thenfor Y = X \ {x} wehaveky (UNY) =U
for any U € Q(X); indeed, if x € U then

ky(UNY) =xy(U ~ {x}) =int (U) = U,

otherwise ky (U NY) = ky(U) =int ({x} UU) = U. Hence Sy = Q(X) = Syx.
<: Note that the nucleus of the Sy is given by

wU) =t (X \Y)UUNY)) U e Q2X)).
Let Tp hold and let Y, Z be distinct subspaces (with, say, ¥ > x ¢ Z). Choose an

open U > x with V = U ~ {x} open. Then vy (U) # vy (V) while vz(U) = vz (V).
Hence vy # vz and thus the corresponding sublocales Sy and S are distinct. O

5.8 Aside: Spatialization as a Sublocale

Recall 3.7. The full subcategory of all spatial locales in Loc will be denoted by Locsp.
Let Pr(L) denote the set of all primes p in a locale L and set

Sp(L) ={\A|ACPr(L)}.

Obviously Sp(L) = L for a spatial L.

7 The importance of this condition is comparable with that of sobriety. Note that in a way these two
conditions are dual to each other: while sobriety requires that we cannot add a point to X without
changing Q2 (X), Tp says that we cannot subtract a point.
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5.8.1 Lemma Sp(L) is a sublocale of L.

Proof Obviously Sp(L) is closed under meets. Now if A C Sp(L) then x —
NA= /\peA(x — p) € Sp(L) since x — p € Pr(L) U {1} for every x € L and
pePr(l):ifanb<x— pthenaAnbAx <p;ifx < pwehavex > p=1,
elsea Ab < p and then, say,a < p <x — p. O

Note further that Sp(L) € Locs, since Pr(Sp(L)) = Pr(L).

582 Lemma If f: L — M is a localic map then we have a localic map

Sp(f): Sp(L) — Sp(M) defined by Sp(f)(a) = f(a).

Proof Since f preserves meets, we have by Observation 5.3, f[Sp(L)] C Sp(M),
and hence we have amap Sp(L) — Sp(M) defined as in the statement; obviously it
preserves meets. Since we have for the embeddings j;.: Sp(L) C L, f - j. = ju -
Sp(f), thatis, j; - f* = Sp(f)* - ji;, wehave, forany a € Sp(L) and b € Sp(M),
by (nucleus),

Sp(SP(f)*(b) — a) = Sp(fHSP(/) (i ) — a) = f(jL(f*(b)) — a)
= f(f*®) » a)=b— f(a) =b— Sp(f)(a),

and Sp(f) is a localic map. O

Thus we have a functor
Sp: Loc — Locsp

(clearly a reflection of Loc on Locsp). Recall the representation of the adjointness
counit o = (a — %,): L — QX (L) of the spectrum from 5.3. Restricting it to
Sp(L), we get a description of the spatialization of a locale L (3.9) as a sublocale of
L:

5.8.3 Proposition o7 : Sp(L) — QX (L) is a frame isomorphism.
Proof We have already mentioned in 5.3 that X; = Pr(L) and X,,, = X, N ;. It
is also easy to check that

EAspwy =P and X | = EA eV, asn = LZJ Za,

so that we have a frame homomorphism. oy, is clearly one-to-one in Sp(L); it is onto
since

X, = E/\{pePr(L)IaSp} foreverya € L.
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6 Images and Preimages. Localic Maps as Continuous
Ones. Open Maps

6.1 Proposition

Let f: L — M be a localic map. For every sublocale S C L the image f[S]is a
sublocale of M.

Proof Trivially, f[S] is closed under meets. Now take an s € S and an arbitrary
x € M. Wehave x — f(s) = f(f*(x)—s) € f[S]since f*(x) >s € S. O

6.1.1 An (Epi, Extremal Mono) Factorization In consequence we have in Loc
the factorizations

g=(x—~>f(x)) Jj=<

L fIL] M.

Indeed, g obviously preserves meets, hence it has a left adjoint, and we have f* =
g*j* with f* and j* frame homomorphisms, j* onto, and hence g* is a frame
homomorphism.

6.2 Localic Preimage

By the formula for join in S(L) we have for each subset A C L closed under meets

the sublocale
Ag=\/{SeS(L)|SC A},

the largest sublocale contained in A.
The preimage f~'[S] of a sublocale is obviously closed under meets, but the
condition (S2) typically fails. We set

folS1= 'Sl

and call this sublocale the localic preimage of S.

Conventions We will sometimes work with both f~'[S] and f_,[S]. To avoid
confusion we will speak of the former as of the set preimage. Further, f~![M] is
closed under meets for any meet-preserving f and any M that is closed under meets
and hence we have a sublocale f_;[M]= f~'[M]g for any such M. We will refer
to such a situation stating that f_;[M] makes sense.



6 Notes on Point-Free Topology 207

6.2.1 Proposition Localic preimages of closed resp. open sublocales are closed
resp. open. More precisely, we have f_[c(a)] = f’l[c(a)] =c(f*(a))and f_i[o(a)] =
o(f*(a)).

Proof 1. x € f~'[ta]iff f(x) > aiff x > f*(a).
II. For a general element f*(a)—x of o(f*(a)) we have f(f*(a) >x)=a—
f(x) € o(a), hence o(f*(a)) S f~'[o(a)] .

Now let S be a sublocale contained in £ ~'[o(a)]; we will show that § € o(f*(a)).
Setb = f*(a) andtake ans € S. We have (b— s)— s € S and hence f((b—s) —
s) € o(a) so that, using 2.6.2(6), we compute

flb—>s)—=s)=a— f(b—>s5)—>s) = f(f* (@)= (b—>s)—>5))
=f((bADB—=9)=s)=f((bAs)=s)=f(1)=1

and since for a localic map f, f(x) = 1 only if x =1 we see that (b—s) —> s = 1.
But then b — s < s, and since always s < b— s we conclude that s € o(b). O

6.3 Proposition

For any localic map f: L — M we have the adjunction

=1

P ——

S(L) 1 S(M).
- =
fal-]

Hence, the image map f[—] preserves all joins and the preimage map f_i[—] pre-
serves all meets.

Proof Wehave f[S] C TiffS € f~[T]iff S € f_i[T],the first being the standard
set-theoretical image-preimage adjunction, the second because S is a sublocale. O

Note Itcan be further proved that f_;[—]is a coframe homomorphism that preserves
complements while f[—] is a colocalic map [44].

6.4 Points, Sublocales and Subspaces

Each sublocale contains, trivially, the top element, and the sublocale O = {1} plays
the role of the void subspace. We have an easy

Proposition The sublocales containing just one non-trivial element are the P =
{p, 1} with p prime.
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Proof 1f p is prime and if x — p # 1 then x £ p and since x A (x — p) < p then
x— p < pand hence x — p = p by 2.6.2(1).

Ifx—pe{p,1}andifx Ay < ptheneitherx > p=1landx < porx—p =
pandy <x—p=p. O

6.4.1 One-Point Sublocales The sublocales P = {p, 1} with p prime are called
one-point sublocales, or simply point sublocales. Note that this is in agreement with
the representation of points as primes. From formula (spatial) and the formula for
join in S(L) we immediately obtain

Observation A frame L is spatial iff L = \/{P | P point sublocale of L}.

In particular in a space X we have the one-point sublocales
P ={X\{x}. X}

of Q(X) and we obtain

6.4.2 Observation Q(X) = \/{PX | x € X}.

(Note that here we have simply used the fact that an open U C X is the intersection
X~ {x} | x ¢ U}. Thus, if X is not sober we actually have not needed all the
prime like in the previous statement.)

6.4.3 Induced Sublocales of 2(X) in Terms of Point Sublocales Let X be a
topological spaceand Y C X asubspace. Recall from 5.7.1 the sublocale Sy € Q(X)
induced by Y. We have

Theorem In S(Q(X)), Sy = \/{P)} |y € Y).

Proof Wehave Sy = ky[2(Y)] where «y is the localic map adjoint to the embedding
homomorphism Q(j) = (U — UNY): Q(X) - Q(Y). From 5.7.1 we know that
ky(V) =int (X N\ Y)U V) (the largest open U C X such that U NY = V). By
6.42, Q) = \/{P},y | y € Y} and hence by 6.3, Sy = \/{Ky(PyY) | y € Y} and it
suffices to prove that Ky(PyY) = P;( , that is, that for y € Y,

nt(X~UT D)) =x~0]

which, since the closure in Y is the intersection of the closure in X with Y, amounts
to int (X ~ Y) U (Y ~ {y})) = X ~ {y}. The inclusion D is trivial. Now let U be
openand U C (X \. Y) U (Y ~ {y}). We have to prove that U C X ~ {y}. Suppose
the contrary. Then there is a z € U U {y}, hence y € U which is a contradiction: y
is neither in X . Y norin Y ~ {y}. o
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6.4.4 Note All sublocales of spaces are induced only exceptionally. For a Tp-space
(recall 5.7.2) the following statements are equivalent.

(1) All sublocales of 2(X) are induced by subspaces,
(2) S(2(X)) is Boolean,
(3) X is scattered, that is, every infinite subset of X contains an isolated point.

(See [2, 41, 46, 51].)

6.5 Geometry of Localic Maps

Localic maps were introduced in a rather formal way: in the first step the category Frm
was just turned upside down to formally obtain covariance; in the second step one
gained concreteness by another formal measure, namely by taking Galois adjoints. It
may come as a pleasant surprise that thus formally obtained maps are characterized
among non-structured maps like classical continuous maps, namely by preserving
closedness and openness (the latter in some strict sense) by preimages.® In classical
spaces it suffices to assume one, obtaining the other for free, here we will have to
assume both explicitly: the complements of closed sublocales have to be formed
in S(L) and not set-theoretically as in classical topology, and S(L) is not quite so
simple as the Boolean algebra of all subsets.

6.5.1 Lemma Let L, M be frames and let f: L — M be a mapping such that
for every closed sublocale B C M the (set-theoretical) preimage f~'[B] is closed.
Then f preserves meets (and hence has a left adjoint).

Proof In particular, preimages of up-sets are up-sets and hence f is continuous
in the Alexandroff (quasidiscrete) topology of the posets L, M, and consequently
monotone.

Next, for every b € M we have ana € L such that f~![1b] = ta. The a is obvi-
ously uniquely determined; let us denote it by i (b). The equality 1h(b) = f~'[1b]
can be rewritten as

hb) <x iff b =< f(x). ()

Realizing that & is monotone (if b < b’ we have 16 2 15" and hence 1h(b) 2 1h(b)
and h(b) < h(b’)) we conclude that (x) makes f a right Galois adjoint, hence a
mapping preserving all meets. O

8 More precisely: a map is localic iff each closed sublocale has a closed preimage whose complement
is contained in the preimage of the complement of the original sublocale, and the least subocales
are preserved.
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6.5.2 Theorem Let L, M be frames. Then a mapping f: L — M is localic iff

for every closed A, f~'[A] is closed, f~'[O] = O, and
for every open U, f_1[U] = f~'[U®]° (and hence it is open).

(Note that because of the first condition and 6.5.1 the use of the symbol f_[U]
makes sense—recall the convention in 6.2.)

Proof Every localic map satisfies the conditions by 6.2.1. Thus, let f: L — M be
a plain map satisfying the conditions. Since f~![O] = O we have f(a) = 1 only if
a = 1 and by 6.5.1 we know there is a right adjoint 4, hence it remains to prove that
fh(@)—x) =a— f(x).

Consider a B = #a so that B® = o0(a). Thus, A = f~![B] = 1h(a) and by the
second assumption we have o(i(a)) € f~'[o(a)]. Consequently

f(h(@)—x)=a—y ()

for some y and we have to prove that a -y = a — f(x), that is, by 2.6.2(7), that
any=aA f(x).

: Trivially, f(x) < f(h(a)—>x) =a—y,and hencea A f(x) < y.

: Using the adjunction inequality id > & f and () we have

%

A

h(a)—>x > hf(h(a)—x) =h(a—Yy)
=h(Muluna<y})=\{hw |una<=<y},

hence \/{h(u) | u Aa < y} < h(a)— x and so (recall rule (5) of 2.6.2)

Vih(@) Ah(u) |una <y} =h(a) A\/{h(u) |una <y}
< h(a) A (h(a)—>x) < x.

Consequently, 2(a Ay) < h(a) Ah(y) < x and finallya Ay < f(x). m]

6.6 Joyal-Tierney Theorem

Thisis a very interesting useful characterisation of open localic maps, that s, of localic
maps f: L — M such that the image f[o(a)] of every open sublocale is open.

6.6.1 A Technical Replacement It will be technically of advantage to replace
embeddings of open sublocales o(a) by isomorphic representations by means of
the frames |a as indicated in the following diagram where j, is the embedding
0(a) € L and the dotted isomorphism consists of (x — a A x): o(a) - Ja and
x> a—x): la— o(a).
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o(a) (open)
A

Ji=(xr>a—x)

(x>anx)
\

Ja.

L

6.6.2 Theorem (Joyal and Tierney [35]) A localic map f: L — M is open iff the
adjoint frame homomorphism h = f* is a complete Heyting homomorphism, that is,
if it preserves (also) all meets and the Heyting operation.

Proof Foreacha € L we have auniquely defined ¢ (a) such that f[o(a)] = o(¢(a))
resulting in the decomposition

SJa=Jew - &

(where j,: 0(a) € L and jgq): 0(¢p(a)) € M are the embeddings). Obviously this
map ¢: L — M is monotone. In terms of the adjoining frame homomorphism we
thushave j; - h = g* - j§ - Replacing the j*’s isomorphically as in (open) we obtain
a commutative diagram

M’%—L

(x> (a)Ax) (x>anx)

V@) ——la

Thus the openness of f is characterized by the existence of a monotone ¢p: L —
M such that
xAp@) =yA¢(a) iff h(x) Aa=h(y)Ara

or, equivalently,
xA@(a) <y iff h(x) Aa < h(y). (%)

For x = 1, in particular, ¢(a) < y iff a < h(y) so that ¢ is a left adjoint of 4 and
hence & preserves all meets. Further, we have by (x), for arbitrary a,a < h(x) — h(y)
iffa Ah(x) <h(y)iffx Ap(a) < yiff p(a) < x— yiff a < h(x — y) and hence
h(x) > h(y) = h(x—y).

On the other hand, if /& preserves the Heyting operation, we have x A ¢(a) <y
iff ¢ <x—y iff a<h(x—y)=hx)—h(y) iff hx)Aa=<h(y),
hence (x). O
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For a thorough investigation of extensions of theorems 6.5.2 and 6.6.2 to the
algebraic (not necessarily complete) setting of implicative semilattices or algebras
see Erné, Picado and Pultr [18].

7 Examples

In this final section we will, first, show a few examples of point-free reasoning; in
particular we present the Banaschewski-Mulvey compactification [8, 9], illustrating
on the one hand that the point-free techniques can be simpler than the classical ones,
and on the other hand that one can obtain better facts than in the classical setting.

At the end we will mention, without proofs, a few more examples of facts that are
more satisfactory than the classical ones.

7.1 Regularity

Consider the relation between open sets of a space defined by V < U iff V C U.
Thus, obviously,x € V < U isthe same as saying that there are disjointopensets V >
x, W 2 X \ U, and hence the property of regularity of a space X can be expressed
by stating that each open set U C X is the union  {V | V < U}.

This can be extended to the point-free context. Define, in a locale L, the relation
0(b) < o(a) between open sublocales iff 0(b) € o(a), and declare L as regular if

Vae L, o(a)=\{ob)|obd) <o)}

Recall 5.6. Since o(b) = ¢(b*), then 0(b) < o(a) iff ¢(b*) Nc(a) = 0, that is, b* Vv
a = 1. Hence L is regular iff

VaeL, a=\/{beL|b=<a}

where b < a (b is rather below a) in L iff b* v a = 1 (or, equivalently, if there is a
usuchthat b Au=0andu Vva=1).

Regularity in frames is a very expedient property, easier to work with than e.g.
variants of the Hausdorff property (see below in 7.6.2) and hence it has often appeared
in point-free reasoning (from its early stages) whenever one needed spaces with a
“non-trivial separation”. In the following we will present a few examples; technically
we will typically work in frames, with localic interpretation added.

Compare the facts in 7.3.1, 7.2.3 and 7.2.4 below with the standard facts from
classical topology concerning Hausdorff resp. compact Hausdorff spaces. Also in the
point-free context they hold more generally, but the necessary technique is much more
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involved. The simplicity of the proofs presented here indicates why the regularity is
so popular in point-free topology.

7.1.1 Lemma Ifa;,a, < bthena; Va, < b, ifa < by, by then a < by A by, and
ifa < b then b* < a*.

Proof If af v b =0then (a1 Va)* Vb= (aj Ana;) vb=1.1fa* v b; =1 then
a*Vv by Aby) =1.1fa*vb=1thena* Vv b™ = 1. m]

7.1.2 Lemma If h: L — M is a frame homomorphism and x <y then h(x) <
h(y). Consequently each sublocale of a regular frame is regular.

Proof Apply h on the equalities x Au =0, u VvV y = 1. For the second statement
consider the onto homomorphism £ adjoint to the embedding S € L.Forb = h(a) €
Swehave b = h(\/{x | x < a}) = V{h(x) | x < a). O

7.2 Dense Maps

A localic map f: L — M is dense if f[L] = M, which is the same as saying that
f(0) = 0. For the adjoint frame homomorphism we then have h(x) = 0 iff x <
f(0) = 0 which leads to defining a frame homomorphism to be dense if h(x) =0
implies that x = 0, and (so far for technical reasons only) as codense if h(x) = 1
implies that x = 1.

7.2.1 Lemma Let a homomorphism h: M — L be codense and let M be regular.
Then h is one-to-one.

Proof Let h(a) = h(b) and let a £ b. Then there is an x < a, x % b. Since x* v
a =1 we have h(x* v b) = h(x* VvV a) = 1, hence x* v b = 1. Consequently, x =
X A(x*Vb)=x Aband x < b, a contradiction. |

7.2.2 Compactness The concept of compactness is naturally extended to the point-
free context: a cover of a frame L is a subset A € L such that \/ A = 1, and a frame
L is compact if every cover of L has a finite subcover.

7.2.3 Proposition Let M be regular, L compact, and let a homomorphismh: M —
L be dense. Then it is one-to-one. Thus, a dense localic map f: L — M with L
compact and M regular is onto.
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Proof Leth(a) = 1.Byregularity,a = \/{b|b < a},hence 1 = h(a) = \/{h(b) |b
< a} and by compactness there are b;, i = 1,...,n, such that 1 = \/?:1 h(b;). Set
¢=\/{_;bi. Then h(c) =1 and by 7.1.1 ¢ < a, and we have ¢* vV a = 1. Now
h(c*) = h(c) A h(c*) = 0 and by density ¢* = 0 and we obtain that @ = 1. Hence &
is also codense, and it is one-to-one by 7.2.1. O

7.2.4 Corollary Each compact sublocale of a regular frame is closed.

(Decompose the embedding mapping S C L into the embedding mappings S € S C
L and use 7.1.2).

7.3 Theorem

(Banaschewski Coequalizer Theorem) Let hy, hy: M — L be frame homomor-
phisms and let M be regular. Set ¢ = \/{h;(x) A ha(y) | x Ay = 0}. Then

y=@r—>xVvcec): L —>"1c

is the coequalizer of hy and h;.
In a localic formulation: the equalizer of any two localic maps fi, f»: L - M
with regular M is a closed sublocale of L,namely c(\/{f{*(x) A f5(y) |x Ay = 0}).

Proof First, let us prove that yh; = yh,. By symmetry, it suffices to show that
hi(a) < hy(a) ve.Letx <a. Thenhi(x) A hy(x*) < candhenceh;(x) = hi(x) A
(h2(x*) V ha(a)) < ¢V hy(a). Since by regularity a = \/{x | x < a} we obtain
hi(a) = \V{h(x) | x < a} < ha(a) Ve

Now let gh| = gh, for some homomorphism g: L — K. Then

gle) = \V{ghix) Agha(y) [x Ay =0} =\ {ghix Ay) [x Ay=0}=0

so that we can define g: t¢ — K by setting g(x) = g(x) toobtaing -y =¢g. 0O

7.3.1 Corollary Let M be regular and let the localic maps fi, f>: L — M coincide
on a dense sublocale of L. Then fi = f>.
7.4 Complete Regularity

While in the case of regularity we have just presented some parallels with the classical
result, here we will be able to present an example of a considerable improvement,
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namely an extension of the Stone-Cech compactification that is not only technically
very simple, but also choice-free (!).

In a frame L let us say that an element x is completely below y and write x << y
if there are x, for diadically rationals d between 0 and 1 such that

x =x9, y=x; and x4 < x, ford < e. (%)

A frame is completely regular if

VaeL, a=\/{b|b=<<a}.

7.4.1 Notes (a) Again, similarly like with regularity, a space X is completely regular
in the classical sense iff 2 (X) is completely regular as just defined. A continuous real
function f: X — R such that f(x) = O for all x in an open U and f constantly 1
on X \ U can be obtained by inserting x € V << U and setting f(y) =inf{d | y €
Va} (similarly like in the construction of the function separating two closed sets in
Urysohn’s Lemma).

(b) Instead of the set D of diadically rational numbers we can take any countable
order-dense subset D’ of the unit interval. The point is just in creating an interpolative
sub-relation of < and for this D is particularly transparent.

(c) One immediately sees that << is the largest interpolative sub-relation of < (mean-
ing: an R such that for a Rb there is always a ¢ with a Rc Rb—this is not necessarily
true for < itself). The construction of the largest interpolative subrelation given by
the formula (%) is not quite choice-free (it needs the Axiom of Countably Depen-
dent Choice). This can be avoided by defining << simply as the largest interpolative
sub-relation of < (the union of all such subrelations). All we need (in particular
the properties in 7.4.2 below) can be proved for thus defined << to obtain a fully
choice-free theory (see Banaschewski and Pultr [12]); it is of course, more involved.

7.4.2 Some Properties From 7.1.1 and quite similarly like in 7.1.2 we obtain

Facts. (a) << is interpolative and if a1, ay << b then a; vV ay << b, if a << by, b,
then a << by A by, and if a << b then b* << a*.
(b) Each sublocale of a completely regular frame is completely regular.

7.5 A Point-Free Stone-Cech Compactification

(Banaschewski and Mulvey [8, 9]) For a frame L set
J(L) ={J | J (non-empty) ideal in L}

ordered by inclusion.
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7.5.1 Lemma J(L) is a compact frame.

Proof Since intersections of ideals are ideals, it is a complete lattice. It is easy to
check that the join in J(L) is given by the formula

\/J,' ={\/M|Mﬁnite, Mg UJ,}

iel iel

Trivially, (\/ JH)NK 2 \/(JiNK) and if x; v ---Vx, € (\/ J;)) N K with x; €
Ji; then x; € K (an ideal is a down-set), hence x; € J;; N K, and x; vV ---V x, €

\/(Ji NK).
Finally, if \/ J; = L we have in particular 1 € \/ J;,hence | = x; Vv - - - V x,, with
xj € Ji;butthen 1 e \/;'.:l Ji, and hence L = \/_7:1 Ji,. Thus J(L) is compact. O

7.5.2 Regular Ideals An ideal J is regular if for every x € J thereisay € J such
that x << y. In a completely regular frame L we have the regular ideals (recall the
interpolation)

o@={xelL|x <a}

and we have, for every ideal J,

J=V{o(a)|aelJ}

7.5.3 Lemma Let L be completely regular. Then the set
R(L) ={J € J(L) | J isregular}

is a compact completely regular frame.

Proof Obviously any intersection of regular ideals is a regular ideal, and from 7.4.2

we easily infer that a join of regular ideals is regular as well. Thus, SR(L) is a subframe

of J(L), and as (obviously) a subframe of a compact frame is compact, it is compact.

It remains to be proved that it is completely regular. We have, for each J € R(L),
J=V{o@) |aeJ}=\{o®)|TaecJ, b<al},

and since obviously x < x” << y’ < y implies x << y, it remains to be proved that

b<<ainL = o) << o(a)inR(L).
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Interpolate b << x < y << a. Then we have y € o (a) and (recall 7.4.2) x* € o (b*)
and hence 1 =x* Vv y € o(b*) Vo(a) and o (b*) vV o(a) = L; on the other hand,
trivially o (b*) N o (b) = {0} since x € o (b*) N o (b) makes x < b A b*. O

7.54 R(L) as a Compactification of L Define v = v, : R(L) — L by setting
v(J)=\J and consider or = (a+— o(a)):

L — R(L). Wehave v(o(a)) =aand L € o(v(L)), hence v is a left Galois adjoint
of o, and hence it preserves all joins. Further, since J, K are down-sets,

v(H)NuK)=\{xAy|lxel yeK}
C\V{zlzeJNK}=v(JNK)Cv(J)Nv(K)

and hence v is a frame homomorphism (and o is a localic map). Since \/ J = 0 only
if J = {0} and v is obviously onto, we have (recall 7.2) that

each oy, is a dense embedding of L into SR(L).

The construction R can be extended to a functor by setting R (h)(J) = [h[J] and
it is easy to check that v is a natural transformation. Thus, to show we have here

a compactification akin to the Stone-Cech compactification of spaces

it suffices to show that for L compact the homomorphism v; is an isomorphism,
and since we already know that generally v(c(a)) = a and L C o (v(L)), it suffices
to prove that for a compact L, o (v(J)) € J. Thus, let x € o(v(J)). In particular
x < \/ J,hence x* v'\/ J = 1 and hence, by compactness, there are yi, ..., y, in
Jsuchthatx*Vv y;v---Vvy,=1.Jisanideal,hencey =y, v---Vy, € J,and
x* Vv y=1,hence x <y and we conclude that x € J.

7.5.5 Comments Note that the construction is much simpler than the construction
of the compactification in classical spaces. Further note that we have not used the
Axiom of Choice and not even the rule of Excluded Middle. Hence the construction is
fully constructive. Furthermore, it is easy to see that if a reflection is constructive then
also the fact that the limits, in particular the products, are in the smaller category,
is constructive. Thus, in contrast with the situation in classical spaces where the
compactness of products of (in this case Hausdorff) compact spaces is compact is
equivalent with a choice principle,’ products of compact completely regular frames
in Loc are compact.

Now the reader may start to doubt whether this compactification is at all closely
related to the Stone-Cech one. We have been so far careful in stating that it is akin to
that. But this was just a cagey formulation in a situation when we could not comment

° With the Boolean Ultrafilter Theorem; the compactness of products for general spaces is equivalent
with the full Axiom of Choice. Even the theorem for general frames is choice-free, but this is
technically much more involved [5, 27, 37].
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about it properly. In fact, by the Hofmann-Lawson duality [4, 24] in particular the
products of completely regular spaces exactly correspond to the products of the cor-
responding frames, hence the Banaschewski-Mulvey compactification does extend
the Stone-Cech one. How is this possible? (Not very) roughly speaking, Tychonoff
theorem does not need the choice for proving the compactness: products of compact
spaces are always compact, without the Axiom of Choice, however, they can be
non-spatial.

7.6 A Glimpse of Other Separation Axioms

(see [47] for more information) Normality can be immediately copied from classical
topology: a frame is normal if

Va,bst.avb=1 Ju,vst.avu=1,vvb=1landu Av=0. (norm)

To present just a simple fact:

7.6.1 Proposition In a normal frame the relation < interpolates.

Proof Let a < b. Then there is an x with a A x = 0 and x VvV b = 1. By normality,
there are u, vwithx Vu =1=vvbandu A v=0whichmakesa <u <b. 0O

7.6.2 Lower Separation, in Particular Subfitness About mimicking the Haus-
dorff axiom let us just mention that it is a complex area, with more candidates [47].
An interesting fact is that the candidates that are conservative, that is, applied to
classical spaces agree with the classical Hausdorff property, do not behave as good
as the so-called strong Hausdorff property, which is not conservative but parallels
very well properties of Hausdorff spaces.

Instead of 77 we have a very expedient, weaker, subfitness. A frame is subfit if

atb = 3Jc,ave=1#bve. (sfit)

Obviously, Tj-spaces are subfit (if x e U ~\ Vset W = X \ {x}toobtainU U W =
X # V U W). This property goes back to Wallman, 1938 (in a pioneering article [55]
of point-free thinking, published long before point-free topology started to develop;
it was later rediscovered [25], and only recently really appreciated [17, 30, 38]). To
show a simple application, let us prove the following

7.6.3 Proposition A normal subfit frame is regular and hence, by 7.6.1, completely
regular.
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Proof Suppose a normal subfit L is not regular. Then thereisana # b = \/{x | x <
a}. Since a £ b there is a ¢ with a V ¢ # b v c. By normality there are u, v with
uANv=0,uva=1andvVc=1.Butthen v < a, hence v < b and we obtain a
contradictionb Ve >vVve=1. O

(In classical topology one usually speaks on normal 7;-spaces being (completely)
regular, but of course subfitness suffices in the classical context as well.)

Subfitness has a lot of useful consequences. Here let us just mention a slightly sur-
prising formula for pseudocomplement (where, in fact we will use even slightly less).

7.6.4 Proposition In a subfit frame we have a* = \{x | x Va = 1}.

Proof Set b= A{x | xva=1}.If x Va=1 then a* =a* A (x Va) =a* Ax,
hence a* < x and we see that a* < b. Thus, if b # a* we have a A b # 0 and hence
there isa c # 1 such that cv (@ Ab) =1. ThencVva =1and c v b =1, by the
former b < ¢, and by the latter c = ¢ V b = 1, a contradiction. m]

Note. Thus, in a subfit frame we can compute the pseudocomplement by a formula
for supplement. It is not generally a supplement, though: for that we would need the
coframe distributivity. But of course we have the consequence that

a subfit frame that is also a coframe is a Boolean algebra.

7.7 A Few More Examples

We will finish with a few examples of point-free facts that are more satisfactory than
the classical counterparts. We will present them in an easily understandable form
and provide references, but will not go into details.

7.7.1 Choice-Free Product Compactness In 7.5.5 we have shown, using a choice-
free reflection, that compactness of the product of completely regular locales is
choice-free. In fact

this holds for any frames whatsoever

but the proof is more involved [5, 27, 37].

7.7.2 Uniform Completion The structure of frames can be naturally enriched,
like that of classical spaces. Thus we have, e.g., a theory of uniform frames [44,
48], with the concept of completeness and completion quite parallel to the classical
counterparts. But (after 7.7.1 not quite surprisingly)

completion in the point-free context is fully constructive (see [7, 11]).
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7.7.3 Paracompact Locales The reader may remember the concept of paracom-
pactness that comes in many equivalent forms (the usual one requiring a locally finite
refinement for every cover, another stating that the system of all covers constitutes a
uniformity), has many useful applications, but behaves very badly (even a product of
a paracompact space with a metric one may not be paracompact). Contrasting with
this,

the subcategory of paracompact locales is reflective in LoC

(Isbell [25], cf. [10]).
There is also an elegant characterisation (not holding classically) stating that

a frame is paracompact iff it admits a complete uniformity

(Isbell [25], see also [10, 44, 50]).

7.7.4 Lindelof Locales Also one has that
the subcategory of Lindelof locales is reflective in Loc [39]

(the very important subcategory of Lindeldf spaces is not reflective in Top).

7.7.5 Localic Groups Extending the concept of a topological group one has the
localic groups (standardly considering theory of groups over the category Loc instead
of over Top) with properties similar to the classical ones (natural uniformities, etc.).
But there is a fact that is fundamentally different (and somehow more satisfactory
considering the classical zero group obtained as R/Q, dividing a group by an infinitely
smaller one), the Closed Subgroup Theorem

every localic subgroup of a localic group L is closed in L [26, 31, 32].

7.7.6 Measures In classical measure theory, one has to restrict measure in the
Euclidean space R” to special measurable subsets in order to avoid Vitali and Banach-
Tarski paradoxes. Instead, by enlarging the powerset &2(R") of subsets of R” to
the lattice of sublocales S(2(R")) (recall 5.7.3 and 6.4.4), the point-free approach
produces an isometry-invariant measure on all sublocales of 2 (R"), consistent with
Lebesgue measure (Simpson [52]). In particular,

every subset in R" is assigned a measure

via the inclusion of Z(R") in S(2(R")). The contradictions are avoided because
disjoint subsets need not be disjoint as sublocales: although the intersection of two
such sublocales has no points, they nevertheless overlap in S(2 (R")).
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Chapter 7 ®)
Non-associative Algebras s

Tim Van der Linden

Abstract A non-associative algebra over a field K is a K-vector space A equipped
with a bilinear operation A x A — A: (x,y) — x -y = xy. The collection of all
non-associative algebras over K, together with the product-preserving linear maps
between them, forms a variety of algebras: the category Algy . The multiplication need
not satisfy any additional properties, such as associativity or the existence of a unit.
Familiar categories such as the varieties of associative algebras, Lie algebras, etc.
may be found as subvarieties of Algx by imposing equations, here x(yz) = (xy)z
(associativity) or xy = —yx and x(yz) + z(xy) + y(zx) = 0 (anti-commutativity
and the Jacobi identity), respectively.

The aim of these lectures is to explain some basic notions of categorical algebra
from the point of view of non-associative algebras, and vice versa. As a rule, the
presence of the vector space structure makes things easier to understand here than in
other, less richly structured categories.

We explore concepts like normal subobjects and quotients, coproducts and pro-
tomodularity. On the other hand, we discuss the role of (non-associative) poly-
nomials, homogeneous equations, and how additional equations lead to reflective
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Introduction

An algebra is a vector space over a field, equipped with an additional bilinear multi-
plication. In practice, in the literature, and historically, this algebra multiplication is
usually taken to be associative, often also commutative, or else it is asked to satisfy
some other rule like the Jacobi identity. For us here, such special types of algebras will
be important classes of examples. However, in these lectures about non-associative
algebras we will a priori not ask that the multiplication of an algebra satisfies any
rule at all, besides that it is bilinear. This makes it possible to treat many different
types of algebras all at once, and interpret their common properties by means of
categorical-algebraic concepts.

From the point of view of Category Theory, vector spaces are simple and extremely
well behaved. (Not only is a category of vector spaces always abelian; also the fact
that every vector space has a basis is important for us.) As we shall see, adding a
multiplication to a vector space actually makes its behaviour worse—so for us, more
interesting. The reason is, that this allows us to study categorical concepts which
are often trivial for vector spaces, but whose definition makes full sense in a context
which is only slightly different. In a way, it is still all Linear Algebra. The categorical
properties which we shall treat here are mainly those related to the context of semi-
abelian categories, which find a concrete use for instance in homology of non-abelian
objects.

1 Non-associative Algebras

Throughout these lectures, we fix a field K.

Definition 1.1 A (non-associative) algebra (A, -) over K is a K-vector space A
equipped with a bilinear operation -: A X A — A: (x,y) —> x - Y.

Recall that - being bilinear means that it is linear in both variables x and y, so
that forall A € Kand x, x’, y, y' € A,

(+x)-y=x-y+x'-y, x-(+Y)=x-y+x-y,
(x) -y = Ax - y) = x-(Ay).

In other words, it induces a unique linear map A ® A — A sending elements of the
formx®yec A®Atox -y € A.

Depending on the type of non-associative algebra which is being considered, to
write the multiplication, several notations are common. We shall often drop the dot
and write xy for the product x - y. In a context related to Lie algebras, x - y is usually
written as a bracket [x, y].

Unless when this would be confusing, we write A for an algebra (A, -), dropping
the multiplication.
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2 Examples

In practice, additional conditions are imposed on the multiplication, and then only
those algebras that satisfy these conditions are considered. For instance, we may ask
that the multiplication of an algebra A is commutative, which means that xy = yx
for all elements x, y of A, and decide to study only such algebras.

The word “condition” here means any set of equations that the multiplication
on an algebra should satisfy. In this section we give a number of examples of such
conditions. Later we make the concept of “a condition” itself more precise and
investigate it in general.

Definition 2.1 We write Algy for the category of non-associative algebras over K,
with linear maps f: A — B that preserve the multiplication:

fAx)=rf(x), fx+y)=f@)+ f(y) and flx-y)=fx)-f()

forh e Kandx,y € A.

Note that the identity function 14,: A — A: x — x on an algebra A is always
an algebra map, and such is the composite g o f: A — C of two algebra maps
f:A— Bandg: B— C.

Definition 2.2 Given categories € and &, if the objects and arrows of & are also
objects and arrows in €, and if the identities and the composition in & agree with
those in €, then 9 is called a subcategory of €.

A subcategory 9 of € is a full subcategory when the arrows in & are precisely the
arrows in € between objects in 9: for each pair of objects X, Y of &, Homg (X, Y) =
Homg (X, Y).

Note that a full subcategory of a given category € is completely determined by a
choice of objects in €.

Definition 2.3 The collection of all K-algebras satisfying a chosen equational con-
dition is called a variety of non-associative algebras. It is any class of algebras
defined by a (possibly infinite) set of equations, considered as a full subcategory 7
of Algi. An object of 7 is often called a 7"-algebra.

In other words, the morphisms in a variety of non-associative algebras are again
the linear maps preserving the multiplication. In Sects.7 and 11 we will explain
what we mean by “equational condition” in Definition 2.3. Essentially it will consist
of a possibly infinite system of equations v, = 0, A € A, where each ¥, is a non-
associative polynomial.

Example 2.4 An algebra is said to be commutative if xy = yx for all x and y.

Example 2.5 An algebra A is associative when x(yz) = (xy)z for all elements x,
v, z of A. The collection of all associative algebras form a variety of non-associative
algebras, ASSOCAIgy: so in these lectures, “non-associative” means “not necessarily
associative”.
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Remark 2.6 1t is easy to check that an associative Z-algebra is the same thing as a
ring (with or without unit). This doesn’t fit our definition of a non-associative algebra
though, because Z is not a field. We could have made Definition 1.1 more general,
so that this example could be included. We chose not to do this, because it would
make other aspects of the theory significantly more complicated.

Exercise 2.7 However, a lot can still be done. Throughout the text, try to extend
the theory from vector spaces to arbitrary rings, and discover where this may make
things more difficult.

Associativity may be weakened or modified, as in the next two examples.

Example 2.8 An alternative algebra satisfies the equations x(xy) = (xx)y and
(yx)x = y(xx). An anti-associative algebra satisfies the equation x(yz) = —(xy)z.

We may also impose much stronger conditions, such as the next one.

Example 2.9 (Vector spaces as non-associative algebras) Any vector space V may
be considered as a non-associative algebra, by imposing a trivial multiplication:
xy = 0, the product of any x, y € V is the zero vector of V.

We write Vecty for the category of K-vector spaces and linear maps between
them. It is isomorphic to the variety AbAlgy of so-called abelian non-associative
algebras, which are those determined by the equation xy = 0. This is of course not
the same thing as the commutativity condition xy = yx in Example 2.5.

Indeed, if the functor that equips a vector space with the trivial multiplication
is written T : Vectx — ADbAIgy, and U: AbAlggy — Vectk is the functor which
forgets the multiplication of a trivial algebra, then clearly T o U = 1apaig, and U o
T = 1Vect]K~

Lie algebras (Example 2.11) are of a wholly different nature. First of all, they are
alternating:

Example 2.10 An algebra A is called alternating when xx = 0 for every x in A. It
is said to be anti-commutative when xy = —yx forall x, y € A.

When it exists, the smallest positive integer n such that

n=1+---+1
~———

n terms

is zero in K is called the characteristic of the field K. If such a positive integer
does not exist—which can only happen when K is infinite—then we say that the
characteristic of K is 0. If the characteristic of the field K is different from 2, then
these two conditions (being alternating, being anti-commutative) are equivalent. If
xx = 0 for every x in A, then

0= (a+b)(a+b)=aa+ab+ ba+ bb =ab+ ba
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for all a, b € A. So alternating implies anti-commutative. Conversely, since we
can take x = y, the equation xy = —yx implies xx = —xx, hence 0 = xx + xx =
(1 + Dxx = 2xx. So unless 0 = 2 in the field K, this implies that xx = 0.

However, they are not equivalent in general: the simplest example of a field
of characteristic 2 is the field Z, = {0, 1} = Z/2 of integers modulo 2. Over Z,,
the 2-dimensional vector space with basis {x, y} becomes an anti-commutative
algebra which is not alternating if we define its multiplication as xx = y and
xy =yx =yy =0.Note thatxx =y = —y = —xx.

Example 2.11 The category Liek of Lie algebras over K consists of those alternating
algebras satisfying the Jacobi identity

x(yz) + z(xy) + y(zx) = 0.

Lie algebras are notorious because of their connection with Lie groups, which are
smooth manifolds that carry a (compatible) group structure. Actually, each Lie group
induces a Lie algebra over R, and this process gives rise to a non-trivial equivalence
of suitably chosen subcategories.

Another source of Lie algebras (over any field) are those coming from associative
algebras. There is a functor G: AssocAlgy — Liex which takes an associative
algebra (A, -) and sends it to the couple (A, [—, —]) where

[, —]: AXA— A: (x,y) — [x,y] =xy — yx.

It is easy to check (Exercise 2.13) that this bracket does indeed define a Lie algebra
structure on A. The functor G sends a morphism of associative algebras to the same
linear map, now a morphism of Lie algebras, since it automatically preserves the
bracket.

Note that two elements x, y of (A, -) commute (xy = yx) if and only if their
bracket vanishes ([x, y] = 0); so the associative algebra (A, -) is commutative if and
only if the Lie algebra (A, [—, —]) is abelian.

The functor G is not an equivalence of categories—the two types of structure
are fundamentally different—but it has a left adjoint Liex — AssocAlgy which is
called the universal enveloping algebra functor; see Definition 6.5.

A third example of Lie K-algebra is, for any associative K-algebra A, the Lie
K-algebra of derivations Derg (A) of the K-algebra A. A derivation of a K-algebra
A is any K-linear mapping D: A — A such that D(xy) = (D(x))y + x(D(y)) for
every x, y € A. If A is any associative K-algebra and D, D’ are two derivations
of A, then DD’ — D'D is a derivation. Thus, for any associative K-algebra A, it
is possible define the Lie K-algebra Derk (A) as the subset of Endg (A) consisting
of all derivations of A with multiplication [D, D'] := DD’ — D'D for every D,
D’ € Derg(A).

Exercise 2.12 Read about Lie groups and how they give rise to Lie algebras.

Exercise 2.13 Show that the bracket above defines a Lie algebra structure on A.
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Exercise 2.14 Investigate the universal enveloping algebra functor.

Example 2.15 Instead of being alternating, we may ask that the multiplication of
an algebra satisfying the Jacobi identity is anti-commutative (xy = —yx). Then this
algebra is called a quasi-Lie algebra. The variety qLiey of quasi-Lie algebras coin-
cides with Lieg as long as the characteristic of the field K is different from 2. However,
when char(K) = 2, the variety Liex is strictly smaller than qLiey: the algebra over
Z given in Example 2.10 is a quasi-Lie algebra which is not Lie.

Approaches to Lie algebras via operads usually deal with quasi-Lie algebras
instead, because the repetition of the variable x which occurs in the equation xx = 0
cannot be expressed within that framework, so the equation xy = —yx serves as a
substitute.

We may further weaken or modify this definition as follows.

Example 2.16 A Leibniz algebra is a non-associative algebra satisfying a variation
on the Jacobi identity, namely (xy)z = x(yz) + (xz)y. It is easy to see that an anti-
commutative algebra is a Leibniz algebra if and only if it is a quasi-Lie algebra.

Example 2.17 A Jordan algebra is acommutative algebra (xy = yx) which satisfies
the Jordan identity (xy)(xx) = x(y(xx)).

If a non-associative algebra is commutative and satisfies the Jacobi identity, then
it is called a Jacobi—Jordan algebra. Over a field of characteristic 2, quasi-Lie alge-
bras and Jacobi-Jordan algebras coincide (since commutative = anti-commutative).
In particular then, they are Jordan algebras: indeed, the Jacobi identity implies
that 3x(xx) = 0, so x(xx) = 0; then via Example 2.16, we see that (xy)(xx) =
x(y(xx)) + (x(xx))y = x(y(xx)).

Many more examples of varieties of non-associative algebras exist in the literature.
We end with two extreme ones:

Example 2.18 The largest variety of non-associative K-algebras is Algy itself (no
conditions) and the smallest one is the trivial variety O (consisting of the zero algebra
only, satisfying all equations possible, including x = 0).

Example 2.19 Unitary (associative) algebras—those (A, -) which have an element 1
for which x - 1 = x = 1 - x—do not form a variety in our sense, since the existence
of 1 cannot be expressed as an equational condition. This does not mean that an
algebra cannot have a unit. On the other hand, even between algebras with units, a
priori there is no reason why a morphism of algebras should preserve this unit.

The aim is now to explore some basic categorical concepts in the context of
non-associative algebras. Most of what we are going to prove here may be seen as
consequences of more general results, but to take that approach would defeat our
purpose of keeping things simple.

We work in a chosen variety of non-associative algebras 7”. The concepts we shall
define do not depend on which variety we choose; here is a little example. Recall that
amorphism f: A — B in a category is an isomorphism if and only if there exists a
morphism g: B — Asuchthat fog=1gandgo f = I4.
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Lemma 2.20 In a variety of non-associative algebras 7', a morphism is an isomor-
phism if and only if it is a bijection.

Proof It follows immediately from the definition that any isomorphism of non-
associative algebras is an isomorphism of its underlying sets, which makes it a
bijection. Conversely, let f: A — B be a bijective morphism in 7. Then we need
to show that the inverse function g: B — A is also a morphism in 7/, i.e., a K-
algebra morphism. This is easy to see, using that f is an injective morphism. For
instance, g(x - y) = g(x) - g(y) for any x, y € B, because f(g(x-y)) =x-y=
f(g(x) - f(g(y) = f(gx)-g(). O

Remark 2.21 Like several other results in these notes, this lemma is valid in the
far more general context of a variety in the sense of universal algebra. A precise
definition of this concept may be found for instance in [14]. A good exercise is to
investigate which of our results generalise to that larger setting.

3 The Zero Algebra; Kernels and Cokernels

Any variety of non-associative K-algebras contains the zero-dimensional K-vector
space 0 (whose unique element is also denoted 0) as an object. Its multiplication is the
uniquemap -: 0 x 0 — 0: (0,0) — 0 -0 = 0, which of course satisfies all possible
equations. Categorically, this algebra is a zero object, and its existence makes any
variety of non-associative algebras into a pointed category.

Definition 3.1 An object T is terminal in a category € when for each object A of €
there is exactly one arrow A — T in €. An object [ is initial in € when for each
object B of € there is exactly one arrow / — B in 6.

A zero object or null object in a category € is an object (denoted 0) which is
both initial and terminal. Given any two objects A and B of &, there is a unique zero
arrow(0: A — 0 — B.

When a category has a terminal (or an initial) object, this object is necessarily
unique up to isomorphism: for any two terminal objects T and T’ there are unique
arrows T — T’ and T’ — T, which are each other’s inverse, because their compos-
itesT — T’ — Tand T’ — T — T’ are necessarily equal to the identity morphism
on T and T’, respectively.

Example 3.2 In the category Set of sets and functions, the empty set is initial, and
any one-element set is terminal. The same holds for topological spaces, when these
sets are equipped with their unique topology.

The zero algebra is a zero object in any variety of non-associative algebras, because
the unique linear map to it or from it does automatically preserve the multiplication.
Between any two algebras A and B, the zero arrow is the morphism A — B: x — 0.
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Proposition 3.3 Any variety of non-associative algebras is a pointed category,
where the zero object is the zero algebra.

The context of a pointed category is the right categorical environment for the
definition of the concepts of the kernel and cokernel of a morphism.

Definition 3.4 In a pointed category €, an arrow k: K — A is a kernel of an arrow
f:A— Bwhen f ok =0, and every other arrow h: C — A suchthat foh =0
factors uniquely through k via a morphism 4’: C — K such thatk o ' = h.

K
A
I

L

k
\Af

——>B

In other words, in the category where an object is an arrow h: C — A such that
f oh = 0and amorphism g: & — i between such arrows is a commutative triangle

D .
gT\A$B,
c/h

a kernel of f is a terminal object. Hence kernels are unique up to isomorphism.
Because of this, when a kernel exists, we sometimes speak about “the kernel” (or
“the cokernel”) of a morphism.

In a variety of non-associative algebras, for any arrow f: A — B there exists
a kernel k: K — A, namely its kernel in the vector space sense. Explicitly, the
algebra K may be obtained as {x € A | f(x) = 0} with the induced operations,
and k: K — A as the canonical inclusion. Since f is a morphism of algebras, for
x,yeKand e Kwehave f(x+y)=f(x)+ f(y) =0, f(Ax) =1f(x) =0
and f(x-y) = f(x)- f(y) =0, so that K is a K-algebra. If now h: C — A is a
morphism such that f o h = 0, then we must define #’: C — K as the map which
sends x € C to h(x) € K—note that f(h(x)) = 0. This is the only function which
makes the triangle commute, and it is a morphism, because % is a morphism.

Proposition 3.5 A kernel of a morphism of non-associative algebras is computed
as the kernel of the underlying linear map.

Reversing the arrows, we find the definition of a cokernel:

Definition 3.6 In a pointed category %, an arrow g: B — Q is a cokernel of
an arrow f: A — B when go f =0, and every other arrow h: B — C such
that 4 o f = 0 factors uniquely through ¢ via a morphism 4’: Q — C such that
hog=h.
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¢ 5 @

f |
A——B =%

s

In a variety of non-associative algebras, any arrow has a cokernel, but its con-
struction is slightly more complicated and needs some preliminary work.

4 Kernels and Ideals, Cokernels and Quotients

In varieties of non-associative algebras, arrows which are kernels can be characterised
as ideals. An ideal of an algebra is like an ideal of a ring, or a normal subgroup of
a group, both of which admit a similar categorical characterisation. This is the first
place where we see that the added multiplication which distinguishes an algebra from
a mere vector space makes an actual difference: not every subalgebra can occur as
a kernel.

Definition 4.1 Given an algebra A, a subalgebra of A is a subspace S of A which
is closed under multiplication, so S§ C S.

Anideal I of A is a subalgebra suchthat A7 C 1 D [A:foralla € Aandx € I,
the products ax and xa in A are still elements of 1.

For a given algebra in 77, all of its subalgebras are 7 -algebras as well, since
the multiplication on A restricts to a multiplication on S, which of course makes
the same equations hold. In fact, a subset S C A is a subalgebra precisely when the
canonical injection s: S — A is a morphism in 7.

Example 4.2 Write K(x) for the set of associative polynomials with zero constant
term in x, which is the K-vector space with basis {x, X% xnL ) equipped with
the obvious associative multiplication determined by x™x" = x™*". Then the vector
space generated by the even degrees {x?* | k > 1} of x forms a subalgebra of K(x)
which is not an ideal.

There is a one-to-one correspondence between the set of all ideals of A and the
set of all equivalence relations ~ on A compatible with the operations of A, that
is, such that, for every a, b, ¢, d € A and every A € K, a ~ b and ¢ ~ d implies
a+c~b+d,ac ~ bd and Aa ~ Ab. The following result explains this in detail.

Proposition 4.3 For a subalgebra K of an algebra A, let k: K — A denote the
canonical inclusion. Let g: A — A/K: a — a + K denote the canonical linear
map to the quotient vector space A/K ={a+ K | a € A}.

The following conditions are equivalent:
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1. K is an ideal;

2. there is a unique algebra structure on A/K for whichq: A — A/K becomes a
morphism of algebras; then k is the kernel of q, and q is the cokernel of k;

3. k is the kernel of some morphism of algebras f: A — B;

4. K isthe equivalence class [0]~ of the zero of A modulo some equivalence relation
~ compatible with the operations of the algebra A.

Amap k: K — A satisfying these conditions is called a normal monomorphism.

Proof 3 implies 1.: if k is a kernel of f then for all x € K and a € A we have
f(xa) = f(x)f(a) =0f(a) = 0. Likewise, f(ax) =0, so that xa and ax are in
K. Hence K is an ideal of A.

4. implies 1. because ifa ~0,b ~0and A e Kthena+b ~04+0=0, ab ~
00 =0and Aa ~ A0 =0.

Clearly, 2. implies 3.; let us prove that 1. implies 2. For g to become a morphism
of algebras, we have no choice buttoput (@ + K) - (b + K) = ab + K fora, b € A.
Clearly then, k will be the kernel of g.

We need to prove that this multiplication on A/K is indeed a K-algebra structure.
First of all, it is well defined: if a + K = a’ + K, then

@+K)-b+K)=ab+K=ab+ (@ —a)b+K=adb+K=(@@+K) b+K),

since (@' — a)b € K Aisintheideal K. Similarly, the multiplication does not depend
on the chosen representative in the second variable. Its bilinearity follows immedi-
ately from the bilinearity of the multiplication on A. Finally, any equation which
holds in A also holds in A/ K, so the K-algebra A/K is an object of 7.

Let us now check that the morphism g: A — A/K is indeed the cokernel of k.
Suppose h: A — C is a morphism such that 4 o k = 0. Then we have no choice
but to impose that 4': A/K — C takes a class a + K and sends it to i(a). The
question is, whether this defines a morphism of algebras. First of all, the choice of
representatives plays no role, since a + K = a’ + K implies a — a’ € K, so that
h(a) — h(a’) = h(a — a’) = 0. The other properties follow easily.

Finally, 3. implies 4.: we let a ~ b when f(a) = f(b); then it is easily seen that
~ is compatible with the operations of A. Furthermore, a ~ 0 if and only if a is in
the kernel K of f. (Il

In other words, ideals have quotients, kernels have cokernels. What about the
cokernel of an arbitrary morphism of algebras? For this we need a description of the
ideal of A generated by a subset S C A, which is the smallest ideal of the algebra A
that contains S.

Proposition 4.4 Given any subset S of an algebra A, the ideal I of A generated by
S exists, and may be obtained as follows:

1. I is the intersection of all ideals of A that contain S;
2. I is the union of the sequence of subspaces I, of A, obtained inductively as
follows:
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e [y is the subspace of A, generated by S;
e [,y is the subspace of A, generated by 1I,, Al, and I, A.

In other words, each element of I can be obtained as a linear combination of elements
of S and products of elements S with elements of A.

Proof For the proof of 1., consider the set of ideals
J={J € A| Jisanideal of A containing S}.

This set is non-empty because it contains A. Any intersection of a set of subspaces
of a vector space is still a subspace. If those subspaces happen to be ideals, then
the result is still an ideal, since for x € (| J and a € A, the products ax and xa are
elements of all members of the set J, so they are in its intersection. It follows that
() J is itself an element of J, and clearly it is the smallest element.

For 2. we have to prove that the subset L = | J, .y I, of A is an element of J.
Note that the elements of I, are linear combinations of products of elements of the
form ax, xa and x, where a € A and x € I,. It is easily seen that this set L is still
a subspace of A, and it is also obvious that L is an ideal. Note that any ideal of A
that contains S necessarily also contains the other elements of L, so I and L must
coincide. ([

Note that the ideal generated by a subset S of an algebra A may be obtained as
the smallest ideal that contains the subspace of A spanned by S.

Proposition 4.5 In any variety of non-associative algebras, given a morphism
f: A — B, acokernel q: B — Q of it exists, and may be obtained as follows:

1. take the image f(A) = {f(a) | a € A}, this is a subalgebra of B;
2. take the smallest ideal I of B containing f(A);
3. let q be the quotient B — B/1.

Proof Propositions 4.3 and 4.4 already tell us that this procedure can indeed be
carried out. Actually, 1. needs to be checked separately, but this is easy. We only
have to show that the result g is a cokernel of f.

Since we know that ¢ is a cokernel of the canonical inclusioni: I — B, we only
need to prove that carries out the same role for f. This amounts to showing that
for any morphism 2: B — C,we have h o f = 0 if and only if # o i = 0. Note that
since f(A) C I, there exists f': A — I: a+> f(a) such that i o f' = f. Hence
hoi=0impliesho f = hoio f' = 0.For the converse, we know that / vanishes
on all elements of I of the form f(a) for a € A, and need to extend this to all of 1.
This is clear however, since each element of / is linear combination of elements
of f(A) and products of elements f(A) with elements of B. O
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5 Short Exact Sequences and Protomodularity

One of the key notions of Homological Algebra is the concept of a (short) exact
sequence. It can be defined in any pointed category which has kernels and cokernels,
so in particular in all varieties of non-associative algebras. As it turns out, here
the concept is particularly well behaved, since the Split Short Five Lemma holds.
This implies that a variety of non-associative algebras is always a profomodular
category—a central notion in Categorical Algebra, and part of the definition of a
semi-abelian category.

Definition 5.1 In a pointed category, a short exact sequence is a couple of com-
posable morphisms (f: A — B, g: B — C) where f is a kernel of g and g is a
cokernel of f.

This situation is usually pictured as a sequence

0—sa-lsp-_*sc 0. )

Knowing that a couple of composable morphisms is a short exact sequence encodes
certain information about the objects involved. This is precisely the type of informa-
tion that is dealt with by Homological Algebra.

In a category of vector spaces, for instance, the exactness of this sequence not only
says that C = B/A; it also implies that B is isomorphic to the direct sum A @ C:
up to isomorphism, the outer objects completely determine the middle one. This is
a consequence of the next result (Theorem 5.5), which is valid in any variety of
non-associative algebras. We first need a definition.

Definition 5.2 A morphism f: A — B in acategory ¥ is said to be a split epimor-
phism when there exists a morphism s: B — A suchthat f os = 1.

Dually, a morphism s: B — A in € is called a split monomorphism when there
exists a morphism f: A — B suchthat fos = 13.

As we see, split epimorphisms and split monomorphisms occur together: the
splitting s of a split epimorphism f is a split monomorphism, and vice versa.

Example 5.3 In Set, any injection s: B — A where B # ¢ is a split monomor-
phism. The statement that “any surjection f: A — B is a split epimorphism” is
equivalent to the Axiom of Choice, which allows us to define s: B — A by picking,
for each b € B, an element a in f~'(b), and calling this s(b).

Example 5.4 Under the Axiom of Choice, every vector space has a basis. Then
in Vectg, every surjective linear map g: B — C is a split epimorphism. A splitting
s: C — Bfor g may be defined as follows. Let Y be a basis of C. Then the restriction
of g to a function g~!(Y) — Y is a surjection. Hence it is a split epimorphism. Let
t: Y — B denote a splitting, viewed as a function with codomain B. Since Y is a
basis of C, the function ¢ extends to a linear map s: C — B.
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Outside these two examples, split monomorphisms and split epimorphisms tend
to be quite scarce. For a given morphism of non-associative algebras, to belong to
one of those classes is a strong condition with serious consequences.

Theorem 5.5 (Split Short Five Lemma) In a variety of non-associative algebras,
consider the diagram
;
A——>B C
0
q
D——E F
t

g
s

Il

I

where f is a kernel of g and k is a kernel of g, where g o s = lcandq ot = 1y, and
where the three squares commute: Bo f =koa,qoBf =y ogandBos=toy.
If @ and y are isomorphisms, then B is an isomorphism as well.

Proof By Lemma 2.20, it suffices that § is injective and surjective. Consider e € E,
then e — tg(e) is sent to O by g, sothereisad € D such thate = k(d) + tq(e). Take
a=a'(d),c=y""(g(e) and b = f(a) + s(c). Then

Bb) = B(f(a) +5(c) = k(a(@™ (@) + 1y (y ' (g(e))) =e,

which proves that § is surjective.

We now use the fact that ~'(0) = {0} if and only if 8 is injective. To prove
the injectivity of B, we may let b € B be such that B(b) = 0. Since then also 0 =
q(B(b)) = y(g(b)), and since y is an injection, g(b) = 0. Hence there isana € A
such that f(a) = b. Now k(x(a)) = B(f(a)) = B(b) = 0, while both k and « are
injections, so a = 0. It follows that b = f(a) = 0. O

Note that in this proof we are only using the (additive) group structure of the
algebras. This is not a coincidence, as the result is valid in contexts which are much
more general than the one where we are working now.

Corollary 5.6 In a short exact sequence of vector spaces such as (), the object B
is isomorphic to A @ C.

Proof Being a cokernel, the morphism g is a surjection, which implies that it is a
split epimorphism of vector spaces. Let s: C — B be a splitting for g, and consider
the diagram

(14.0) e
AH A
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where B(a, c) = f(a) + s(c) fora € A, ¢ € C. The result now follows from Theo-
rem 5.5. [l

Nothing like this is true for algebras, though. In general it is much harder to
recover the middle object in a short exact sequence.

Exercise 5.7 Find an example of a short exact sequence in which the middle object
does not decompose as a direct sum of the outer objects.

On the other hand, Theorem 5.5 says that any variety of non-associative algebras
is Bourn protomodular, and as such it has important consequences, some of which
we shall encounter later on.

In order for us to give the definition of a (potentially long) exact sequence, we
need the category to have a richer structure. In this stronger context, we will also be
able to extend Theorem 5.5 to general (non-split) short exact sequences.

To proceed, we need a more precise view on precisely which kind of an equa-
tion may determine a variety of non-associative algebras. It turns out that for this,
the notion of a non-associative polynomial is crucial. We use it to determine some
important adjunctions which occur in this context.

6 Polynomials and Free Non-associative Algebras

Definition 6.1 A magma is a set X equipped with a binary operation
XXX > X (x,y) > x-y=xy.

A morphism of magmas f: (X, -) — (Y, )isafunction f: X — Y which preserves
the multiplication: f(x -x") = f(x) - f(x’) for all x, x’ € X. Magmas and their
morphisms form a category denoted Mag.

Like for non-associative algebras, the multiplication in magma (X, -) need not
satisfy any additional rules such as associativity or the existence of a unit. On the
other hand, any (abelian) group or (commutative) monoid has an underlying magma
structure, and a non-associative algebra has two such structures (associated with +
and -).

Definition 6.2 Let S be a set. A non-associative word in the alphabet S is a finite
sequence of elements of S (called the letters of the word) and brackets “(” and *)”
of the following kinds (and no others):

1. for every element s of S, (s) is a non-associative word;
2. if w; and w, are non-associative words, then the string (w; w;) is anon-associative
word.
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To avoid a rapidly increasing number of brackets, we will not write the outer brackets
in a non-associative word.

We write M (S) for the set of non-associative words in the alphabet S. The length
of a word is the number of letters (in S, brackets don’t count) that it consists of, and
the degree of a letter the number of times it occurs in the given word. We sometimes
write ¢(xq, ..., x,) for a word in which the elements xy, ..., x,, of S (and no others)
appear.

The rule 2. allows us to define a binary operation - on M (S) making it into a
magma which we call the free magma on S. The canonical inclusion of S into M (S)
obtained from 1. is written ns: S — M (S).

Example 6.3 When S = {x, y, z}, the strings x, xy, (xy)z, x(yz), x(xy), (x(¥2))x
and (xy)(zx) are elements of M (S). The strings x(yz)x and xyz are notin M (S), and
neither is the string (). (This “empty string” appears when considering free unitary
magmas.)

Proposition 6.4 For every magma (X, -) and every function f: S — X there exists
a unique morphism of magmas f: (M(S), -) — (X, -) such that the triangle of func-
tions

S—" o M)

/
s g
X

commutes.

Proof The function f must send a word (s) where s € S to f(s) in order to make
the triangle commute. It must preserve products, so a string ww, is sent to f(wy) -

S (w2). 0

The free magma construction conspires to a functor M: Set — Mag which
sends a set S to M(S), and a function f: S — T to the morphism of magmas
M(f): M(S) — M(T) induced by nr o f: S — M(T). On the other hand, there
is the forgetful functor Mag — Set which forgets about multiplications, taking a
magma and sending it to its underlying set.

This situation fits the following general definition, of one of the key concepts in
Category Theory:

Definition 6.5 Consider a pair of functors L: € — P and R: 9 — €. Then L is
said to be left adjoint to R, and R is said to be right adjoint to L, when for every
object C of € there is a morphism n¢: C — R(L(C)) in €, such that for every
object D of & and every morphism f: C — R(D) there exists a unique morphism

f: L(C) — D in 9 such that the triangle

Cc — < R(L(C))

f /Rm
R(D)
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commutes in €. This is often denoted in symbols as L - R. When they exist, adjoints
are unique (up to isomorphism), so we may say that R has a left adjoint or L has a
right adjoint. The collection of morphisms (1¢)c is called the unit of the adjunction,
and always forms a natural transformation from lg to R o L, which means that for
every morphism ¢: C — C’ in €, the square

c 5 R(L(C))

Cl iR(L(C))

€' ——> R(L(C")

in € is commutative.

In other words, the free magma functor is left adjoint to the forgetful functor
to Set, and in fact this is the reason why it carries that name: it plays the same role
as the free group functor, for instance.

There are many equivalent ways to phrase adjointness, and going into the general
theory of adjunctions here would lead us too far. However, we will meet several
further examples, starting at once with the following one, which makes one of the
relationships between non-associative algebras and magmas explicit:

Example 6.6 For any field K, the forgetful functor Algy — Mag which takes an
algebra (A, -) and sends it to the underlying set of the vector space A, equipped with
the multiplication -, has a left adjoint denoted K[—]: Mag — Algx and called the
magma algebra functor. (It is a variation on the group algebra functor which plays
a similar role for groups and cocommutative Hopf algebras.)

The functor K[—] takes a magma (X, -) and sends it to the K-vector space K[X]
with basis X, whose elements are finite linear combinations of the elements of X,
equipped with the multiplication -: K[X] x K[X] — K[X] defined by

n k n k
(Z)»ixi, Zﬂj)’j) > sziﬂj(xi “Yj)
i=1 =1

i=1 j=1

for x;, y; € X and A;, u; € K. Note that its bilinearity is obvious.

K[—] satisfies the universal property of a left adjoint, because for the natural
inclusion 7x,.y: (X, -) = (K[X], -), we have that any given morphism of magmas
f: X — A,where (A, -) is anon-associative algebra, extends to a unique morphism
of algebras f’: K[X] — A such that f' o fjx = f in Mag. Indeed, this just follows
from the fact that X is a basis of K[ X] and the definition of the multiplication of that
algebra. As in the case of magmas, this determines how the functor K[—] should act
on morphisms.

Example 6.7 Adjunctions compose, and thus we find the construction of the free
non-associative K-algebra on a set.
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M K[-]
Set _ 1 " Mag_ 1~ Algg
Forget Forget

The functors to the left first forget the vector space structure of an algebra A, then
the multiplication of the underlying magma (A, -), so that we obtain the underlying
set of A. Looking at the diagram in Set

S M) MERIM(S)]
[ P -
f \ka/7’

itis easy to see that the composite functor to the right does indeed satisfy the universal
property of a left adjoint.

Exercise 6.8 Use this idea to prove that adjunctions compose in general: given
functors L: € - D, L': D@ > &and R: D — €, R : & — D suchthat L 4 R
and L’ 4 R’, showthat L’o L 4 Ro R’.

For a given set S, an element of K[M (S)] is a K-linear combination of non-
associative words in the alphabet S. In other words:

Definition 6.9 For a given set S, a (non-associative) polynomial with variables in S
is an element of the free K-algebra on S. For the sake of simplicity, we write K[ S]]
for the algebra K[M(S)].

A monomial in K[ S] is any scalar multiple of an element of M (S). The type of a
monomial ¢ (xy, ..., x,)istheelement (ki, ..., k,) € N" where k; is the degree of x;
in ¢(x1, ..., x,). A polynomial is homogeneous if its monomials are all of the same
type. Any polynomial may thus be written as a sum of homogeneous polynomials,
which are called its homogeneous components.

Remark 6.10 Our algebras need not have units, and so our polynomials have no
constant terms.

Example 6.11 When S = {x, y, z} and K is any field, x, xy, xx, (xx)x, -x(xx),
(x(y2))x, xy + yx, x(yz) — (xy)z, x(yz) + z(xy) + y(zx) and xy — yx + (xy)z
are polynomials over S. The first six of those are monomials, the next three are homo-
geneous polynomials (of respective types (1, 1), (1,1, 1) and (1, 1, 1) in (x, y, 2)),
while the last one is not homogeneous, and its homogeneous components are xy — yx
and (xy)z.

7 Varieties of Non-associative Algebras

The next step is to understand what is a variety of non-associative algebras from
the categorical viewpoint. We first make Definition 2.3 fully precise. What was
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missing there is an explicit description of what exactly is an equational condition
that determines a variety. We now see that it is given by an algebra of non-associative
polynomials, an ideal of a free algebra.

We fix a countable set of variables X = {x{, x5, ..., X, ...} and consider the free
K-algebra K[ X]. An element i of this algebra is a polynomial in a finite number
of variables, say xi, ..., x,. (In concrete examples we often prefer using letters x, y,
z, etc. for the variables in a polynomial.)

Given elements ay, ..., a, in an algebra A, the universal property of free algebras
gives us aunique algebra morphism z: K[ X] — A whichsends x; tog; if 1 <i < n,
and to O otherwise. We shall write ¥ (ay, ..., a,) for z(1), and say that the element
Y(ay, ..., a,) of Aisobtained by substitution of the variables xi, ..., x,, in the non-
associative polynomial ¥ (xy, ..., x,) by elements ay, ..., a, of A. In some sense,
this process evaluates the polynomial in ay, ..., a,.

Lemma 7.1 (Algebra morphisms preserve polynomials) Let f: A — B be a K-
algebra morphism and  a polynomial in n variables. Then for all a;, ..., a, € A,

we have f(Y(ar, ..., an) =¥ (f(an), ..., flan).

Proof This follows immediately from the definition of substitution in a polyno-

mial. If z: K[X] — A determines substitution by ajy, ..., a, in A, then f o z deter-
mines substitution by f(ay), ..., f(a,) in B; now f(z(¥)) = f(¥(ay,...,a,)) is
v (f(ay), ..., f(a,)) by definition. O

This allows us to extend Proposition 4.4 and give yet another description of the
ideal of an algebra, generated by a subset.

Lemma 7.2 Given any subset S of an algebra A, the ideal generated by S is the
vector space spanned by all ¢(ay, ..., a,), where ¢ is a mononomial (a scalar
multiple of a word) and a,, ..., a, are elements of A with at least one of the a; in S.

Proof The vector space spanned by these elements is certainly an ideal of A, because
if ¢(x1,...,x,) is a monomial, then so are the products x,+;¢(xy,...,x,) and
QX5 vy X)Xt

Now suppose / is an ideal of A that contains S. By Lemma 7.1, the quotient map
q: A— A/l sends ¢(ay,...,a,) to p(g(ay), ..., q(a,)). This element of A/I is
zero, because ¢ is a monomial and one of the g; isin § € I. Hence ¢(ay, ..., a,) is
in the kernel I of g. It follows from item 1. in Proposition 4.4 that ¢(ay, ..., a,) is
a member of the ideal of A, generated by S. (I

Definition 7.3 A non-associative polynomial ¢ = ¥ (xy, ..., x,) is called an iden-
tity of an algebra A if Y (ay,...,a,) =0forall ay, ..., a, € A. We also say that A
satisfies the identity v or that the identity i is valid in A.

Let I be a subset of K[ X]. The class of all algebras that satisfy all identities in /
is called the variety of K-algebras determined by 1.

As in Definition 2.3, we thus obtain a full subcategory of Algy. The main differ-
ence is that here we focus on polynomials instead of equations; for instance, instead
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of expressing commutativity as an equation xy = yx that all pairs of elements x, y
of an algebra A must satisfy, we write the condition as xy — yx = 0, and notice that
the expression xy — yx is a polynomial in x and y, actually an element of a free
non-associative algebra.

Definition 7.4 A T-ideal (over K) is an ideal of K[ X ] which is closed under sub-
stitution.

The set of all polynomial identities of an arbitrary variety of non-associative
algebras forms a T -ideal. Conversely, given a T-ideal, we may consider the variety
determined by the identities in the ideal. This gives rise to a one-to-one correspon-
dence between the T-ideals over K and the varieties of non-associative algebras
over K.

Definition 7.5 Let I be a subset of K[ X]]. For any non-associative K-algebra A,
we let /(A) be the ideal of A generated by all elements of the form ¥ (ay, ..., a,),
where ¥ € [ and ay, ..., a, € A.

By definition, for any subset I of K[ XT]], the ideal 7 (K[ XT]) is a T-ideal. In fact,
I (K[XT) is the set of all identities that hold in the variety of K-algebras determined
by a given set of polynomials 7.

Proposition 7.6 Let 7" be a variety of K-algebras determined by a set of polyno-
mials I. Then the inclusion functor 7 — AlQg has a left adjoint L: Algg — 7.

Proof The functor L sends an object A to the quotient L(A) = A/I(A), so that for
each A we have a short exact sequence

Ha na

0 I1(A) A L(A) 0

in Algy. The algebra A/I(A) is indeed an object of 7": if ¥ (xy, ..., x,) € [ and ay,
...,a, € A, then

Y(a+1(A),....,an+1(A) =v(ai,...,a,) +1(A) =1(A)

since ¥ (ay, ..., a,) € I (A), and by the definition of the operations in A/I(A). So
L(A) satisfies all identities of /.

Suppose B is an algebra in 7, and let f: A — B be a morphism in Algy. Then
f o ua = 0, because for every element ¥ (ay, ..., a,) of I(A),

fWia,....a)) =¥ (f(a),.... f(a,)) € B

by Lemma 7.1, which is zero because B satisfies all identities in /. Hence the mor-
phism f factors uniquely through the cokernel n,4 of 1 4, which proves the universal
property of the left adjoint L. (Again, like in Example 6.6, the action of L on mor-
phisms making it a functor is determined by the universal property.) O
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Exercise 7.7 Prove that A > I(A) determines a functor 7 : Alggy — Algx.
In other words, 7" is a reflective subcategory of Algy:

Definition 7.8 A full subcategory & of a category € is called a reflective subcate-
gory when the inclusion functor & — € has a left adjoint.

Exercise 7.9 When its inclusion functor has a right adjoint, a subcategory is said to
be coreflective. Look up examples of this situation.

Again using that adjunctions compose, we now see that free 7 -algebras exist.

Corollary 7.10 For any set S, the free 7 -algebra on S exists, and is given by
LK ST)- it is the algebra of non-associative polynomials in the alphabet S, modulo
the identities that determine V.

Proof We may proceed as in Example 6.7 and Exercise 6.8. The bottom composite
functor in the diagram

KI-1 L
Set_ 1L "Algx _ L~ ¥
Forget 2
is the forgetful functor to Set. Its left adjoint is the above composite functor. ([

Exercise 7.11 We know that the variety ASSOCAIgy of associative algebras is
determined by the identity x(yz) — (xy)z. Put I = {x(yz) — (xy)z}. Prove that the
free associative algebra on a singleton set {x}, which we know is the quotient of
K[x] := K[{x}] by I (K[x]), is isomorphic to the K-algebra K(x) of associative
polynomials with zero constant term in x from Example 4.2.

8 Regularity, Exact Sequences

We already used the image f(A) € B of a morphism of algebras f: A — B and
noticed that it is always a subalgebra (Proposition 4.5). The existence of images
can be given a general categorical treatment via the concept of a regular category,
another key ingredient in the definition of semi-abelian categories.

Definition 8.1 In any category, a morphism f: A — B is said to be a monomor-
phism when for every pair of morphisms a, b: X — A suchthat f oa = f o b, we
have a = b.

Exercise 8.2 A kernel is always a monomorphism.

Proposition 8.3 In a variety 7" of non-associative algebras, a morphism is a
monomorphism if and only if it is an injection.
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Proof 1f f isinjective, then f(a(x)) = f(b(x)) implies that a(x) = b(x). So if this
happens for all x € X, then a = b. Conversely, let ¢, d € A be such that f(c) =
f(d). Consider the free 7 -algebra X = L(K[x]]) on a singleton set {x}, and let
aand b: X — A be the algebra morphisms determined by a(x) = c and b(x) = d.
Then foa = f ob,soa = b, hence c =d. O

The “dual” concept is that of an epimorphism—a morphism f: A — B such that
for every pair of morphismsa,b: B — X wherea o f = b o f,wehavea = b—but
these are not well behaved in the context where we are working (see Exercise 8.8).
Surjective algebra morphisms are captured by something which is slightly stronger,
called a regular epimorphism. To define it, we first need to generalise the concept of
a cokernel (Definition 3.6):

Definition 8.4 In a category €, an arrow q: B — Q is a coequaliser of a pair of
parallel arrows f,g: A — Bwheng o f = ¢ o g,andevery otherarrowh: B — C
suchthath o f = h o g factors uniquely through ¢ via amorphism #’: Q — C such
that i’ o g = h.

g -9
f ‘

A ? B \\Va!h'
Vh C

Note that the definition of a cokernel is the special case where g = 0. Dually, we
could define equalisers as a generalisation of kernels, but we shall not need those
here.

Actually, in a variety of non-associative algebras, coequalisers always exist, and
they can be obtained as cokernels:

Proposition 8.5 Given a pair of parallel arrows f, g: A — B in a variety of non-
associative algebras 7', their coequaliser q . B — Q may be obtained as the quotient
of the ideal I of B generated by the elements of the form f(a) — g(a) fora € A.

Proof Let g denote the quotient B — B/I. Since g sends all elements of the form
f(a) — g(a) to zero, we already have that g o f = g o g. Now consider h: B — C
suchthatz o f = h o g. We obtain the needed morphism /4’ as soon as & vanishes on
all of the ideal /. By Lemma 7.2, an element of / is a linear combination of elements
of the form ¥ (b, ..., b,), where ¥ is a monomial and one of the elements by, ...,
b, € Bisequal to f(a) — g(a) for somea € A. By Lemma 7.1,

h(Y by, ....by)) = Y (h(b1), ..., h(by)) =0,

so h factors through the quotient g of 1. O

Definition 8.6 In a pointed category, a normal epimorphism is a cokernel of some
morphism. A regular epimorphism is a coequaliser of some parallel pair of mor-
phisms.
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Proposition 8.7 For any morphism h: B — C in a variety of non-associative alge-
bras, the following conditions are equivalent:

1. h is a normal epimorphism;
2. his a regular epimorphism;
3. his a surjection.

Proof 1. = 2. is obvious from the definition, and 2. = 1. is an immediate conse-
quence of Proposition 8.5. Clearly, any quotient map B — B/ determined by an
ideal I is a surjection, so 1. implies 3.

To show that 3. implies 1., consider a kernel k: K — B of h, and write
q: B — Q = B/K for the cokernel of k. Since & o k = 0, there is the unique fac-
torisation A’: Q — C of h through ¢. This /4’ is a surjection, because 4 is a sur-
jection and i’ o ¢ = h. It is also an injection: let indeed b + K € Q be such that
0="n'(b+ K) = h(b), then b € K, so that g(b) = 0. By Lemma 2.20, this proves
that 2’ is an isomorphism. O

Exercise 8.8 Find an example of an epimorphism of algebras which is not a surjec-
tion. Hint: The canonical inclusion N — Z is an epimorphism of monoids.

Exercise 8.9 Prove that, in an arbitrary category, a morphism which is both a regular
epimorphism and a monomorphism is an isomorphism.

In any variety of non-associative algebras, image factorisations exist: any mor-
phism f: A — B may be factored into a composite m o p of a regular epimorphism
p: A — I followed by a monomorphism m: I — B. This monomorphism, unique
up to isomorphism, is called the image of f. By the above characterisations, we can
simply take I = f(A), with m the canonical inclusion, and p the corestriction of f
to its image.

The general categorical context where image factorisations are usually defined is
that of a regular category. For this we need one last (very important) concept:

Definition 8.10 A commutative square

in a category € is called a pullback (of f and g) when for every pair of morphisms
a: X - A,b: X - Cin%¥ suchthat f oa = g o c there exists a unique morphism
(a,c): X — P suchthat s o (a,c) = a and ¢ o {(a, c) = c. The object P is then
usually written as a B-indexed product A x g C. The morphism m, is called the
pullback of g along f, and m¢ is called the pullback of f along g.
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Example 8.11 (Kernels as pullbacks) If € is pointed, we may consider the special
case where C = 0. Then the square is a pullback precisely when 74: P — Aisa
kernel of f.

Example 8.12 (Products) If € has a terminal object 7', we may consider the special
case where B = T'. If then the square is a pullback, (P, w4, wp) is called a product
of Aand C.

Example 8.13 (Pullbacks of non-associative algebras) In any variety of non-asso-
ciative algebras, any pair of arrows f: A — B, g: C — B admits a pullback. We
may let P = A x g C be the set of couples

{(a.0) e Ax C| fla) =g(o)}

and 74, ¢ the canonical projections. The pointwise operations A(a, ¢) = (ra, Ac),
(a,c)+(@,cY=(a+d,c+)and (a,c) - (a,c) = (aa’, cc’) make P into an
algebra, and for any two algebra morphisms a and ¢ as above, the map which sends
x € X to the couple (a(x), c(x)) € P is the needed unique morphism (a, c).

Definition 8.14 A category in which pullbacks, a terminal object, and coequalisers
exist is said to be a regular category when any pullback of a regular epimorphism is
again a regular epimorphism.

In other words, if in the square of Definition 8.10 the morphism g is a regular
epimorphism, then 4 must be a regular epimorphism as well.

Proposition 8.15 Any variety of non-associative algebras is a regular category.

Proof By Proposition 8.7, it suffices to prove that pullbacks preserve surjections.
So consider a pullback as in Definition 8.10 and assume that g is a surjection. We
then use the description in Example 8.13 to prove that also 74 is a surjection. For
a € A, consider ¢ € C such that g(c¢) = f(a); then the couple (a,c) isin A xp C,
and (a, c) = a. O

Exercise 8.16 Prove that Set is a regular category.

It is a theorem of Categorical Algebra that in any regular category, image factori-
sations exist. We shall encounter an example of how this is used in Lemma 10.2.
For varieties of algebras we of course already knew this. On the other hand, a cate-
gory which is pointed, regular and protomodular is called a homological category,
and since we now know that all varieties of non-associative algebras are such, we
can apply all categorical-algebraic results known to be valid for homological cat-
egories in any variety of non-associative algebras. One example is the Short Five
Lemma given here below, others are famous homological diagram lemmas such as
the 3 x 3-Lemma, a version of Noether’s isomorphism theorems, etc.
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Theorem 8.17 (Short Five Lemma) In a variety of non-associative algebras, con-
sider a commutative diagram with horizontal short exact sequences.

A
D

If a and y are isomorphisms, then B is an isomorphism as well.

f B 8 C
bl
E F

k q

We are finally ready to extend Definition 5.1 to arbitrary exact sequences, which
are the basic building blocks of Homological Algebra.

Definition 8.18 In a homological category, apair (f: A — B, g: B — C) of com-
posable morphisms is called an exact sequence when the image of f is a kernel of g.
A long sequence of composable morphisms is said to be exact when any pair of
consecutive morphisms is exact.

Example 8.19 A sequence of morphisms such as (x) on page 218 is exact if and only
if it is a short exact sequence, which explains the notation. Exactness in C means that
the image of g is an isomorphism, so that g is a surjection. Exactness in A means
that the kernel of f is zero, which makes f an injection. Now exactness in B says
that f is the kernel of g, so that g is the cokernel of f.

9 Semi-abelian Categories

Semi-abelian categories were introduced by Janelidze-Marki—Tholen in 2002 in
order to unify “old” approaches towards an axiomatisation of categories “close to the
category of groups” such as the work of Higgins (1956) and Huq (1968) with “new”
categorical algebra—the concepts of Barr-exactness and Bourn-protomodularity.
Our aim is now to prove that all varieties of non-associative algebras are semi-abelian
categories.

According to Example 8.12, a product of two objects A and C is a triple
(A x C, mu, ) that satisfies a universal property: given any pair of morphisms
a: X - A, c: X — C, there exists a unique morphism (a, c): X — A x C such
that w4 o (a,c) = a and n¢ o {(a, ¢) = c. Example 8.13 told us that in a variety
of non-associative algebras, the product of two objects always exists, and may be
obtained as the algebra of pairs (a, ¢) wherea € Aandc € C.

The “dual” concept is that of a coproduct. It may be defined as a pushout, which
is the concept dual to that of a pullback, and has cokernels for one type of examples.
The direct definition goes as follows.

Definition 9.1 (Coproducts) A coproduct or sum of two objects A and C is a triple
(A 4 C, 14, i) that satisfies the following universal property:
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A-LsA+c<<C
|
X

given any pair of morphismsa: A — X,c: C — X, there exists a unique morphism
(ac): A+ C — Xsuchthat(a c)ots =aand(ac)oec =c.

Example 9.2 In the category Set, the coproduct of two sets is their disjoint union.

Example 9.3 In the variety Algy, the coproduct of two K-algebras A and C is
obtained as follows. Let R(B) denote the kernel of the morphism of algebras
ep: K[[B]] — B whichsends an element b of B toitself. In the free algebra KI[AUCT
on the disjoint union AUC of A and C, consider the ideal J generated by the set
R(A)UR(C). We claim that the quotient K[AUCT /J , together with the morphisms

14: A= K[AUCT/J and ic: C — K[AUCT/J

induced by the respective inclusions of A and C into AUC, is a coproduct of A and C.
Let us first show that ¢4 is a morphism: for any two elements a; and a, of A, the
difference a; - a» — aja, in K[AUCT of the product of a; with a; in K[AUCT and
their product in A, viewed as an element of K[AUCT, is an element of R(A). The
same proof works for ¢c.

By Lemma 7.2, we now only need to prove that the arrow K[AUC] — X sending
the elements of A and C to their images through a and ¢ vanishes on the elements of
R(A) and R(C): then it will automatically vanish on all of J, and thus factor through
the quotient K[AuC] /J. This, however, is immediate from the definitions of R(A)
and R(C).

A typical element of A + C is thus a polynomial with variables in A and C, for
instance an expression of the form (ajay)c. A priori this may be interpreted in two
distinct ways: either as a product a; - a; in K[AUCT of two elements a; and a, of A,
multiplied with the element ¢ of C; or as a product of the element a;a; of A with
the element ¢ of C. The quotient over J ensures that these two points of view agree:
aj - a; — ayay is an element of R(A), so (a; - a — ajay)c is in the ideal J.

Proposition 9.4 In a variety of algebras 7" over a field K, the coproduct of two
algebras A and C always exists, and is obtained as the reflection into 7" of the sum
A + C in Algg.

Proof This follows immediately from the definitions of sums and reflections.  [J

We are still missing one piece of terminology which is needed for the definition
of a semi-abelian category. A regular category is said to be Barr exact when every
internal equivalence relation is a kernel pair. A semi-abelian category (in the sense
of Janelidze-Madrki—Tholen) is then a homological category which is Barr exact and
where the coproduct of any two objects exist.
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We didn’t introduce internal equivalence relation, though, but we can avoid those
by proving that all varieties of non-associative algebras satisfy a condition which
is equivalent to Barr exactness in any homological category: the direct image of a
kernel along a regular epimorphism is always a kernel. This means that whenever we
have a regular epimorphism f: A — B and a normal monomorphism k: K — A,

p
—

>

»
> <—

—
f

the image i : I — B of the composite f o k is again a normal monomorphism.
Theorem 9.5 Any variety of non-associative algebras is a semi-abelian category.

Proof We only need to prove that the direct image of an ideal along a surjec-
tive algebra morphism is not just any subalgebra, but again an ideal. Let us con-
sider the commutative square above, where K is an ideal of A and I = f(K).
Since f is surjective, for any b € B there is an a € A such that f(a) = b. Now

bl = f(a)f(K) = f(aK) S f(K)=1. O

Exercise 9.6 The requirement that f is a regular epimorphism is essential here.
Give an example where k is an ideal, but i is not. Hint: Use Example 4.2.

As a consequence, typical constructions and results, valid in semi-abelian cate-
gories, hold in any variety of non-associative algebras. Examples are, for instance,
the snake lemma, or the fact that homology of simplicial objects is captured by a
Quillen model structure. Others are results in radical theory, commutator theory, or
cohomology.

10 Birkhoff Subcategories

We find a simple version of a famous theorem by Birkhoff.

Definition 10.1 A Birkhoff subcategory & of a semi-abelian category € is a full
reflective subcategory, closed under subobjects and quotients.

Closure under subobjects means that whenever we have a monomorphism
m: M — D in € where D is an object of 9, the object M is also in D. Closure
under quotients means that whenever we have a regular epimorphismg: D — Q in
€ where D is an object of &, the object Q is also in 2.

Lemma 10.2 Let D be a full reflective subcategory of a regular category €. Let
L: G — D be the left adjoint of the inclusion functor. Then 9 is closed under
subobjects in € if and only if each component nc: C — L(C) of the unit n of the
adjunction is a regular epimorphism.
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Proof = Factor n¢: C — L(C) as a regular epimorphism p: C — M followed
by a monomorphism m: M — L(C) in €. Then closure under subobjects tells us
that M is an object of &, which by the universal property of L gives us a unique
morphism p’: L(C) — M such that p = p’ o nc. We see that p’ is an inverse to m,
hence m is an isomorphism.

< Let D be an object of 2 and m: M — D a monomorphism in €. Applying
the functor L, we find the commutative square

M—" D

L(M) > L(D)

in €. Itis easy to check that 1 is an isomorphism; hence 1, is both a monomorphism
and a regular epimorphism, so that it is an isomorphism. It follows that M is an object
of D. O

Exercise 10.3 Prove that if 9 is a Birkhoff subcategory of € and & is a subcategory
of 9, then & is a Birkhoff subcategory of & iff it is a Birkhoff subcategory of €.

Theorem 10.4 (Birkhoff) A variety of non-associative K-algebras 7" is the same
thing as a Birkhoff subcategory of Algk.

Proof Given a variety on non-associative K-algebras 7/, it is reflective by Proposi-
tion 7.6 and closed under quotients by Proposition 4.5. Closure under subobjects is
a consequence of Lemma 10.2 and the first step in the proof of Proposition 7.6.

For a proof of the converse, let L: Alggy — 7 denote the left adjoint to the inclu-
sion functor 7° — Algy. Fix a countable set of variables X = {x1, x2, ..., X,, ...}
and take the free K-algebra K[ X]. Then the induced morphism

nrpxy: KIXT — LAKIXT)

is aregular epimorphism by Lemma 10.2. Taking the kernel of nkxj, we find a short
exact sequence

KXY

0 1 KIXT L(K[X]) ——0.
We shall prove that the set of polynomials I C K[ X] determines 7. That is to say,
a non-associative K-algebra A is in 7" if and only if it satisfies the identities in /.
First suppose that A isin 7°. Let ¥/ (xy, .. ., x,) be a polynomial in /, and consider
elements ay, ..., a, of A. The morphism of K-algebras z: K[X] — A which sends
x; to a; if 0 <i < n and to 0 otherwise necessarily factors through L(K[XT]) as
z =7 o ngpxy, since A isin 7°. Hence ¥ (ay, ..., a,) = z(¢¥) = 2 (ngpxy(¥)) =0,
because v is in the kernel of ngyxj.
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Conversely, suppose that A is a K-algebra which satisfies the identities in 7. We
consider the surjective morphism ¢4 : K[A]] — A which sends a € A to itself, as
well as the short exact sequence

Ka NK[A]

K[A] —— L(K[A]) —> 0.

0 J(A)

We prove that 4 o k4 = 0; then ¢, factors over ngjay as a regular epimorphism
¢/y: L(K[TAT) — A such that &/, o ngay = €a. It follows that A is a quotient
of L(K[A]), hence an object of 7.

Consider an element of J(A): it is a polynomial ¥ (ay, ..., a,) in n variables ay,
..,ay € A.Let Y C X be the subset {x, ..., x,} of X and consider the morphism
of K-algebras y: K[Y] — K[A] which sends x; to a; for 0 <i < n. In particular,
itsends ¥ = ¥ (xy, ..., x,) to ¥(ay,...,a,). Note that it is a split monomorphism,
because any functor preserves split monomorphisms; a splitting may be defined
which sends a; to x; and all other a € A to 0. On the other hand, the inclusion of Y
into X induces a split monomorphism K[[Y ]| — K[X]. Since L is a functor, we find
the following two vertical split monomorphisms of short exact sequences in Algy.

0 J(A) s KA 2 LRIAT) —— 0
T YT TL(,V)
0 K KIY] > LK[Y]) —>0
0 I KIXT - LKIX]) —0
We have that ¥ (ay, ..., a,) = y(¥), so

0 =ngray(W(ai, ..., a,)) = L) (rpry(¥)).

Since L(y) is an injection, i is an element of K. Hence it is also in /. Taking
z: K[X] — A asaboveand z7': K[X] — K[A] the morphism defined by the same
rules, we have

ealka(P(ar,....an)) =ea(Z (W) = z2(¥) = ¥(ar,....a,) =0,

because v is in I and 7/ (A) = 0. (Note that the ¥ (ay, ..., a,) on the left is a poly-
nomial in the variables ay, ..., a,,, while the ¥ (ay, .. ., a,) on the right is an element
of A: the evaluation of this polynomial.) It follows that A is in 7. (]

Example 10.5 The trivial variety is determined by I = K[ X]|, while Algy is deter-
mined by I = 0.

Any variety of non-associative K-algebras contains the variety AbAlgy of abelian
K-algebras (Example 2.9), which is determined for instance by the set {x;x,}. Note
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that the set {x3x4} determines the same variety of algebras, even though the ideals /
and J generated by these two sets are different. On the other hand, the kernel of the
unit ngyxy: KIX] — LX), where L: Alggy — AbAIgy is left adjoint to the
inclusion, is equal to both 1 (K[X]) and J(K[X]). In other words, they generate
the same T -ideal (Definition 7.4).

11 Homogeneous Identities

Recall from Definition 6.9 that the type of a monomial ¢(x1, ..., x,) is the element
(ki, ..., k,) € N" where k; is the degree of x; in ¢(xy, ..., x,). So for each of the
variables xi,..., x,, it keeps track of the number of times this variable occurs in
the monomial ¢(xy, ..., x,). Then a polynomial is said to be homogeneous if its
monomials are all of the same type, and any polynomial may thus be written as a
sum of homogeneous polynomials, which are called its homogeneous components.

We shall now prove Theorem 11.1 which says that, over an infinite field K (in
particular, over any field of characteristic zero), when a polynomial is an identity of a
variety of K-algebras 77, then its homogeneous components are also identities of 7.
So for instance, the singleton set {x(yz) — (xy)z + xy — yx} already determines the
variety of associative commutative algebras. As we shall see in the next section, this
result has some strong categorical-algebraic consequences.

Let ¥ (x, ..., x,) be an identity of a variety of K-algebras 7". Write ¢ = ¢o +
@1+ - - - + ¢ where ¢; is the sum of all monomials in 1 which are of degree i in
x1. Now consider k + 1 distinct elements «, ..., a4 of the (infinite) field K. Then
the Vandermonde determinant

2 k

1 o alz ot}(

I ao a7 -+ o

d=|0 ot = [T @

2 .. k I<i<j<k+1

1o Osz ‘Z‘k !

Lo ey - oy

is non-zero. Let ay, ..., a, be elements of an algebra A of 7. Write ¢;(a) =

¢i(ai,...,a,). Thenforall j € {1,...,k + 1} we have

do(a) + a;pi(a) + - - + i (a)

=go(ar, ..., a) +ajpi(an, ..., a) + -+l ..., a,)
=¢olajar, ..., ay) +1(ajar, ..., a,) + -+ ¢ (aja, ..., a,)
=vY(ajai, az,...,a,) =0

where the first equality holds by definition of the ¢;(a), the second because ¢; is of
degree i in x, and the third since ¥ = ¢o + ¢1 + - - - + ¢. So, in other words,
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where the matrix in the middle is invertible because d # 0. It follows that

do(a) =¢1(a) =--- = ¢r(a) =0.

Since A was an arbitrary 7 -algebra and a,, ..., a, were arbitrary elements of A,
each ¢; is an identity of 7. Note that the monomials in ¢; are all of the same degree
in x;. So repeating this process for the variables x, ..., x,, in the end we find that
the homogeneous components of i are identities of 7”. Thus we proved:

Theorem 11.1 (Zhevlakov-Slin’ko-Shestakov—Shirshov) In a variety of algebras
7" over an infinite field K, if ¥ (xy, ..., x,) is an identity of 7', then each of its
homogeneous components ¢ (x;,, ..., x;,) is again an identity of 7.

12 Some Recent Results

For certain applications (in Homological Algebra, for example) the axioms of semi-
abelian categories are too weak. With the aim of including such applications in
the theory, over the last 15 years or so, a whole tree of interdependent additional
conditions has been investigated. As a rule, such a condition strengthens the context
so that it becomes closer to the abelian setting, while at the same time excluding
certain examples.

(An instance of this process, unfortunately not within the scope of this text, is the
description of the derived functors of the abelianisation functor, which in its simplest
form is only valid when an additional condition holds that excludes the semi-abelian
category of loops.)

See Fig. 1 for an overview of some of the conditions in this tree. Two such addi-
tional conditions turn out to be particularly relevant for us in the present context:
algebraic coherence [6] and local algebraic cartesian closedness [11]. There is no
space here to explain what these conditions are useful for, how they were discov-
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ered, or what their consequences (SH) and (NH) mean. On the other hand, we can
briefly sketch the unexpected interpretation they gain in the current setting of non-
associative algebras: the former amounts to a weak associativity rule, while the latter
gives a categorical characterisation of the concept of a (quasi-)Lie algebra.

The following is not the original definition, but it is suitable for us:

Definition 12.1 Given objects B and X in a semi-abelian category €, take their
coproduct and then the kernel of the induced split epimorphism(l B 0) :B+X —> B
in order to obtain the short exact sequence

(15 0)
0 BbX B+X——B——0.

Fixing B, this process determines a functor Bb(—): € — €. (We shall not explore
this aspect here, but the functor Bb(—) occurs in the definition of an internal B-action
in G it is part of the monad whose algebras are the internal actions.) For any two
objects X and Y, we have a canonical comparison morphism

(Bbux Bbiy) : BbX + BbY — Bb(X +7Y).

The category € is called algebraically coherent when for all B, X, Y in €, the
morphism(Bbe BbLy) is aregular epimorphism; & is said to be locally algebraically

cartesian closed (LACC) when each (Bbtx Bbty) is an isomorphism.
We have the following two results, of which we shall sketch part of the proofs:

Theorem 12.2 [9] Let K be an infinite field. If 7" is a variety of non-associative
K-algebras, then 7" is algebraically coherent iff there exist My, ..., A € K such that
the equations

Z(xy) = Ay(zx) + 2ax(yz) + A3y (x2) + Aax(2y)
+ As(zx)y + A (¥2)x + A7(x2)y + Ag(zy)x

and

(xy)z = Aoy(zx) + A1ox(¥2) + A11y(x2) + A2x(zy)
+ Ai3(2x)y + Aa(y2)x + Ais(x2)y + dis(zy)x

hold in 7.

Exercise 12.3 It follows easily that this is equivalent to 7" being a 2-variety in the
sense of [18]: for any ideal I of an algebra A, the subalgebra 12 of A is again an ideal.
As an immediate consequence, it may now be seen that in the context of varieties of
non-associative algebras over an infinite field, algebraic coherence is equivalent to
normality of Higgins commutators in the sense of [7]—the condition (NH) in Fig. 1.
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Exercise 12.4 These conditions are also equivalent to 7" being an Orzech category
of interest [15].

The implication = of Theorem 12.2 becomes a straightforward consequence of
Theorem 11.1 once we have a sufficiently explicit interpretation of the objects BbX.
Let B, X and Y be free K-algebras with a single generator b, x and y, respectively.
The ideal BbX of B + X is generated by monomials of the form v (b, x) in which x
occurs at least once. If now B, X and Y are free 7 -algebras, and BbX is computed
in 77, then the only difference is that we need to take classes of such polynomials,
modulo the identities of 7.

Algebraic coherence now means that the element b(xy) of Bb(X + Y) may be
obtained as the image of some polynomial ¥ (by, x, by, y) in BbX + BbY through
the function (a c). Note that this polynomial cannot contain any monomials obtained
as a product of a b; with xy or yx. This allows us to write, in the sum B + X + Y,
the element b(xy) as

Ay (bx) + dax (yb) + A3y (xb) + Ayx (by)
+ As5(bx)y + A (yD)x + A7 (xb)y + Ag(by)x
+vo(b, x,y)

for some A, ..., Ag, v € K, where ¢ (b, x, y) is the part of the polynomial in b, x
and y which is not in the homogeneous component of b(xy). Since B + X + Y is the
free 7 -algebra on three generators b, x and y, from Theorem 11.1 we deduce that
the first equation in Theorem 12.2 is again an identity in 7”. Analogously, for (xy)b
we deduce the second equation.

Theorem 12.5 [10] Let K be an infinite field. Let 7" be a non-abelian (LACC)
variety of K-algebras. Then

1. 7" = Lieg = gLieg when char(K) # 2;
2. 7 = Liek or 7" = qLieg when char(K) = 2.

Let us first consider the special case where xy = —yx in 7°. Then we can reduce
the first equation of Theorem 12.2 to z(xy) = Ay(zx) + ux(yz), for some A, u €
K. Considering now y = z, and then x = z, we deduce that either A = u = —1,
or z(zx) = 0 is an identity of 7. The first case is exactly the Jacobi identity. In
the second case, we see that 0 = (x + y)((x + y)b) = x(yb) + y(xb). Therefore,
the comparison map sends x(yby) — y(xb;) € BbX + BbY to zero in Bb(X +Y),
which via (LACC) and Theorem 11.1 implies that x (yz) is anidentity of 7. Variations
on these ideas allow us to prove that when 7 is (LACC) and x(yz) = 0 in 7/, the
variety is necessarily abelian; hence if 7 is non-abelian, then the Jacobi identity
must hold.

In general, not assuming anti-commutativity, this result is much harder to prove.
Our current strategy involves a proof by computer, which shows that a certain system
of polynomial equations is inconsistent.
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In this context, many basic questions currently remain unanswered. In view of
the above result, we may ask questions such as, for instance: What is associativity?
Can it be captured in terms of a categorical-algebraic condition?
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